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Abstract 
Implementing multiple antennas at one or both ends of wireless communication 

systems has a significant impact on improving system performance. However, the gains 

in system capacity are sensitive to the spatial and temporal structure of the wireless 

channels upon which the system is built. The focus in this dissertation, is on using 

measurements to extract detailed information about the spatio-temporal behaviour of 

mobile wireless channels, modelling their dynamics, and utilizing this knowledge to 

improve transmission and receiving strategies. 

The first part of the dissertation reports a measurement-based analysis that was 

conducted during the thesis project to characterize the dynamics of the spatial and 

temporal structure of wireless channels. Measurement data from a wideband single input 

multiple output channel sounding system with a 32-element uniform circular array that 

were recorded in a typical urban environment (downtown Ottawa) using a fixed 

transmitter and a moving receiver were analysed. Using a high resolution algorithm, the 

power, delay and angular parameters of the different multipath components were 

estimated. Following this identification of multipath parameters, major multipath clusters 

were identified, and their behaviour, such as the length of their active intervals, changes 

in their powers, as well as delay and angular characteristics within their active intervals 

were then modelled. The objective is to contribute to the development of a channel 

model having statistical characteristics that change in time to replace current models that 

generate outputs with the same statistics throughout total simulation intervals. It is 

believed that this will aid in the development of more efficient, adaptive, transmission 

techniques for use in future wideband systems. 

In the second part of the dissertation, the information gained from studying the 

spatial structure of wireless channels is applied to improve the performance of multiple 

antenna systems. A new space division multiple access transmission technique is 

proposed, along with the specification of appropriate implementation algorithms. These 

algorithms utilize knowledge of the existence of multipath clusters, and angles of 

Abstract 
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departure at a base station associated with transmission to specific users through 

selected clusters, for efficient beamforming in a hypothetical system, and it is 

demonstrated that the capacity is increased. Examples are considered in which the 

proposed transmission technique is applied in both broadcasting and cognitive networks. 

In the final part of the dissertation, the information extracted from the SIMO 

sounding measurements is used to study the effect of several aspects of the receive 

antenna arrays on system performance. The extracted multipath parameters are used to 

reconstruct fields at the arrays under consideration, and subsequently study the effect of 

array configuration and element efficiency on mean effective link gain, eigenvalue 

dispersion and outage capacity under real-world channel conditions. Three configurations 

of a dual inverted-F receive antenna array in a generic mobile handset are studied. 

Abstract 
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CHAPTER 1: 

INTRODUCTION 

1.1. Motivation 

Wireless communications systems face increasing demands for faster and higher 

throughputs due to heavy usage and capacity-intensive data applications. The limited 

radio spectrum forms a major obstacle to achieving the needed high-data rates. The use of 

multiple antennas at one or both ends of the communications link has emerged as one of 

the most promising techniques for providing greater capacity and better performance. 

Because wireless systems are so sensitive to the spatio-temporal characteristics of 

wireless channels, several factors can improve their performance and efficiency in the 

future. Among these factors are: 

a) Improving the accuracy of channel modelling used in evaluating the performance 

of multiple antenna systems. The most useful channel model should realistically 

describe (1) the important physical parameters of radio propagation channels, such 

as the direction and delay of received Multipath Components (MPCs) and (2) the 

effect of the time-varying behaviour of the channel, which is influenced by the 

motion of mobile terminals and surrounding objects in the operating environment. 

b) Improving signal processing techniques such that they consider characteristics of 

real-world wireless channels (e.g., the existence of multipath clusters) instead of 

assuming purely theoretical and sometimes unrealistic characteristics. 

c) Improving the design of future antennas at both ends of the communications links 

in such a way that their interactions with wireless channels improve the overall 

performance of communications systems. Some of the parameters of multiple 

antennas that can be considered: radiation patterns, polarization, element 

efficiency, and position- and inter-antenna-element spacing within a 

communication device. 
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Making contributions to the abovementioned methods by which the efficiency and 

performance of communications systems can be improved is the primary motivation for 

the work done during the thesis project reported on herein. In this thesis, special attention 

has been paid to the description and characterization of multipath clusters based on a 

measurement-based study. The information estimated from measured data is used to 

evaluate different base- and mobile-station antenna configurations, and to develop new 

signalling techniques that take advantage of the spatial distribution of multipath clusters 

in the environment. 

1.2. Organization of this Thesis 

Chapter 2 provides background material about modelling radio channels. Section 

2.1. discusses the different ways used to describe wireless channels. Sections 2.2. and 2.3. 

describe the classification of wireless channel models and the standard outdoor channel 

models, respectively. Section 2.4. explains the basic modelling methodologies behind the 

current wireless channel models. Sections 2.5. and 2.6. list the current approaches that are 

used to model changes in wireless channels and the metrics that are used to detect 

changes in experimental data, respectively. Section 2.7. describes the methods that are 

used to identify multipath clusters. Section 2.8. justifies the need for more measurement-

based studies to extract detailed information of wireless channels. 

Chapter 3 describes the propagation experiments that were conducted in 

downtown Ottawa to record channel sounder data. These data were later processed to 

obtain estimates of the parameters of MPCs received at the Channel Sounder Mobile 

Station (CSMS). Section 3.1. describes the propagation experiments. Sections 3.2. and 

3.3. report the specifications of the channel sounder and the procedure used to extract the 

parameters of the MPCs, respectively. Section 3.4. reports an evaluation of the accuracy 

achievable with methods used during the thesis project for estimating channel parameters. 
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Chapter 4 focuses on the clustering nature of wireless channels as an effective tool 

that can be used in order to model the time evolution of wireless channels based on 

measured data. In Section 4.1., an algorithm for the identification of multipath clusters is 

introduced. In Section 4.2., the concept of using consistency intervals to describe intervals 

between changes in channel characteristics is reviewed. Section 4.3. reports results from 

analyzing propagation measurement data. This section also includes statistics on (a) the 

number of clusters, (b) the instantaneous values of the different parameters of clusters, (c) 

the number of rays per cluster, and (d) the modelling of the time-varying behaviour of 

clusters. 

Chapter 5 introduces different techniques that utilize knowledge of the existence 

of multipath clusters to design systems that improve communication system throughput. 

Section 5.1. explains the clustering nature of wireless channels. Sections 5.2 and 5.3 

describe the use of multipath clusters in multiple antenna broadcasting channels (i.e., in 

systems where multiple antennas at a BS are sending information to multiple Rxs). 

Section 5.4. considers utilizing multipath clusters in cognitive radio systems. 

Chapter 6 presents research in which empirical data were used to evaluate the 

performance of MIMO radio links in which user-handheld terminals had a number of 

alternate receive antennas. Section 6.2 discusses the method used to synthesize MIMO 

channel matrices from the estimated parameters of MPCs received during propagation 

experiments. Section 6.3 describes the estimation of effective link gain, eigenvalue 

dispersion and radio link capacities, all of which have considerable influence on MIMO 

radio link performance. Section 6.4 describes handheld terminal-antenna-mounting 

positions and array configurations, as well as three different handheld-terminal operating 

positions that were considered. Section 6.5. presents the performance-evaluation results. 

Chapter 7 concludes the work of this thesis. Sections 7.1. and 7.2. give a summary 

of the results and conclusions. Section 7.3. suggests topics for further study. 
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1.3. Contributions of this Thesis 

The main contributions of this thesis are: 

1. Introducing algorithms to identify multipath clusters in wireless channels and to 

model the dynamics of their angular and delay parameters. This includes: 

• Proposing an algorithm to identify multipath clusters and track their 

number, characterize the dynamics of the change in their powers, Angular 

Spreads (AS), and Delay Spreads (DS). 

• Introducing a new method to identify the points where the delay-angular 

characteristics of the channel changes. Consequently, the lengths of 

consistency intervals were modeled. 

• Introducing a new algorithm to model the power of multipath clusters 

during their active intervals. 

2. The specification of techniques for improving the performance of multiple 

antenna systems by considering the characteristics of real-world channels. This 

includes: 

• Introducing a novel transmission technique for use on multiple-input 

multiple-output (MIMO) broadcasting channels, in which the system takes 

advantage of multiuser diversity that results from the existence of 

multipath clusters. 

• Introducing a novel technique that allows the coexistence of secondary 

users with a primary user simultaneously in the same frequency band, in 

cognitive radio systems having a spectrum sharing setup of the underlying 

type. 

• Evaluating the influence of handheld terminal receive antenna element 

placement, radiation patterns, polarization, and efficiency on effective link 

gain in a multipath environment, MIMO link multiplexing gains, and 

MIMO link outage capacity. 
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CHAPTER 2: 

BACKGROUND 

This chapter provides background material about modelling radio channels. 

Section 2.1. discusses the different ways used to describe radio channels. Sections 2.2. 

and 2.3. describe the classification of radio channel models and the standard outdoor 

multi-antenna channel models, respectively. Section 2.4. explains the basic modelling 

methodologies behind the current channel models. Sections 2.5. and 2.6. list the current 

approaches that are used to model changes in wireless channels and the metrics that are 

used to detect changes in experimental data, respectively. Section 2.7. describes the 

methods that are used to identify multipath clusters. Section 2.8. justifies the need for 

more measurement-based studies to extract detailed information of wireless channels. 

2.1. Describing Radio Channels 

Wireless radio channels are known for their complex, random spatial and temporal 

variations. The difficulty in knowing exact details about a particular channel presents a 

real challenge in the achievement of the maximum possible capacity for multiple antenna 

systems. The randomness of radio channels comes from scattering, reflection, and 

diffraction phenomena, which result in the reception of a number of replicas of the 

transmitted signal over different propagation paths, i.e., MPCs. Moreover, the parameters 

of the MPCs vary with time because of the stochastic movement of the radio terminals, as 

well as interacting objects (IOs) in the environment of operation. Each MPC can be fully 

characterized by its complex amplitude, angle-of-arrival (AOA) at the receiver (Rx), 

angle-of-departure (AOD) at the transmitter (Tx), and delay. Consequently, a multiple-

input multiple-output (MIMO) propagation channel can be characterized by its matrix-

impulse response, which describes the channel as a matrix of impulse responses between 

individual transmit-receive antenna element pairs. The latter is calculated as the vector 

sum of the contribution of the all MPCs with powers above the noise level [1], 

Descriptions of MIMO propagation channels exclude the characteristics of the Tx and Rx 
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antennas and focus instead on the properties of the propagation radio links among 

antennas. On the other hand, a MIMO channel matrix describes the effect of both the 

propagation channel and the antenna characteristics at the two ends of a communications 

link. 

The relationship between these two conceptualizations for time-varying channels can be 

established as: 

K„(t,T)= J (2 .1) 
fir,"*, 

where hmn{t,r) denotes the non-directional time-varying impulse response between the 

nth transmit element and the mth receive element. hmn(t,T,Q.Tx,Q.Rx) is the directional 

time-varying impulse response of the radio link between the nth transmit element and the 

mth receive element at time t, T is the propagation delay, ClTx and Q ^ are the solid 

AOD and AOA respectively. The impulse response functions hmn(t,T,QTx,Q.Rx) can be 

estimated from radio propagation measurements. 

2.2. Classification of Radio Channel Models 

Radio-channel models are important tools in the assessment of the performance of 

communication systems. This assessment can be done by generating either MIMO 

channel matrices or multiple MPCs with spatio-temporal properties that reflect the actual 

spatio-temporal components of MIMO channels. Several methods for classifying radio-

channel models have been proposed in the literature using different classification criteria 

[ 2 - 6 ] , In general, radio-channel models can be classified into nonphysical and physical 

models. 

The non-physical-based modelling approaches are also called analytical models 

[2], matrix characterization models [6] or stochastic models [3], and their outcome is the 

statistical characterization of the channel matrix. 
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On the other hand, the physical models (also called multipath-characterization 

models [6]) aim to describe the physical multipath propagation channel; they can further 

be divided into deterministic-physical models and stochastic-physical models. 

The most simple nonphysical model is one that models all the elements of the 

channel matrix as independent, identically distributed (i.i.d.) zero-mean Gaussian random 

variables with equal variance. This model is spatially white, i.e., it corresponds to an ideal 

dense multipath environment. Other models have also been introduced in [7 - 9] based on 

the assumption that channel coefficients are components of a multivariate complex 

Gaussian distribution. 

The complete description of the multivariate complex Gaussian model requires 

knowledge of the full correlation matrix, thus leading to significant complexity. To 

reduce the computational complexity involved in calculating the full matrix correlation, 

the Kronecker model was introduced in order to model and analyze the capacity of the 

channel [4, 10]. This model uses a separability assumption to simplify the expression of 

the full correlation matrix (RFull ) as follows. 

RFun=Rr®Rt, (2.2) 

where ® is the Kronecker product operator, Rr and Rt are the transmit and receive 

correlation matrices, respectively. 

The Kronecker model is valid if and only if two conditions are met: 1) the 

transmit correlation coefficients are independent from the considered receive antenna, and 

2) the cross-channel correlations must be equal to the product of corresponding transmit 

and receive correlations [11], This model results in underestimation of the channel 

capacity when large arrays are used [11 - 13], To overcome the Kronecker deficiencies, 

Weichselberger introduced a model that results in great flexibility in the degree of 

diversity, and multiplexing gain, and overcomes the problem of underestimating the 

channel capacity [14, 15], 

Physical modelling approaches aim to describe the physical real-world 

characteristics of radio channels such as the MPCs and their parameters (i.e., AOA, AOD, 

power and delay) independently from system aspects such as antenna properties or system 
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bandwidth. These models reflect the effect of the channel on the radio signal, and can be 

classified into deterministic-physical models and stochastic-physical models. 

The deterministic-physical models tend to reproduce the actual radio propagation 

process for a certain environment by either playback of actual recorded measurements or 

running simulations using ray-tracing, where the later techniques simulate the radio 

propagation process using Maxwell's equations or, simply, the optical approximation. 

The implementations of these models require significant computational power and a great 

many details about the environment. 

The stochastic-physical models construct a realistic geometric environment of IOs 

and generate the corresponding MPCs accordingly. One approach is to obtain the 

statistics of the number and locations of IOs in a stochastic fashion according to a certain 

probability distribution that reflects physical reality. The actual parameters of the MPCs 

are reproduced using a simple ray-tracer, assuming certain conditions (e.g., one ring of 

IOs, two rings of IOs, single-interaction or multiple interactions) [5,16, 17]. 

Measurements are also used to determine stochastic-physical models for mobile 

radio channels. In this approach the channel is probed using a known signal, and then the 

raw measurement data at Tx and/or Rx are analyzed to extract the channel details. This 

approach requires sophisticated equipment to capture and analyze measured data to 

estimate the parameters of the MPCs such as AO As, AODs, powers and delays which are 

then described in terms of their statistics [18, 19]. 

2.3. Standard Outdoor Multi-Antenna Channel Models 

This section describes the main properties of some of the standard MIMO channel 

models for outdoor scenarios. Models discussed include the: COST 259, COST 273, 

SCM, SCME, WINNERI and WINNERII models. 

The COST 259 "Flexible personalized wireless communications" and COST 273 

"Towards mobile broadband multimedia networks" models were initiated by a European 

Cooperative Scientific and Technical research forum (COST) the objective of which was 

to develop directional MIMO channel models suitable for simulations of smart antenna 

systems for a wide range of indoor and outdoor radio environments. The COST 259 
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model is a parametric stochastic model that covers frequencies from 800 MHz up to 2 

GHz (for outdoors) and 800 MHz up to 5 GHz (for indoors). The COST 273 model 

covers frequencies from 10 GHz to 60 GHz [20, 21]. The COST 259 and COST 273 

models show general similarities, but the latter parameterizes additional new operating 

environments, and uses updated measurement-based parameters and different 

distributions for AO As and AODs [2], The Spatial Channel Model (SCM) was developed 

by the 3GPP/3GPP2 groups to specify parameters and methods associated with outdoor 

channel modelling at a centre frequency of 2 GHz and bandwidth of 5 MHz. The SCM 

model uses both geometric and stochastic approaches for link- and system-level 

evaluation [22], The SCME model was introduced as a direct extension of the SCM 

model to allow the model to cover centre frequencies in the range of 2 and 6 GHz and 

bandwidths up to 100 MHz. This extension approach required backward-compatibility 

with the SCM model, which resulted in unrealistic assumptions such as that the number 

of clusters and MPCs should be the same as for the SCM model despite the increase in 

the bandwidth. 

The WINNER I "Wireless World Initiative New Radio" model was developed to 

solve drawbacks in the SCME model, to compensate for the lack of measurement-based 

wideband system-level models, and to come up with a channel model for Beyond-3G 

(B3G) radio systems using a bandwidth of 100 MHz for each radio link and cover 

frequencies between 2 and 6 GHz [23], The WINNER II model set is an extension of the 

WINNER I model set, including the definition of more parameter sets for different 

operating environments, more parameters (e.g., AOAs and AODs in elevation) and a 

crude form of time evolution of the model parameters [24], 

2.4. General Modelling Methodologies 

The basic modelling methodology behind the COST 259, COST 273, SCM, 

SCME and WINNER models is to characterize the radio channel in delay and angle using 

a directional (or double-directional) channel impulse response that is constructed as the 

contribution of all individual MPCs with power above the system-noise level [25,26]. 
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All of the abovementioned models are classified as physical-stochastic channel 

models i.e., the parameters of each MPC (e.g. power, delay, AOA, AOD) are selected 

randomly from appropriate distributions, which are determined according to global or 

large-scale parameters. In the case of the COST 259, COST 273, and SCM models, the 

parameter distributions result from a combination of measurements and ray-tracing 

simulations. In contrast, the WINNER parameter distributions result only from 

measurements. In the case of smaller system resolution (COST 259 case), the channel-

impulse response is described in terms of the statistics of the resolvable multipath groups. 

All models are structured using a multi-level/hieratical structure, in which each layer 

defines —deterministically or statistically —different types of parameters. 

The COST 259 model uses a 3-level structure to define three types of radio 

environment (Macro-, Micro- and Pico- cellular) and 13 different generalized radio 

environments (e.g., typical urban, bad urban, open place, and factory/hall). Each 

generalized radio environment is associated with a whole set of propagation conditions. 

The last layer of the hierarchal structure consists of the propagation scenarios, which are 

defined as random realizations of multipath conditions with constant global parameters. 

The COST 259 model requires the specification of three types of parameters, including: 

(a) external parameters to describe the radio environment (for example, average BS and 

MS antenna height, average BS-to-MS distance, average height of surrounding buildings, 

frequency band and specification, statistics of line-of-sight (LOS) or none-line-of-sight 

(NLOS) conditions); (b) global parameters which were extracted from measurements or 

ray-tracing simulations to describe the propagation conditions of each radio environment 

such as the number of the IOs; and (c) local parameters: to describe the instantaneous 

channel conditions in a small local area where the local parameters represent realizations 

of the global parameters. 

Using a similar approach, the SCM and WINNER models generate MPCs by: (a) 

specifying an environment which determines the large-scale parameters such as the path 

loss, mean AS and mean DS at the BS and MS, and number of clusters; (b) specifying the 

parameters to be used in simulations such as BS to MS distance and orientation; and (c) 

generating the parameters to be used in simulations through random variable generation 
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equations specified for the corresponding scenario and large-scale parameters (e.g., 

power, delay, AOAs, AODs and phases for each MPC) [25,27]. 

2.5. Simulating Changes in Wireless Channels 

In [28] there was a suggestion to stop assuming that the channel has the same 

properties all the time and adopt a more realistic assumption in which the simulation is 

done in intervals, in each of which radio channel variations can be represented by 

different stochastic parameters. For example: 

• The COST 259 model assumes that both the IOs and the Tx are stationary, and that all 

the channel time-variations are due solely to movement of the Rx, which is not the 

case in many real-world environments. SCM and WINNER I system simulation is 

carried out as a sequence of "segments" or "drops." For each channel segment/drop it 

is assumed that: (a) the large-scale parameters such as AS, DS, mean AOA and 

shadowing are constant, (b) the virtual motion of the MS causes the channel to 

experience fast fading due to the superposition of rotating phasors, and (c) the 

location of the MS varies randomly before the beginning of each segment/drop. 

• The SCME model addresses the channel time-evolution by virtually extending the 

time duration of SCM-drops. This was achieved by adding short-term time-variability 

to some of the channel parameters within the drop while keeping the channel 

parameters independent among drops. These time-variability features come from 

allowing the path delays and angles to drift at each simulation step within the drop 

caused by motion of the MS, which results in continuous evolution (in discrete steps 

smaller than a drop). The drifting of angles/delays is based on randomly generated 

distance from Tx/Rx antennas to the closest scatters. [24], 

• The WINNER II approach models the time-evolution of the parameters by controlling 

the position of clusters in the delay and angular domains using the following rules: (a) 

If the change in large-scale parameters (DS, AS) is small, a quasi-deterministic 

approach based on distance from IOs is applied at the initiation of the new drop, 

assuming that the small change in the large-scale parameters is caused by the same 
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IOs as in previous drop, (b) If the change in local parameters is significant, then either 

the positions of the existing clusters are reassigned or their number is changed [24], 

2.6. Metrics to Detect Changes in Experimental Data 

Measurements show that mobile-channel characteristics change rapidly in space 

and time. To better characterize this change in radio channels, [28] introduced the idea of 

identifying changes in the phenomena that influence channel process, such as multipath 

propagation and obstruction shadowing. It is suggested that change points be used to 

identify the intervals in which the channel behaves in a similar way. Using this idea, the 

processes of changing conditions on radio channels have been investigated using different 

approaches. Several metrics have been proposed in the literature to measure the changes 

on radio channels. Some of these are explained in the following paragraphs. 

The Eigenvalues/Eigenvectors Metrics 

Viering [29] introduced a metric to measure a change in the covariance matrix of 

the channel impulse-response functions at different time intervals. The extracted 

covariance matrices represent the spatial signature of the channel at different time 

intervals. Each extracted covariance matrix is approximated using only the eigenvectors 

corresponding to its F largest eigenvalues. To compare the low-rank approximation of 

covariance matrices existing in time intervals 77 and 72, the F-eigen-ratio metric was 

defined as the ratio between the traces of the two matrices. The F-eigen-ratio describes 

the change in the spatial structure of the channel during 77 compared to T2. To use this 

measure, the channel is assumed to be WSS during each time interval so that a sufficient 

number of channel matrices can be collected to estimate the covariance matrices. 

Wallace [30] suggested describing the channel variations by quantifying the 

temporal variability of the channel eigenvalues and eigenvectors. The introduced metrics 

are: (a) eigenvalue level-crossing rate, which is the number of times that the power gain 

of each eigenmode drops below a certain threshold divided by the total distance travelled, 

(b) eigenvector angular deviation, which quantifies how quickly the transmit and receive 
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eigenvectors rotate in complex multidimensional space, and (c) eigenvalue spread, which 

indicates the amount of multipath in the channel. 

The Correlation Matrix Distance Metric 

In [31 - 33] a correlation matrix distance metric was introduced for measuring 

changes in a channel by considering only the spatial domain of the channel. The 

correlation matrix distance is based on the inner product of two spatial matrices. This 

distance metric between Rn and Ra is defined as: 

J f a S f , (2.3) 
K I W I , 

where tr{---} is the trace operator, and | | " | denotes the Frobenius norm. Rn and Rn are 

the correlation matrices at intervals tl, and t2, respectively. 

The Spectral Similarity Metric 

Bultitude and Willink [28] introduced a metric to detect changes in radio-channel 

characteristics by considering changes in the AOA spectrum of the received signal. This 

metric is a distance measure between the spectral structures of the channel at different 

times. The categorization of wave numbers of incoming waves which correspond to 

specific AOAs is based on predefined non-overlapping sub-intervals. The sums of the 

powers within each sub-interval are compared to each other at different times using the 

following metric to define the difference between the spectra at time Jj and T2. 

R 

rT-, 
r=1 

'SSM
 1

 R R 

+ X ^ 
DSSM= 1 > ( 2 - 4 ) 

where: R is the total number of the spectrum non-overlapped sub-intervals. SrT , and 

SrJ.2 denotes the sum of the powers in the rth sub-interval of the spectrum corresponding 

to the Tx and T2 time instant, respectively. 
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The numerator of the second term in (2.3) is equal to zero for identical spectra, 

which makes the value of this measure unity. On the other hand, the measure equals zero 

for totally dissimilar spectra, in which the nominator would equal the sum of the two 

spectra under comparison. 

The Forward Prediction Metric 

Bultitude [34] took advantage of the availability of the amplitudes and phases of 

the impinging waves from the MUSIC algorithm under high SNR to reconstruct the 

plane-wave field along a trajectory and examine the correlation between the measured 

time series and forward predictions of the plane-wave reconstruction as a measure to 

detect changes. If the calculated cross-correlation coefficient was found to be less than a 

pre-selected threshold (90% is suggested), then a change in the channel was declared. 

2.7. Identifying Multipath Clusters 

Measurement results have shown that MPCs do not arrive uniformly in spatio-

temporal space. Instead, energy is concentrated in clusters linked to reflections, 

scattering, and/or diffractions caused by IOs [35, 36]. Clusters have been defined in the 

literature as accumulations of MPCs with similar spatio-temporal parameters (e.g., AOD, 

AOA and delay) that share the same long-term evolution (i.e., they stay intact over time) 

[28, 35, 37, 38], Different MIMO channel models have employed the concept of 

multipath clusters intensively. However, quantifying and tracking the time-varying 

characteristics of clusters is still an open topic for research, and one that has been 

addressed by different researchers using different approaches. 

Visual inspection was originally used to identify multipath clusters. However, this 

is a time-consuming process, especially for large data pools [35, 38, 39]. To make the 

identification of multipath clusters more practical, different automatic "clustering" 

algorithms have been introduced to group MPCs into clusters in spatio-temporal space. 

The different clustering algorithms can be categorized into two main groups: 
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a) Joint-Delay-Angular Clustering: In this approach, MPCs are grouped into clusters 

using a total distance measure that describes how certain MPCs are close to (or 

farther from) each other jointly in both the delay domain and the angular domain. In 

these algorithms, the calculation of a single distance measure extracted from 

different quantities (e.g., delay, AOA and AOD) presents a major challenge due to 

the different nature, and hence the different units, associated with the delay and 

angular quantities involved. Two solutions have been suggested to solve this 

challenge: the use of parameter normalization [40], and the use of the Kernel 

density estimation technique [37, 41]. Tracking the behaviour of clusters over time 

using such algorithms requires the identification of the clusters within each 

snapshot, then pairing the different clusters among different snapshots. 

b) Sequential-Delay-Angular Clustering: In this approach, the clustering is performed 

first in the delay domain and then in the angular domain conditioned on the 

corresponding cluster delay [42, 43], The sequential delay-angular clustering 

approach is preferable to the joint delay-angular approach for two reasons: 1) using 

the sequential delay-angular clustering approach simplifies the multidimensional 

clustering problem by transforming it into multiple sequential 1-D clustering 

problems, and 2) applying the sequential delay-angular clustering approach allows 

for the use of meaningful measures in each different dimension (i.e., delay vs. 

angular); and thus it eliminates the need to normalize two quantities with different 

natures in order to come up with a universal normalized value, which is needed for 

the multidimensional clustering algorithm. 

2.8. The Need for Measurement-Based Propagation Studies 

As explained in the previous sections, the modelling methodologies that are used 

in different channel models perform the simulation in drops in which the number of 

multipath clusters among consecutive drops might vary. In the current channel models, 

arbitrary assumptions are used to set the length of the drops, to control the change within 

each drop, and to describe the change in the parameters of multipath clusters during their 
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active intervals. Hence, there is a need for more measurement-based studies to improve 

different capabilities of current channel models. For example, 

1) Developing a new metric of change that considers the delay and angular 

characterstics of the channel. All the metrics that were mentioned in Section 2.6. 

tend to ignore consideration of the delay domain of the channel (i.e., they consider 

the narrowband channel), and some of them use the calculation of the channel 

covariance matrices, which requires the channel to be wide sense stationary during 

each time interval so that a sufficient number of channel matrices can be collected. 

2) Developing a clustering algorithm that maintains the "sense" of the visual meaning 

of multipath clusters in such a way that the shapes of the identified clusters are 

almost identical to those of the clusters that would have resulted from using the 

visual inspection method. 

3) Modelling the changes in the parameters of multipath clusters in the delay and 

angular domains during their active intervals. 

Chapter 3 describes the propagation experiments and the data processing steps 

that were used to record and analyze channel-sounding data using a multiple antenna 

channel-sounder. In Chapter 4, the results from analyzing the measurement data were 

used to identify multipath clusters and to characterize the change over time in both the 

parameters of the identified multipath clusters, and the delay-angular characteristics of the 

channel. 
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CHAPTER 3: 

SINGLE-DIRECTIONAL RADIO CHANNEL MEASUREMENTS AND DATA 

ANALYSIS 

In this chapter, the propagation experiments that were conducted in downtown 

Ottawa to record channel sounder data that were later processed to obtain estimates of the 

parameters of MPCs received at the CSMS are described. Section 3.1. describes the 

propagation experiments. Sections 3.2. and 3.3. report the Communications Research 

Center (CRC)-Chanprobe sounder specifications and the procedure used to extract the 

parameters of the MPCs, respectively. Section 3.4. reports an evaluation of the accuracy 

in estimating the channel parameters. 

3.1. Propagation Experiments 

Radio propagation data were recorded using the CRC-Chanprobe measurement 

system. The Chanprobe system includes a portable 2.25 GHz Tx housed in a utility trailer 

that was parked near the curb on a selected busy street during weekday working hours. 

This Tx served to emulate a microcell BS, and transmitted a BPSK sounding signal 

modulated with a 255 chip, 50 Mchps PN sequence from a vertical quarter-wavelength 

monopole antenna supported at a height of about 6 metres above street level. A 

photograph is shown in Figure 3.1. 
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Figure. 3.1. Photograph showing the Tx configuration with the Tx monopole 
elevated to 6 metres above street level. 

The CRC-Chanprobe sounder Rx system was mounted in a mini van (the white 

van ahead of the Tx trailer in Figure 3.1.), and received signals from the portable Tx via a 

32 element Uniform Circular Array (UCA) (shown in Figure 3.2.), which was affixed to a 

wooden mount in the centre of the roof of the minivan. 
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Figure. 3.2. Photograph of the 32 element UCA used for receiving during the 
reported experiments. 

The Rx was connected sequentially to each antenna array element for 6 

microseconds, the duration of 1 PN sequence length plus a settling interval, during which 

base-band in-phase (I) and quadra-phase (Q) samples of the received signal were recorded 

at a rate of 100 Msps and stored in RAM. Snapshots, each comprising 32 single sequence 

lengths of data samples, were recorded every 4 ms as the minivan was driven over 

prescribed measurement runs at speeds between 10 and 20 kph. Each run lasted for 

between 10 and 20 s. Figure 3.3. shows a Google photo of the area where the propagation 

data were recorded, including the location of the Tx and arrows showing some of the 

routes taken by the CSMS. 
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Figure 3.3. A view of the streets where propagation data were recorded illustrating 
the Tx location and some examples of the routes taken by the CSMS. 
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3.2. Sounder Specifications: CRC-Chanprobe 

The channel sounder that was used for the CRC propagation measurements is the 

fourth generation of a PN sounder design that was first implemented with 20 MHz 

bandwidth at CRC in 1981. Its construction is breadboard style, with semi-rigid cables 

connecting various commercially available modules, such as phase-locked oscillators, 

power splitters, mixers, filter modules, and amplifiers. The breadboard-style construction 

is maintained so as to allow easy reconfiguration and recalibration for different 

measurement tasks, with different operating frequencies and different bandwidths, as 

required. Its PN sequence generator is a CRC implementation that can generate sequences 

of length between 127 and 1021 chips, and it can be clocked at rates up to 65 mchps. Both 

CRC-Chanprobe's Tx and its Rx have two RF sections with operating bandwidths 

centered on 2.25 GHz and 5.8 GHz. Final downconversion is from IF to baseband via 

quadrature downconversion circuitry. The in-phase (I) and quadra-phase (Q) baseband 

outputs can each be sampled at rates up to 100 MSamples/sec. More details about the 

Chanprobe's implementation can be found in [44], 

At the time of the work reported herein, CRC-Chanprobe operated only in SIMO 

mode with a 32-element switched UCA that employs quarter-wavelength monopole 

antennas for the reception of vertically polarized waves. CRC-Chanprobe's operating 

characteristics are summarized in TABLE 3.1. 
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TABLE 3.1: CRC-Chanprobe Operating Characteristics 

CRC-Chanprobe Property Range of values 
RF bands 0.95, 2.25, (4.9), 5.8, 30,40, 60 GHz UJ 

Sustained measurement rate 10,000 snapshots /S [2] 

Maximum cycle (snapshot) rate 40,000 snapshots /S l3J 

Chip rate up to 50 Mchps 
Useable code lengths 127-1021 chips (M-sequences) 
Number of measured radio links 32 Switched Rx antennas, 1 Tx antenna 
Measurement modes SISO, SIMO (double directional MIMO 

beginning approx Sept./09) 
Receiver noise figure better than 2 dB 
Baseband sampling rate 100 MSamples/s 
Spurious IR free dynamic range: 40 dB l4J 

Transmitter output up to 42 dBm at 2.25 GHz, up to 30 dBm at 
other frequencies 

Control Windows PC 
Post processing MATLAB package 
Synchronisation rubidium clock with stability of 10 e-11 
Minimum received power level (20 dB 
MPSR) 

-89 dBm 

Linear dynamic range without pre-
attenuation 

-69 dBm to -89 dBm with 20 dB MPSR 

Transmit antenna Vertical quarter-wavelength monopole, 
with drooping radials 

Receive antenna 32 element UCA of vertical quarter-
wavelength monopoles with drooping 
radials 

Note: Transfer rate specs are quoted assuming a single Rx channel, 50 Mchps m-sequence, sequence length 
255 chips, 2 samples per chip, 1 sequence length per snapshot. 
[1] 0.95, 4.9 & 5.8 GHz characteristics are SISO. 
[2] Based on a verified average data acquisition rate of ~20 Mbytes/S when logging data to hard disk in real 
time (needed for long measurement runs). 
[3] Based on a verified average data acquisition rate of ~80 Mbytes/S when not logging data to hard disk in 
real time (valid for short measurement runs). 
[4] "Dynamic range" is a misnomer for this. It should be called Multipath Power Sensitivity Ratio (MPSR). 
The term "dynamic range" should be kept for the description of the power fading range over which the 
receiver operates linearly (i.e., Max RFinput Power-Min RF input power for linear operation: CRC-
Chanprobe operates over the range - 69 dBm to -89 dBm, with > 20 dB MPSR). An attenuator after the Rx 
LNA can be automatically switched, however, to allow maximum received powers up to -19 dBm 
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3.3. Estimation of the Parameters of MPCs Received at the CSMS 

Post-processing of each snapshot of the data recorded at the CSMS during the 

propagation experiments began with the calculation of an Impulse Response Estimate 

(IRE) for each measured channel. This involved the cross-correlation of the single 

sequence length (510 samples) of complex baseband data recorded while the CSMS Rx 

was connected to each UCA antenna element with a previously recorded reference 

sequence of similar complex baseband data. The reference sequence was recorded when 

the channel sounder Rx was connected directly to the channel sounder Tx through a 

distortionless transmission line used to simulate an ideal radio channel. Since a sounding 

sequence with a reasonably high symbol rate was employed, such cross-correlations yield 

a good estimate of the impulse response, hm(r) of the radio link between the channel 

sounder transmit and the mth receive antennas [45], Each of the 510 samples in each 

estimate of hm(z) represents the complex voltage that results from the reception of the 

vector sum of MPCs with delay t. 

Alignment ofIREs 

Two levels of adjustments were applied to align the delays of the IREs as follows. 

• Intra-snapshot alignment: In this step, the 32 IREs that result from sampling the 

signals from the 32 different elements at the UCA Rx were aligned. The Rx was 

connected sequentially to each antenna array element for 6 microseconds, which 

corresponds to 600 samples. Knowing that the used PN code has a length of 510 

samples, this intra-snapshot alignment step was performed by circularly shifting 

each IRE by z'x 90 samples, where i denotes the index of the Rx antenna element 

which takes the values of 0 to 31. 

• Inter-snapshots alignment: In this step, the IREs estimated from the different 

snapshots were aligned. The goal of this step was to align the delay of the IREs 

coming from different snapshots in such a way that if the channel were constant 

(i.e., if the CSMS and the operating environment were physically stationary), all 

the estimated IREs would be identical, with no relative delay shift among them. 

This alignment was achieved by compensating for the inter-snapshot relative 
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delay shift that resulted from sampling the channel each 4 msec at the Rx. The 

inter-snapshot alignment was achieved by circularly shifting the 32 IREs from 

each snapshot (given that the intra-snapshot alignment had already been applied) 

by 5x160 sample, where s denotes the snapshot index. The 160 sample shift is 

derived from comparing the number of the total samples received in 4 msec with 

the number of samples per PN code (number of receive samples in 4 msec= 

400,000 = 784x510+160= 784 complete PN + 160 extra samples). 

Assumptions 

Throughout the analysis, the following two assumptions are adopted: 

• Assumption 1: the plane-wave assumption, whereby a wave impinging on an 

antenna array can be approximated as having plane wavefront. This would be 

approximately true whenever the last interacting object on the radio path between 

the channel sounder Tx and Rx was far enough away from the Rx and Tx antennas 

so that, over the apertures of the antenna arrays, the curvature of the associated 

wavefront would have been negligible. 

• Assumption 2: the narrowband assumption, whereby the signal bandwidth is 

assumed to be much smaller than the reciprocal of the time taken by a radio wave 

to propagate across the Rx antenna array. This assumption is only valid when the 

phase shift across the Rx antenna array is approximately the same for all 

frequency components of the received signal. Phase shifts would be non-

negligibly different only if the bandwidth of the sounding signal were to approach 

the reciprocal of the time taken for a wave in free space to travel across the array. 

Noting that the diameter of the CSMS UCA is only approximately 0.6 m, it can be 

calculated that the condition described in the previous sentence would occur if the 

sounding signal bandwidth approached 500 MHz. However, the "rectangular-

equivalent" bandwidth of the channel sounding signal used during the work 

reported here was less than 100 MHz, so that the difference in phase shifts across 

the array for the frequency components at the upper and lower band edges would 
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only be about 2.2 deg. It is considered that this is sufficiently small to render the 

reported analysis appropriate and valid. 

Sections 3.3.1. and 3.3.2. explain the thresholding procedure used to eliminate the 

effect of the noise from the estimated channel impulse response functions and the steps 

used to extract the parameters of each MPC, respectively. 

3.3.1. Estimation of Channel Impulse Response Functions 

To eliminate the effect of noise from channel impulse response estimates, and to 

extract only valid multipath echoes, an adaptive thresholding algorithm was adopted [46], 

where the threshold was set so as to achieve a constant false-alarm rate independent of the 

SNR. This approach can be explained as follows: 

For each cross-correlation estimate, the level of the background noise must be 

estimated. The complex parts of the Rx noise are assumed to be Gaussian, and its 

envelope is therefore assumed to be Rayleigh-distributed. In order to estimate the noise 

variance <j2n , and at the same time suppress the effect of the valid multipath echoes, g2
n is 

evaluated based on the median of the samples that are certainly attributed to noise at large 

delays, where multipath arrivals are unlikely. 

/Vln4«0.85cr iD (3.1) 

where crLD is the estimated median level of the recorded samples at large delays. 

For each IRE, the constant false-alarm rate method, which is well known in radar, 

can be used by setting the thresholding level to C, = t].<jn , which makes the 

corresponding false alarm probability per sample 

Pf =exp(-/72 /2) (3.2) 
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For the measurement experiment explained in the previous sections, and taking 

into consideration that data recorded on 32 antenna elements are available at the Rx, valid 

multipath echoes are declared, using the majority rule as follows. Valid multipath energy 

is declared in a specific impulse-response-delay resolution interval only if the signal in 

that interval exceeds the threshold in the IREs estimated from data at the outputs from 16 

or more of the 32 Rx antenna elements. Accordingly, the false-alarm probability per 

sample, calculated using the 32 Rx elements, is calculated as: 

32 '32" 

;=16 V 1 J 
W - P r ) 

32-i (3.3) 

Throughout the analyses reported in this thesis, 77 = 1.8797, Pf = 0.1709 and 

PF = 1.9626x10 5 are used, which corresponds to having one false alarm per 100 IREs. 

The IREs resulting from application of this thresholding procedure are processed further 

to extract the parameters of the MPCs, as explained in the following section. 

3.3.2. Channel Estimation using ISI-SA GE 

The initialization-search-improved space-alternating generalized expectation-

maximization (ISI-SAGE) algorithm is a high-resolution estimation algorithm that 

performs joint estimation of the complex amplitude, delay, and AOA of superimposed 

incident signals. This algorithm is often used to analyze measured data recorded in 

different propagation environments because of its ability to perform the estimation using 

only one snapshot and the fact that, unlike other high resolution algorithms, it can be used 

to process data recorded with arbitrary array configurations. ISI-SAGE updates the 

parameters for each detected MPC sequentially by performing the search in several small 

data spaces instead of searching in the complete data space. This sequential parameter 

update makes ISI-SAGE more computationally efficient than the expectation-

maximization method, while, at the same time, ISI-SAGE has a faster convergence rate 

than the expectation-maximization algorithm [47]. For example, if one is interested in 
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estimating K parameters for each MPC, ISI-SAGE performs the search in K steps, and 

each step does the maximization in one-dimensional space; while the expectation-

maximization algorithm performs the joint maximization in K-dimensional space. In 

work for this thesis project, the delay, then the AOA, and finally, the complex amplitude 

were estimated and updated for each MPC. The details of the ISI-SAGE procedure are 

explained in the subsequent paragraphs. 

Signal Model 

Let u(t) be the complex baseband representation of the signal at the input to the Tx, and 

let the signal vector y(t) = [yx{t),....,yM(t)f be the signal at the output from the Rx where 

M= 32 is the number of antenna elements at Rx. Then, under assumptions 1 and 2 (Section 

3.3.), the contribution of the £th MPC to the signal vector y(t) = [}'l(/),....,_yM(/)]r can 

be written as: 

s(t;Ve) = aeSV^M(<prx„0rxJ)Tu(t-re), (3.4) 

and 

y(t) = ] T s ( m + JKw(tX (3.5) 
i=i V I 

where: 

% = [<plx f,9rx t, Tt,at ] is a vector with the parameters that characterize the ith MPC: 

(prx>l, 6rx t , zf, at are, respectively, its azimuth AOA, elevation AOA, delay, and complex 

amplitude. Furthermore, w(t) = [wx(t), ,wM(t)]T is an Mdimensional temporally and 

spatially white noise and SVrx{q>rx/,6rx f) represents the 1 xM response column vector of 

the Rx array to a MPC arriving from angles (<prxj,0rxj), respectively. 
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Estimating the channel parameters using ISI-SAGE consists of two steps [48, 49], 

Step 1: Initialization-Search-Improved Procedure 

A straightforward successive interference cancellation is used to initialize the 

parameters for each MPC. The parameter initialization is performed sequentially for the 

delay, the AOA (i.e., (<prxJ,0rxJ)), and then the complex amplitude. The initialization 

algorithm is described in [48] as follows. 

For i = 1 initialization of the parameter estimates for the Ith MPC is performed as 

follows. 

(=1 

z f ] = argmax{^ 
lt m 

M 

\u{t-Te)*y(
m(t)dt 

( C , ® ) = argmax{ Z S V ~ fas' ^ ) [ « ] ' h - f r )'y'm m } (3.8) 

S V ^ , O Z ) \ P T s c 

(3.6) 

(3.7) 

(3.9) 

where: 

is the contribution of the ith MPC with parameters to y(t). 

is the vector of the initial estimates of the parameters of the 

ith MPC. Tsc is the time duration of the sounding signal. yl
m is the contribution of the 

ith MPC that is received by the mth antenna element, and P is the power of u(t). 

The basic idea behind initializing the parameters of the MPCs using the 

successive-cancellation approach in (3.6)-(3.9) is explained as follows. To initialize the 

parameter vector of the ith MPC (i.e., %(0)), an estimate of the interference caused by 
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the previously initialized MPCs is calculated and subtracted from the received signal, 

which yields yl{t) in (3.6). The initial values of the different parameters of the Ith MPC, 

i.e., rf ] , , 6^xt), and a f ] are then successfully obtained based on the signal ye(t) 

as in (3.7)-(3.9). During this initialization step, the estimation in (3.8) is implemented 

using a so-called initialization-search-improved procedure, which uses an adaptive grid 

search with a grid size that decreases during the search procedure. In the analysis reported 

herein, the initialization step is carried on until a minimum of 95% of the power of y(t) 

is extracted. The SAGE algorithm, combined with the initialization-search-improved 

procedure, is referred to as ISI-SAGE. 

Step 2: The SAGE procedure 

In this step, SAGE is applied to the outputs from the previous step to improve the 

parameter estimation. During each iteration, if the entries for the estimated vector ^ 

associated with the Ith MPC are{q>'rxe,d'rxt,T[,a'e}, then the updated parameters 

{(p'r'x f , 6'̂  f, f a") are estimated as follows: 

t" = argmax{^ 
sc 

$u(t-Te)*xem(t)dt (3.10) 

Vn.lfrc.t) 
\ u ( t - r e yx ( t m ( t )d t} , (3. i i) 

m o 

T 
sc 

Z svn > ̂ ) w J«(/ - m 

svn{v"e»)\PTsc 
(3.12) 

where xe m represents the contribution of the Ith MPC at the mth receive element to x,. 

In the above equations, the function xe (t) is defined as: 

x({t) = y{t)- j^s(t;%). 
i=i mi 

(3.13) 
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Equations (3.10)-(3.12) represent a single SAGE iteration step in which the entries 

of the parameter vector % of the ith MPC are re-estimated. A SAGE iteration cycle 

consists of L SAGE iteration steps, where the parameter vector of each MPC is estimated 

once. The SAGE iterations are stopped if the improvement of the parameter estimation 

becomes smaller than a threshold, or if the number of iteration cycles reaches its 

maximum. In the analysis reported herein, (prxj,0rXte,Tl and ,ae were estimated for each 

MPC and 30 SAGE iteration cycles were used to improve the estimates. 

3.4. Evaluation of the Accuracy of Estimated Channel Parameters 

The accuracy of the parameters of MPCs estimated using ISI-SAGE was 

evaluated by comparing the 32x510 matrices of IREs resulting measurements with 

similar matrices of IREs constructed using the parameters estimated from ISI-SAGE as 

follows. 

a) Wideband 32x510 matrices of IREs (i.e., hmeasured (t, r ) ) , each of which consists of the 

collection of the 32 IREs, were calculated (Section 3.3.1.) Then the ISI-SAGE was 

used to estimate the parameters of the MPCs (Section 3.3.2.) 

b) The constructed channel matrices (i.e.,hconstructed{t,T)) were calculated from the ISI-

SAGE estimates of the MPCs parameters as summations of plane-waves as follows 

[50]: 

First, plane-wave reconstruction was used to reconstruct the fields in the vicinity of 

the instantaneous locations of the Rx antennas (i.e. y(t)), using the parameters of the 

MPCs resulting from application of the ISI-SAGE algorithm. Each estimates of the 

received signal is constructed as 

e=i 

where L is the total number of estimated MPCs, and is the parameter vector 

characterizing the ith MPC that results from application of the ISI-SAGE algorithm. 
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Second, the constructed channel matrices (i.e., hconslmcled (t, r ) ) are calculated as the 

collection of the 32 IREs that result from the cross-correlation of each of the single 

sequence length (510 samples) of constructed complex baseband data with a copy of 

the transmitted PN code. 

The reconstruction error for each snapshot is then calculated as: 

n measured ^constructed M l , 
tl1r0rreconstruction " ,, „2 ' ( J . l J j 

WKeasuredi.*,*) ||F 

where | • -||F is the Frobenius norm. 

Figure 3.4. shows the Empirical Cumulative Distribution Function (ECDF) of the of 

Error, reconstruction calculated from 35,000 snapshots analysed using ISI-SAGE. From 

Figure 3.4., it is found that Errorrecomtructlon is less than 8% for 98% of the analyzed 

data. 
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Figure 3.4. the ECDF of Errorreconstruction calculated from 35,000 snapshots 
analysed using ISI-SAGE. 
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CHAPTER 4: 

CLUSTER-BASED CHARACTERIZATION OF MICROCELLULAR MOBILE 

RADIO CHANNELS 

This chapter focuses on the use of the clustering nature of wireless channel as an 

effective tool for modelling the time evolution of wireless channels based on the analysis 

of measured radio propagation data. The specific goals of the work reported are (a) to 

estimate the boundaries of multipath clusters from propagation measurement data, and (b) 

to model the time-varying behaviour of identified clusters using stochastic, yet simple 

models. In Section 4.1, an algorithm for the identification of multipath clusters is 

introduced. In Section 4.2., the concept of Consistency Intervals (CI) to describe intervals 

between changes is reviewed. Section 4.3. reports results from analyzing propagation 

measurement data and includes: statistics on the number of clusters, statistics on the 

instantaneous values of different parameters of clusters, and the number of MPCs per 

cluster, as well as modelling of the time-varying behaviour of clusters. 

4.1. Identifying and Tracking Multipath Clusters 

In this section a new technique is proposed for the identification of multipath 

clusters in delay-angular space. The proposed clustering algorithm aims to: 1) avoid using 

a single-distance measure that is calculated by adding quantities with different natures 

such as delay, AOD, and AOA, which is typical when the Joint-Delay-Angular clustering 

approach is used, and 2) extract clusters of the MPCs in such a way that it is possible to 

track the change in their parameters over time, without the need for applying a pairing 

procedure. 

As explained in Chapter 3, the outputs from application of the ISI-SAGE 

algorithm in the analysis of data from propagation experiments include: the complex 

amplitude, AOA, and the delay of each MPC in each snapshot. To identify and track 

multipath clusters, the ISI-SAGE outputs are processed as follows. 
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1. Four seconds (during which 1000 snapshots of data were recorded during 

propagation experiments) was taken as the basic time interval for tracking and 

monitoring the behaviour of individual multipath clusters. For each interval of 

1000 consecutive snapshots, the 2D delay-angular power spectrum was estimated 

as the average of the 2D delay-angular power profiles associated with each 

individual snapshot. It is considered that 4 seconds is long enough to get valuable 

information about the changes of the parameters of different multipath clusters 

during their active intervals. The result of this step is to have a single 2D 

spectrum describing the distribution of the power in the delay-angular domain 

for each group of 1000 consecutive snapshots. This 2D spectrum has a 

dimensionality of 510 x 360 (510 bins in the delay dimension with 10-nsec 

resolution, and 360 bins in the azimuth angular domain with 1-degree 

resolution). A normalized uniform circular averaging filter is applied for 

smoothing the resulting 2D spectrum before any further process. This filter is 

described as: 

h. , --L circular ^ ^ 

0 0 0 0 1 0 0 0 0 
0 0 1 
0 1 1 
0 1 1 
1 1 1 
0 1 1 
0 1 1 
0 0 1 

1 

1 

0 0 
1 0 
1 0 
1 1 
1 0 
1 0 
0 0 

0 0 0 0 1 0 0 0 0 

(4.1) 

2. For each 2D spectrum resulting from Step 1, the proposed sequential 2D 

clustering algorithm (as will be described later during this section) is applied to 

identify the regions in the delay-angular domain where significant power exists 

in the received signal. Those regions will herein be called area multipath clusters 

(AMCs). The proposed sequential 2D clustering algorithm stops when at least 
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99% of the total power of the 2D spectrum is extracted. At the end of this step, 

the borders of the different AMCs and their corresponding delay-angular regions 

are identified. 

At each snapshot, the MPCs with delay-angular coordinates that fall within the 

region of a specific AMC are defined as a single snapshot multipath cluster 

(SSMC). Each AMC could contain one or more SSMCs that exist sequentially in 

the specified region during the 1000 snapshots (i.e., in the same delay-angular 

region, only one SSMC can be active at a time, followed by a dormant interval, 

then another SSMC could be active in the same region, and so on). The borders 

of the delay-angular region of each specific AMC are used to determine the 

MPCs that belong to active SSMCs within each snapshot throughout the 1000-

snapshot interval. For example, if R, represents the region of the ith identified 

AMC, then all the MPCs that fall within the R, delay-angular area in the sth 

snapshot would represent the corresponding SSMC at the sth snapshot. To make 

a clear distinction between the AMCs and the SSMCs, the following should be 

considered: a) an AMC represents a region on the 2D spectrum estimated from 

1000 snapshots, where the time dimension (i.e, the snapshot index) is collapsed, 

because it is an average of information from 1000 snapshots, and b) a SSMC 

represents a region on the 2D power profile of a specific snapshot (i.e., the time 

dimension is preserved). In each snapshot, a pruning process is applied to each 

SSMC to remove the weak MPCs that are detached from its delay centroid or 

angular centroid. This is done by deleting the group of MPCs that are close to the 

borders in such a way that 95% of the power in each SSMC is preserved. The 

remaining MPCs in each SSMC are then used to estimate the parameters that 

characterize each SSMC within each snapshot. Subsequently, these parameters 

are used to track the time-varying behaviour of the individual SSMCs within the 

1000-snapshot interval. The parameters that are used to characterize each SSMC 

in each snapshot are: its power, its rms DS and its rms AS. In addition, the length 

of the active interval, which is defined as the number of consecutive snapshots in 

which a SSMC exists, is calculated. 
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4. A thresholding procedure is applied to eliminate very weak SSMCs. In each 

snapshot, each SSMC with power less than 3% (i.e. down by about -15 dB) of 

that belonging to the strongest SSMC is ignored. 

Figure 4.1 illustrates the steps that are used to identify and track the time-varying 

behaviour of SSMCs throughout a 1000-snapshot interval. In Figure 4.l.a., the proposed 

2D clustering algorithm is applied to the delay-angular spectrum that is calculated from 

1000 snapshots. The 2D spectrum is represented by the square, and the three ellipses 

symbolize the borders of the regions of three AMCs that are identified using the proposed 

2D clustering algorithm. In Figure 4.1.b., the coordinates of the regions of the identified 

AMCs are used to track each SSMC and its different parameters throughout the 1000 

snapshots. In the region of the first identified AMC, one SSMC, CI, exists for the entire 

[xl:x7] interval. The region of the second identified AMC is dormant during the [xl:x3] 

interval, followed by an active interval [x4:x7], which is occupied by C2. Finally, the 

third identified AMC has an active interval [xl:x2] occupied by C3, followed by a 

dormant interval [x3:x5]; then it is occupied by C4, which is active during the [x6:x7] 

interval. 
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(b) 

Figure 4.1. Illustration of the steps used to track the different parameters of 
multipath clusters within a 1000-snapshot interval, (a) applying the 
proposed 2D clustering algorithm, and (b) tracking SSMCs. 
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Sequential 2D Clustering 

Let S be the normalized (unity power) 2D delay-angular spectrum that results 

from averaging 1000 snapshots. The AMCs can be identified using Algorithm 4.1 below: 

Algorithm 4.1. 

Step 1: Find the location of the maximum value of S and declare it to be the peak of the 

AMC to be identified. 

Step 2\ Apply the 2D valley detection algorithm (explained below) to determine the 

borders of the targeted AMC. 

Step 3: Delete the components of the identified AMC from S. 

Step 4\ If the remaining power of,S <0.01, stop. Otherwise, go to Step 1. 

The 2D Valley Detection Algorithm 

To estimate the boundaries of an AMC (in the delay-angular domain), the 2D 

valley-detection algorithm was developed during this thesis project. This algorithm is an 

extension of the ID valley-detection algorithm introduced in [51]. As a first step, the 

original ID valley-detection algorithm is explained, and then its new 2D extension is 

introduced. 

A- ID Valley Detection by Use of One-Sided Difference Operators 

Given a ID discrete waveform x{, ,xN consider the pointxk and let 

| > v , (4.2.a) 
v=k-2i+\ 

b™= i > v , (4.2.b) 
v-k-i+1 

k+i-1 
c,w = I > v > (4.2.c) 

V=t 
k+2i-\ 

4 ( i ) = I > v - (4.2.d) 
v=k+i 

The quantities a\k\b.k),c\k), and d{k) are only defined if A: - 2/ +1 > 0 and 

k + 2i - / < N. Define different operators to calculate the left-hand and right-hand 

Chapter 1 



38 

differences using windows with different sizes i, and define the left-hand and right-hand 

differences of size i at xk as: 

(4.3 .a) 
i 

(4.3.b) 
i 

A prominent valley should give a negative value for both l\k) and that does 

not change for a large number of sizes (Vs). In the proposed algorithm, a point xk is 

considered to be a prominent valley if it results in negative values of both ljk) and rf-k) for 

i = 1,2,3,4, and 5. 

B- New Extension to 2D 

The above-described ID algorithm can be extended to the 2D (i.e., the delay-

angular) case as follows. 

Step 1: Find the peak of the candidate AMC'. let Pk = (xPk,yPk) be the projection of the 

maximum value of S on the 2D delay-angular plane (which is denoted asX7) 

and declare it as the location of the peak of the candidate AMC. 

Step 2\ Extract ID waveforms', let v be the vector on the delay-angular plane that starts at 

the point Pk in the <p direction, then define the waveform Wv which consists of all 

the points of S such that their projection on the delay-angular plane intersects 

with the vector v such that: 

Wv = {p : p e S, p L XY = (x, y), tan"1 ([* - xPk ] ![y - yPk }) = ?}, (4.4) 

where _L denotes the projection operation. 

Let the value of (p be changed in such a way that the vector v scans the whole 

azimuth plane in steps of 1 degree; and let a new waveform Wv be defined for 
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each new direction that the vector v takes. Applying this process results in 360 

ID waveforms Wv. 

Step 3: Detection of the valleys of each waveform Wv : the ID valley-detection algorithm 

is applied to detect the valley point in each of the ID waveforms Wv. For each 

waveform, the search for the valley starts from the point Pk in the associated cp 

direction and stops when the first valley is found, which results in a total of 360 

valley points. These 360 points might be not unique due to the delay-angular 

resolution of the sounding system where the number of the points on the border of 

the AMCs in most cases are less than 360. 

Step 4\ Determining the borders of the AMC: 1) The group of points that represent a 

unique set of points are selected from the resulting 360 non-unique points. 2) The 

borders of the identified AMC are defined by applying a 5-tap uniform smoothing 

filter to those unique points. See Figures 4.2. and 4.3. 
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The valley point 
\ in the direction 
v \ i of the vector v 
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Delay bin 
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Pk: The projection 
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on the delay-angular 
plane 

(a) 

Figure 4.2. The sequential 2D clustering algorithm, (a) 3D illustration of an 
AMC where a vector v represents the direction of interest that is 
used to extract a ID waveform, (b) a plot of the extracted waveform 
in the direction of v with the identified valley point in this direction. 

Chapter 1 



41 

AOA(deg) 180 Delay bin 

Figure 4.3. Examples of identified AMCs resulted from analyzing propagation 
data using the proposed 2D clustering algorithm. 
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4.2. Identifying Consistency Intervals 

Let CX,C2,....,CKbe the AMCs identified using the sequential 2D clustering 

algorithm (Section 4.1), and let Rl,R2,...,RKbe the regions that contain the delay-angular 

coordinates of all the points of the detected AMCs in the delay-angular domain. Let Pk 

be the summation of the powers of the MPCs in the sth snapshot that fall within Rk. That 

is 

Pk,s= S K I 2 > ( 4 . 5 ) 
i 

where ai, , and <prxi are the complex amplitude, the delay, and the azimuth AOA of 

MPCi, and MPCi belongs to the sth snapshot. 

Define the difference between snapshot sx and snapshot s as 

k,s„ 
k=\ 

(4.6) 

where • • • denotes the absolute value. 

A CI that starts at snapshot sXa and ends at snapshot sx(i.e., CI[Xo.x]) is defined as 

the interval of all the consecutive snapshots, such that their differences with respect to the 

first snapshot sXg , calculated as in (4.6), are less than a specified threshold ( / ) . This can 

be written as: 

CIWX] = K : D ,sx < r, Vx0 < X < X}. (4.7) 

Applying the abovementioned criterion guarantees that the summation of the 

change in the power distribution in the delay-angular domain, for all snapshots within a 

CI, does not exceed^ when it is compared to the first snapshotsx^. 
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4.3. Results 

The proposed 2D clustering algorithm was applied to a total of 35,000 snapshots 

that were recorded on 16 NLOS measurement routes surrounding a Tx on Laurier Avenue 

between Bank and Kent Streets in downtown Ottawa. Each AMC that was extracted from 

a 2D spectrum, estimated as explained in Section 4.1., represents a delay-angular region 

that contains a significant amount of power. Taking into consideration that each 2D 

spectrum is calculated using data from 1000 consecutive snapshots, the identified regions 

in the delay-angular domain might not be occupied with significant power throughout all 

the 1000 snapshots. In other words, when considering the time dimension (i.e., the 

dimension calibrated by snapshot indices which go from 1 to 1000) for each AMC, it was 

found that each AMC might contain one or more SSMC that appears and disappears 

sequentially in the same delay-angular region. The active interval of a SSMC is defined 

as the number of consecutive snapshots in which a specific SSMC exists. The interval 

between snapshots where two active SSMC in the same region are identified will be 

called a dormant interval. The parameters of the identified SSMC were estimated, 

including: 1) the number of SSMCs in each snapshot, and 2) the power, the intra-cluster 

DS, and the intra-cluster AS of each SSMC in each snapshot1. For each snapshot, the 

amplitudes of the MPCs are adjusted such that the total power reflected by the identified 

MPCs in each snapshot is unity. Hence, the reported power of each SSMC can be 

considered to be a normalised power. 

4.3.1. Number of SSMCs 

Figure 4.4. shows an estimate of the CDF for the number of SSMC per snapshot. 

It is clear that the number of SSMC, with very large probability, does not exceed 20. It 

should be noted that, for each snapshot, only SSMC with power equal or exceeding 3% of 

the power of the strongest SSMC are considered. The median number of SSMC equals 8, 

and the probability of having more than 10, 15 and 20 SSMC is found to be 35%, 10% 

and 3%, respectively. To model the number of SSMCs, the time series assembled using 

1 No attempt has been made to model the delay and angular centroids of SSMCs. 
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consecutive values for the number of SSMCs per snapshot was systematically sampled 

with different interval lengths until the time series of the resulting samples passed the 

Wald-Wolfowitz runs test, which is a non-parametric statistical test that checks a 

randomness hypothesis for a two-valued sequence. This sampling step resulted in a time 

series of 120 random values, each of which represent a value for the number of SSMCs at 

a specific time instance. It was found that the number of SSMCs can be modelled as a 

Gamma distribution with parameters a = 4.27, and b = 2.10. This model passes the 

Kolmogorov-Smirnov (KS) goodness of fit test at the 5% significance level. The CDF 

resulting from this model is shown in Figure 4.4, along with the CDF estimated from the 

experimental data. 

Figure 4.4. CDF of the number of SSMCs. "Blue" color is measurements, and 
"Red" color is the best-fit Gamma model which has parameters 
a=4.27, and b=2.10. 
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4.3.2. Classification of SSMC 

The identified SSMCs were classified into three different groups according to 

their mean power: Group A has a normalized mean power greater than 0.20, Group B has 

a normalized mean power between 0.10 and 0.20, and Group C has a normalized mean 

power less than 0.10. It was found that strong SSMCs experience longer active intervals 

than weak SSMCs. The SSMCs in Groups A, and B are active for entire 1000-snapshot 

intervals 55% and 16% of the time, respectively, while no SSMC from Group C was 

found to be active for an entire 1000-snapshot interval. Figure 4.5. shows the length of the 

active intervals that are less than 1000 snapshots extracted for the three groups. TABLE 

4.1 shows the parameters that are used to model the length of the active intervals of the 

multipath clusters for the three groups. 
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Figure 4.5. Lengths of active intervals that are less than 1000-snapshots long for 
different groups of SSMCs identified from measurement data, (a) 
Group A, (b) Group B, and (c) Group C. 

TABLE 4.1 Parameters used to Model the Length of the Active intervals 
for the SSMCs belonging to Different Groups. 

Group Normalized 
power 

Modelling the length of active intervals 

Group Normalized 
power Prob. of being active for the 

entire 1000 snapshots 

Model for the length of the active 
interval given that their length is 

less than 1000 snapshots 

A >0.20 55% Uniformly distributed between 1 
and 1000 snapshots 

B >0.10 and 
<0.20 16% Exponentially distributed with 

parameter = 258 snapshots 

C <0.10 0% Exponentially distributed with 
parameter = 50 snapshots 
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Different combinations of the three SSMC groups can exist in different detected 

AMCs, where the strong AMCs have a higher probability of containing strong SSMCs 

(i.e., Group A). TABLE 4.2. shows the different combinations of the SSMCs of Groups 

A, B, and C that were found in the strongest 20 AMC groups that are identified in each of 

the measured 2D delay-angular spectrums. For example, AMC group ID=1 represents the 

group of AMCs results from collecting the strongest AMC that is identified in each of the 

measured 2D delay-angular spectrums. 

TABLE 4.2. The Percentage of SSMCs from Groups A, B, and C in 
Different AMC groups Identified in Measured Data. 

AMC group ID 
Prob. of having a 

SSMC from Group 
A 

Prob. of having a 
SSMC from Group 

B 

Prob. of having a 
SSMC from Group 

C 
1 50% 15% 35% 

2-3 5% 15% 80% 
4-8 0% 5% 95% 
>9 0% 0% 100% 

The strong AMCs tend to have shorter dormant intervals; the weaker AMCs tend 

to have longer dormant intervals. It was found that the length of the dormant intervals for 

each AMC group can be modelled as having an exponential distribution with the 

parameters shown in TABLE 4.3. 
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TABLE 4.3. The Values of Parameters of the Exponential Distribution used 
to Model the Length of Dormant Intervals for Different AMC group 

AMC group ID Exponential Distribution Parameter 
(snapshots) 

1 7 
2 5 
3 4 
4 5 
5 8 
6 7 
7 9 
8 10 
9 10 
10 9 
11 13 
12 12 
13 19 
14 13 
15 20 
16 32 
17 39 
18 28 
19 36 
20 39 

4.3.3. Number of MPCs 

Figure 4.6. shows the ECDF of the number of MPCs per SSMC for Group A, B, 

and C during their active intervals. Group A, which contains the strongest SSMCs, has 

more MPCs per cluster, with a median equal to 11. The median of the number of MPCs in 

Group B and C are 8 and 7, respectively. 
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Figure 4.6. ECDFs for the number of MPCs per SSMC for Groups A, B, and C. 

4.3.4. Modelling the Power of SSMCs 

It was found that the power of SSMCs in each of the three groups can be modelled 

using the Generalized Extreme Value (GEV) distribution. Several researchers have 

previously reported that this distribution can be used to model fading in wireless channels 

better than well-known models such as the Nakagami, Rice and Rayleigh models [52 -

56], 

The GEV distribution can be mathematically represented as [57]: 

Pr[X <x] = exp< 
x-ju 

-I/O 
(4.8) 

where the notation a+ stands for a if a > 0 and zero otherwise, and where cr > 0 and 
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When B, > 0 or £ < 0, the distribution in (4.8) is referred to as either the Frechet 

distribution or the Weibull distribution, respectively. When £ oo or £ —» -oo, the 

distribution in (4.8) is referred to as the Gumbel distribution. 

The three parameters used to characterize the GEV distribution are the shape (£) , 

the scale (cr), and the location ( / / ) parameters. The shape parameter ( £ ) governs the 

behaviour of the distribution at its tail; the scale parameter (cr) controls the spread (i.e., 

stretching/shrinking) of the distribution; and the location parameter ( JJ, ) determines the 

location (or the shift) of the distribution on the abscissa. 

The GEV distribution was applied herein to model the distribution of the power of 

the SSMCs within each of the three Groups. In Figure 4.7., subplots a, b, and c, show the 

estimates for the distribution of the power of SSMCs and their best fit GEV distribution 

models for Groups A, B, and C, respectively. It was found that a time series of the powers 

of the SSMCs can be modelled using the GEV distribution, and that this model passed the 

KS goodness of fit test at the 5% significance level. An explanation of using the GEV 

distribution to model the power of SSMCs can be given as follows. From the definitions 

of the GEV distribution, if a data set (A) is generated from some distribution, and a new 

data set (A') is created by including the values of A that are bounded by a maximum or a 

minimum threshold, then resulting data set (A') can only be described by the GEV 

distribution. Given that the categorization of the SSMCs is based on a maximum or a 

minimum threshold selection, then the GEV represents a logical model for the power of 

the different groups of SSMCs. TABLE 4.4. lists the values of the shape (£) , the scale 

(cr), and the location (ju) parameters used to model the powers of the SSMCs in the 

different groups. In TABLE 4.4., note that, in all cases, the shape parameter ( £ ) has small 

absolute values (<0.40). This indicates that these distributions are of either the Frechet-

type or the Weibull-type. 
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TABLE 4.4. The Values of the Shape ( £), the Scale (cr), and the Location 
(ju) Parameters Used to Model the Powers of SSMCs in Groups A, B, And C. 

Group Power Group 
£ <7 M 

A -0.10 0.16 0.29 
B 0.13 0.07 0.11 
C 0.38 0.02 0.03 
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Figure 4.7. The ECDF and epdf of the powers of the SSMCs in the different 
groups with their GEV best-fit models, (a) Group A, (b) Group B, 
and (c) Group C. 
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4.3.5. Modelling SSMC Dynamics 

The goal of the work reported in this section was to represent the change in the 

parameters of the different SSMCs using simple, yet representative, stochastic models. 

The changes in the power of each cluster, intra-cluster rms DS, and intra-cluster rms AS 

are modelled in such a way that its time-varying behaviour is stochastically described. 

It was found that the magnitude of the changes in power (i.e., the step size of the 

change) of SSMCs between consecutive snapshots has an exponential distribution. It was 

also found that: 1) the time series of the sizes of those steps are uncorrelated (the 

correlation was found to be < 0.20 at a lag equal to one snapshot), and 2) the probability 

of the step sign (i.e, direction) being positive (i.e, increment step) is equal to the 

probability that it is negative (i.e., decrement step). The step sizes of the change in power 

for the SSMCs in groups A, B, and C were modelled as exponential random variables, 

with parameters equal to 0.0122, 0.0069, and 0.0036, respectively. 

Using the abovementioned properties of the instantaneous powers of identified 

SSMCs and the increment/decrement steps, Algorithm 4.2, below, was developed to 

generate power values for different SSMCs in such a way that the generated power values 

and their time-varying behaviour mimic the behaviour of the SSMCs in the three groups. 
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A: 
-< 

L = length of current interval 
ExpirationCounter=0, Cntr=l, J=1 
Initialize histogram 

B: while (J<L) 

C: 
< 

f if(J==l) 
v = random value 
else 
v =DATA(Cntr-l)+ random step 
Increment ExpirationCounter 
End V 

D: ] //(ExpirationCounter reaches maximum valued 
v = random value 

- End 

E: H Adjust the histogram according to the value of v 

F: < 

r if the histogram condition is not violated 
DATA{Cntr) = v 
Increment Cntr 
Increment J 
ExpirationCounter=0 
else 
v = random value 

^ end 

end while 

Algorithm 4.2. Algorithm for generating power values for clusters for an 
interval with length L snapshots in such a way that: a) the 
distribution of the generated power values follows a specific 
distribution, and b) the change in the powers of SSMCs between 
consecutive snapshots is modelled as a step that has an exponential 
distribution for its size with equal probability of being either an 
increment or a decrement. 
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The steps in Algorithm 4.2 describe how to generate power values for a certain 

SSMC during an active interval of length L snapshots in such a way that: a) the 

distribution of the generated series of values follows a specific distribution, and b) the 

magnitude of the change of powers between consecutive snapshots is modelled as an 

exponential distribution, with equal probability of being either an increment or a 

decrement. The main attributes of Algorithm 4.2. are explained as follows: 

• Random initialization: At certain points in Algorithm 4.2. (in Steps C, D, and F), 

random initialization of the value for SSMC power is required. This initialization 

is done by selecting a random value between 0 and the 99th percentile of the 

associated GEV distribution, where the parameters of the GEV distribution for 

different SSMCs are taken from TABLE 4.4. 

• Generating the increment/decrement steps: Step C requires the generation of a 

value for the step that describes the change in power of the SSMC. The step size is 

picked from an exponential distribution with a parameter corresponding to the 

group to which the SSMC belongs. Each step has an equal probability of having a 

positive sign (i.e., increment) or a negative sign (i.e., decrement). 

• Adherence to the GEV distribution-. Steps E and F requires that the distribution of 

the generated power values follows the GEV distribution that characterizes the 

parameters corresponding to each SSMC. This can be done by generating a 

histogram representing the desired distribution; each bin of this histogram is used 

to count the number of values v that are generated by the algorithm and that fall 

within a certain range. Each accepted generated value v is followed by reducing 

the count in the corresponding bin by 1 (Step E). If a certain bin contains a count 

of zero, no more values v in this range are accepted; instead, the value of v is 

forced to be reset randomly (Step F). In this work, the number of values used to 

generate the histogram is 10% more than the number of required values (i.e., the 

length of the interval L); 100 bins were used to characterize the distribution. 
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Figure 4.8. shows the autocorrelation function resulting from analysis of the 

measurement data and the data simulated using Algorithm 4.2. From this figure, it is clear 

that the autocorrelation functions of the power values of SSMCs from measurement and 

simulations have the same behaviour for the different three groups. The mismatch 

between the autocorrelation function of the measurement data and that of the simulated 

data contributes to the statistics of the CIs, which will be explained in the next section. 

It has also been found that the time-varying behaviour of the delay and angular 

parameters can be modelled using an Autoregressive (AR) model. Following [58], let 

gilk denote the time series of the parameter under consideration during the Ith active 

interval of the kth SSMC, where i can take one of the values 1, 2 to denote the rms DS, or 

the rms AS, respectively. 

Let , k be the normalized version of gilk, calculated as: 

where ua , and cr are the mean and the standard deviation of g,,. 

Let Gik be the collection of all the time series over all intervals of the ith parameter 

associated with the kth SSMC. Gi k can be modelled as an 20th-order AR process. 

The Yule-Walker algorithm was used to find the coefficients of the corresponding AR 

model. 

Chapter 4 



57 

' Measurements 
1 Simulations 

100 200 300 400 500 
Time lag (msec) 

(a) 

600 700 800 

' Measurements 
' Simulations 

100 200 300 400 500 
Time lag (msec) 

600 700 800 

(b) 

• Measurements 
' Simulations 

100 200 300 400 500 
Time lag (msec) 

600 700 800 

(C) 

Figure 4.8. Comparison of the autocorrelation functions of the power values of 
SSMCs from measurements and simulations in different groups, (a) 
Group A, (b) Group B and (c) Group C. 
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Figure 4.9. shows the autocorrelation function of the process resulting from 

normalizing results from analysis of the measured data according to (4.9), and the 

autocorrelation function generated using the AR models. It is clear from the figures that 

both the measured data and the results from the proposed model have very similar time-

varying behaviours for the parameters under consideration. 

4.3.6. Comparing the Statistics of Consistency Intervals Identified in Times Series of 

Measured Data and in Simulation Results 

The models that were reported in the previous sections of this report were applied 

to simulate: the length of the active intervals of SSMCs, the change in power of the 

SSMCs during their active intervals, and the lengths of dormant intervals. The simulation 

was done using 50 trials, each one representing a time series of 1000 snapshots. During 

the simulations, each trial snapshot was made to contain 20 AMCs, each of which could 

contain different types of SSMCs. The information in TABLE 4.2. was used to select the 

types of the SSMCs for each AMC, and that in TABLE 4.1. was used to simulate the 

length of the intervals for the SSMCs. TABLE 4.3. was used to simulate the dormant 

intervals between SSMCs. 

The means of CIs that were identified in simulated time series data are compared to 

those of CIs identified in the measured data. The range of the threshold (explained in 

Section 4.2.) extends from 0.3, which corresponds to detecting a very small change, to 

0.9, which corresponds to detecting only major changes. TABLE 4.5. lists the means of 

the CIs identified in simulated time series data and in the measured data at different 

thresholds, where the errors in the means of the CIs were found to range from 8 ms. to 32 

ms. 
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Figure 4.9. Comparison of the autocorrelation of time series derived from 
measurements and those derived from modelling for: (a) the rms 
DS of Group A. (b) the rms AS of Group A, (c) the rms DS of 
Group B, (d) the rms AS of Group B, (e) the rms DS of Group C, 
and (f) the rms AS of Group C. 
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TABLE 4.5. Comparison of the Means of the CIs Identified in Simulated Time 
Series Data and in the Measured Data. 

Threshold Measurements Simulation Error 
(snapshots) (snapshots) In snapshots In msec 

0.30 8 10 2 8 
0.40 15 17 2 8 
0.50 25 23 2 8 
0.60 34 29 5 20 
0.70 43 35 8 32 
0.80 44 39 5 20 
0.90 47 43 4 16 
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4.4. Summary 

This chapter focused on a study of the clustering nature of wireless channels as an 

effective tool in the modelling of the time-varying behaviour of such channels based on 

measured data through: 

• Proposing an algorithm to identify SSMCs and track their parameters throughout 

their active intervals. This algorithm was used to find the statistics of the number of 

SSMCs, as well as the power, the rms DS, the rms AS, the length of the active 

intervals of each SSMC, and the length of the dormant intervals. It was found that the 

number of SSMCs can be modelled using Gamma distribution, and the GEV 

distribution can be used successfully to model the power of the different groups of 

SSMCs. 

• Proposing a method to identify the points of changes among snapshots and to find the 

statistics of the lengths of the CIs. 

• Introducing a new algorithm for modelling the change in power of the different 

groups of SSMCs where the increment/decrement step size was modelled using an 

exponential distribution. It was demonstrated that the generated power values for 

different groups of SSMCs have the same statistical time-varying behaviour as that of 

the groups of SSMCs identified in measured propagation data. 

• An AR model was used to model the time-varying behaviour of the delay and angular 

parameters of the different groups of SSMCs. 

The results from this chapter can be incorporated with existing channel models to 

characterize the behaviour of the multipath clusters within the simulated drops. For 

example, the length of the drops, and the change in the power, rms DS, and rms AS of 

simulated multipath clusters can be controlled using the measurement-based models 

reported herein, whereas heretofore, such intervals and parameter values were chosen 

more or less arbitrarily. 
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CHAPTER 5: 

UTILIZING CLUSTERS FOR DYNAMIC SPATIAL OPPORTUNISTIC 

MULTIPLE ACCESS 

5.1. The Clustering Nature of Wireless Channels 

As already discussed in Chapter 4, in multipath environments, radio signals 

propagate from the Tx to the Rx over multiple different propagation paths, resulting in 

the reception of multiple MPCs. Each MPC can be characterized by its power, phase, 

AOD, AOA and delay. Propagation measurement results have shown that the MPCs are 

not received uniformly in spatio-temporal space. Instead, energy is concentrated in 

clusters associated with reflections, scattering, and diffraction by interacting objects [35, 

36], Clusters have been defined in the literature as accumulations of MPCs that have 

similar spatio-temporal parameters (e.g., AOD, AOA and delay) and share the same long-

term evolution, i.e., they stay intact over time [35, 37, 38]. Visual inspection was used to 

identify clusters in early research that analyzed outdoor propagation measurements, and 

the existence of between 1 and 14 clusters on the type of channel under consideration 

here has been previously reported [35, 38, 39]. 

Because of the movement of either the Tx, the Rx, or both, as well as the 

movement of objects in the environment of operation that interact with propagating radio 

waves, the time-varying nature of wireless channels increases the multiuser diversity. The 

multiuser diversity can be defined as the likelihood at any given time to have a number of 

users that receive stronger signals than other users via well-positioned IOs that give rise 

to multipath clusters with high powers. The existence of clusters therefore makes it 

possible, at alternate times, to serve the users that receive signals with the greatest SNR 

on a priority basis through the implementation of different dynamic spatial-opportunistic 

multiple-access techniques. This maximizes overall system throughput. 
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In this chapter, different techniques that utilize the existence of clusters to 

improve communication system throughput are introduced. Sections 5.2 and 5.3 consider 

utilizing multipath clusters on multiple antenna broadcasting channels (i.e., in systems 

where multiple antennas at the BS transmit information to multiple Rxs). Section 5.4. 

considers utilizing multipath clusters in cognitive radio systems. 

5.2. Angle-of-Departure-Aided Opportunistic Space-Division Multiple Access in 

MIMO Systems 

5.2.1. Limited Feedback Techniques in Multiuser MIMO Broadcast Systems 

The use of MIMO systems is among the most promising methods to achieve high 

throughputs over wireless broadcast channels, when the BS is equipped with multiple 

antennas and each user can have more than one antenna. However, achieving the 

promised MIMO high throughputs requires that Channel State Information (CSI) be 

known at the Tx [59]. In practice, full CSI is only available at the Rx, whereas the BS is 

fed back only an incomplete version of the available information because of noise, 

channel estimation error, delay and limited feedback bandwidth. 

There are several techniques that increase the sum capacity, which is defined as 

the sum of rates at which users can jointly decode the receive data reliably, of a system 

by ensuring that the BS has information about the transmit channels to each user using a 

limited number of feedback bits. These techniques have been proposed in [60 - 64], One 

effective technique that is used to reduce the amount of feedback and increase the system 

sum capacity is to take advantage of the opportunistic nature of a multiuser 

communication system. Opportunistic multiuser communications allows the BS to 

schedule the transmission in such a way that it targets the users that experience the best 

channel conditions [65 - 71]. If the channels are time-varying, most users get served, 

since different users receive the strongest signals at different (alternate) times. Examples 

of such techniques are 

o opportunistic beamforming (OBF) [66, 67], 

o opportunistic beamforming with beam selection (OBF-S) [68], 
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o opportunistic space-division multiple access (OSDMA) [69], 

o opportunistic space-division multiple access with beam selection (OSDMA-S) 

[70], and 

o opportunistic Grassmannian beamforming (OGB) [71]. 

When these techniques are employed, the BS transmits training sequence(s) (i.e., 

beams), collects feedback from all users, and then schedules the transmission to the user 

(or users) with the best channel conditions. Although all the opportunistic beamforming 

techniques are used to increase sum capacity by taking advantage of knowledge of the 

instantaneous channel conditions associated with communications to each user, they use 

different criteria to select the user(s) targeted for data transmission. 

When OBF is used, the BS transmits a training sequence using a random beam 

(i.e., the phase and the amplitude of the signal fed to each Tx element changes in 

pseudorandom fashion); each user feeds back the SNR of signals it receives; then the user 

with the highest SNR is selected for service by the BS [66, 67]. For systems with only a 

few users, the OBF-S technique, which is a modified version of OBF, is used. When the 

OBF-S technique is employed, more than one time slot is used to send multiple random 

beams (one beam at a time); each user feeds back the SNR associated with each 

transmitted beam; then the user with the highest SNR is selected for service by the BS 

[68], The OSDMA technique has the objective of enabling the serving of more than one 

user simultaneously. This is accomplished when the BS transmits N (N is the number of 

the transmit antennas) orthogonal beams, and each user reports the best beam and the 

corresponding signal-to-interference-plus-noise ratio (SINR). The BS then selects N users 

to be served in such a way that the instantaneous sum capacity of the system is 

maximized [69]. With the OSDMA-S technique, N orthogonal beams are transmitted in 

more than one time slot (N beams in each time slot). Each user reports the best beam and 

the associated SINR in each time slot. The BS selects N users to be served simultaneously 

in such a way that the instantaneous sum capacity of the system is maximized [70], The 

OGB technique has the objective of serving N+1 users simultaneously by constructing 
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jV+1 beams using the Grassmannian package technique and using a selection criteria 

identical to the one used with OSDMA [71]. 

This section introduces a novel technique that uses knowledge of AODs at the BS 

of the strongest signal received by each user to design multiple opportunistic beams so 

that advantage is made of the clustering nature of wireless channels. 

Section 5.2.2. presents the system model. Section 5.2.3. provides an explanation 

of AOD estimation, where each user estimates the AOD at the BS of the strongest beam 

it receives. The proposed technique, herein referred to as the angle-of-departure 

opportunistic space-division multiple access (AOD-OSDMA) technique, is introduced in 

Section 5.2.4. Comparisons between the throughputs achievable with the new AOD-

OSDMA and the well-known OSDMA-S technique are presented in Section 5.2.5. 

5.2.2. System Model and Frame Structure 

Consider a broadcasting system with U mobile users and a BS equipped with an 

iV-element UCA. At the BS two settings are assumed for the antenna configuration: a 

UCA with 4 elements and a UCA with 8 elements (i.e., N=4 or A/=8). Each user's 

terminal is equipped with M antennas (M=\, 2, 3, or 4). The antenna configuration at 

each user's terminal is assumed to be a UCA with an inter-element spacing equal to half a 

wavelength at the operating frequency (i.e., for M>1, the angular difference between each 

adjacent element in the UCA array is equal to I n / M and the array radius is adjusted 

accordingly so that the inter-element spacing is fixed at half a wavelength at the operating 

frequency). For M>2, such antennas might be implemented, for example, on the backside 

of LCDs on laptop terminals. 
MxN 

Given the conditions described above, a MIMO channel Hu between a BS and 

each user (u) is considered, and is assumed to remain constant within the duration of a 
, . . MxN MxN MxN single frame. The user channel realizations Hi ,H2 , ,HV change between 

consecutive frames according to a cluster-based channel model described in Section 

5.2.5. 
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In this work, all AODs and AO As are assumed to be in the horizontal plane. This 

assumption is supported by published work that reports that received signal energy is 

concentrated around the azimuth plane [72], It is also assumed that the system bandwidth 

is small so that multipath signals cannot be resolved in the delay domain. 

For the frame structure, it is assumed that every time slot of length T has a 

training period that consists of K minislots each of lengths, and the remaining 

T-KT duration is used for data transmission. The length of the training period is 

different for the different techniques under study. For example, the proposed AOD-

OSDMA technique uses K = 1, while OSDMA-S optimizes the value of K in such a 

way that maximizes the sum capacity where Koptimum >1 [70], 

5.2.3. Angle-Of-Departure Estimation and Joint Tx-Rx Beamforming 

This section explains how each user can: a) estimate the AOD at the BS of the 

strongest received beam, and b) use the calculated AOD to perform joint Tx-Rx 

beamforming towards the 10 that results in the strongest cluster. 

5.2.3.1. Angle-of-Departure Estimation 

If each Tx antenna at the BS transmits a pilot symbol sn(where sx,s2,....,sN is a 

set of mutually orthogonal signals), then, under the system setup explained in Section 

5.2.2., the signal received by the u-th user is given by 

Mxl ttM*N 

yu ~ H u 

s2 ~Mx 1 _ 
1—1

 u 

' Kuu 
k2Xu k2,2,u •• h 2 ,N,u 

' sx~ 
S2 -^Mx 1 (5.1) 

. S N _ h _ M,l,u h M ,2,u 
.. U 

M,N,u _ -SN_ 

MxN 

where Hu is the matrix representing the radio channel between the BS and the u-th 

user, hm n u is the matrix coefficient representing the channel between the n-th Tx antenna 

at the BS and the m-th antenna at the u-th user station, sn is the pilot signal transmitted 
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from the n-th Tx antenna at the BS and Hf x l e CMx[ is complex zero-mean additive white 

Gaussian noise. 

The relationship between channel coefficients, the AODs at the BS and the AOAs 

at the uth user station of associated MPCs can then be written as [73, 48]: 

where (j)nBS is the angular position of the n-th element in the BS array and is given by 

<j)n BS = 2m/N, n = 1 ,...., iV; <j)m u is the angular position of the m-th element in the u-th 

user array and is given by 0m>u = IraniM, m = 1,...., M ; aBS and au are the radii of the 

UCAs at the BS and the u-th user station, respectively; k = 2n IX is the wavenumber at 

the operating frequency and X is the corresponding wavelength; Lu is the total number of 

MPCs associated with the channel between the BS and the u-th user; and 

alu,<blu,(ptxluand <prxlu are the complex amplitude, phase, azimuth AOD, and azimuth 

AOA of the l-th such MPC. 

Assume that the N pilot signals transmitted by the BS are known by all users, so 

that each user can get an estimate of the channel matrix om the received 

signal y"*1. Given the limited number of antenna elements at the BS and at the users' 

terminals, only a limited number of beams (Bu « Lu) can be detected from the estimated 

channel, where each beam consists of several MPCs with close AODs and AOAs. Thus, 

(5.2) can really only be estimated as: 

j<S>, 

V m v 

/fcj„cos(p„>/i„-(i2„) 

jka„ ws(<prx,,,u-<t>M,u) 

,jkaBsm<<Pa,t,»-'h,Bs) 

,BS ) 

jkaBS c°s(<P*,l,u -</>N,BS ) 

(5.2) 
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H, MxN =yB" 
Z-fA=l 

j<S>b,u 

4MN 

- f a l l cos(Vrx,b,u ~'h,u ) 

jka„ COSlPn^-faj,) 

jkaBscos(<pab_u^BS) 
jkaBSC0s(<pttbu-<hBS) 

e 

JkaBS cos(pKpi,i„-(!>W|BS) 

(5.3) 

where Bu is the total number of resolvable beams linking the BS and the u-th user, and 

ab,w'&b,u>(Ptx,b,u a n d <Prx,b,uare ^ e complex amplitude, phase, azimuth AOD, and azimuth 

AOA of the b-th resolvable beam. 

The information needed to estimate the AOD of the main beams is embedded in the 

coefficients of the estimated channel. The AOD of the strongest beam to the u-th user 

((pUySt u) can be found by a simple beamscan [48]: 

(5.4) <P*,s,,u = arg max £ 0<=<pa <2x 
M 

m=\ h 
Hm,u°y <p,x,BS 

I I w * 

where ... denotes absolute value, (..) is the Hermitian transpose, hmu is the m-th row of 

fiMxN the estimated coefficients of the channel between the Tx elements at the BS 

and the m-th antenna element at the u-th user station), and SV BS is the BS element-

space UCA steering vector in the (ptx direction, which is defined as [73] 

jkaBS cos(cpa-<pN BS) (5.5) 

Note that to reduce the computational complexity associated with 

estimating u , the search in (5.4) can be done by limiting the processing to only a 

single element of the antenna array at the u-th user station. 

5.2.3.2. Joint Tx-Rx Beamforming 

Each user estimates the AOA (if M> 1) of the strongest beam, in addition to its 

AOD, and performs a joint Tx-Rx beamforming toward the 10 producing the strongest 

cluster at both the BS and the user terminals simultaneously. 
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The AOA of the strongest beam received by the u-th user can be found as: 

$ W = a r g max 0<=<p„<2a 
MxN sv„ H 

,BS (5.6) 

where (..)* denotes the complex conjugate, SV^ BS is the BS element-space UCA 

steering vector of the strongest beam associated with the u-th user, and SVv u is the 

element-space UCA steering vector at the u-th user station in the (pn direction, which is 

defined as [73]. 

g y _ (l/y/^f')[e
JkauCost-'p™ejka»cos(l>r,-<h,u) gjka* cos(p„)j (5 7) 

The SNR associated with the strongest beam received by the u-th user, which 

results from the joint Tx-Rx beamforming, is a scaled version of the overall channel gain 

and can be written as: 

* 2 PF' TTMXN OlfR 
SNRifp^ t , ) = , (5.8) 

1/p 

where p is the input SNR (i.e., the time average SNR at the input of each single branch) 

at each user's terminal. 

The computational complexity of estimating the AOD at the BS of the strongest 

beam received by the u-th user is a function of the number of antenna elements at the BS 

and the step size of the beamscan search represented by (5.4). For example, if each user 

transmits the AOD information using jc feedback bits, as presented in Section 5.2.5., then 

a step size of IN/L* is used in (5.4) and consequently 2X.N complex multiplications, and 

almost the same number of complex additions, are required at each user terminal. 

Similarly, the computational complexity of estimating the AOA of the strongest beam 

received by the u-th user is a function of the number of antenna elements at the user 
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station and the step size of the beamscan search represented by (5.6). However, the step 

size of the search in (5.6) is not restricted by the feedback bits constraint. Instead, it 

depends solely on the computational power of the user terminal. 

5.2.4. The Angle-Of-Departure Opportunistic Space-Division Multiple Access (AOD-

OSDMA) Technique 

The objective of using the novel AOD-OSDMA technique described herein is to 

make the Tx direct most of the transmitted energy towards the best available propagation 

paths (i.e., the strongest clusters) to N users simultaneously, in such a way that the 

instantaneous system throughput is maximized. This objective can be achieved through 

the following steps: 

Step 1-During the training minislot two tasks are performed: 

a. Each Tx antenna transmits a pilot symbol sn, where st ,s2,....,sN make up a set of 

mutually orthogonal signals. 

b. Each user u processes the received pilot signals, estimates the ^teJ<Hand the 

9rx,st,u' a n d calculates the associated SNR (i.e., SNR{(ptxstu,(pnstu)), as described 

in Section 5.2.3. Then the estimated „ and SNR{(ptxstu,(prxstu) are fed back to 

the BS. 

Step 2-After collecting the feedback information, the AOD-OSDMA technique involves 

conventional beamforming at the BS to form beams toward the IOs best positioned to 

deliver the greatest SNRs to N different users. Even though all such beams have the 

same power (5.5), they result in a different SNR at each targeted user, which is a 

function of the characteristics of the IOs that produce the strongest cluster (5.8). The 

AOD-OSDMA technique then requires the selection of N users such that the sum of 

SNRs at the user stations is maximized, while the sum of correlations among the N 

beamforming vectors at the BS is minimized. This selection criterion can be met using 

algorithm 5.1, described below. 
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The main steps in this algorithm are as follows: 

a. Select the user with the highest received SNR and add it to the list of the users to 

be served (Steps 2 and 3). 

b. Artificially scale down (i.e., weight) the SNR of the signal received by each of the 

remaining users to reflect the effect of the correlation between the beam steering 

vector associated with beamforming to the selected user and that associated with 

beamforming to the subject user. The objective behind this step is to improve the 

performance of the system by avoiding the design of transmission beams with 

close AODs. This objective is met by penalizing the users whose beamforming 

vectors are correlated with that of the selected users (i.e., the users whose 

strongest clusters are close in the AOD domain to the selected cluster). The SNR 

of the u-th users is artificially scaled down through its multiplication by {1 -1ru |} 

where ru is the correlation between the beamforming vector of the selected user 

and that of the u-th user (Step 5). 

c. Delete the information associated with communications to the selected user from 

the available lists (Steps 7 and 8). 

d. Search for the next user to be served (Step 9). 
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Algorithm 5.1: Steps for selecting N users to be served using the AOD-OSDMA 

Inputs 
U is the total number of users 
jVis the number of antenna elements at the BS 
UsersID=[l,2,3, ...,U] is the list of the IDs of the available users 
SNR=fSNR], SNR2, SNRuJ is the list of the reported received SNRs 
AOD=[AODi, AOD2, ...., AODuJ is the list of the reported AODs 

Initializations 
Selected=[] is the list of the users to be selected for transmission 
Available=U is the number of the available users 
No-Of-Served-Users=min([N UJ) 

Start search 
1 - For i=l: No-Of-Served- Users 
2- Find the position (p), within the UsersID list, of the 

user with the maximum SNR 
3- Selected(i)= UsersID(p) 
4- For j=l: Available 

5- SNR( j) = SNR(j) x {l -1SVAODUlBSSVA
H

OD(plBS |} 

6- Nextj 
1- Delete SNR(p) from the SNR list, delete AOD(p) from 

the AOD list, and delete UsersID(p) from the UsersID 
list 

8- Available= Available -1 
9- Next i 
10- Return (Selected) 

The throughput resulting from using the AOD-OSDMA technique can be 

evaluated as follows. Let SVm „„ and SVm > n = 1,2,.., TV (assuming 
<Pu,st,Selected(n)'"6 'Prxjl^elecled(n) .Selected(n) ' 3 3 5 V O 

U > N), be the Tx (at the BS) and the Rx (at the user station) steering vectors associated 

with the N users that are selected by algorithm 5.1. Then the achieved sum capacity is 

calculated as: 
N 

«=l 
R = (T - log2 (1 + SINR„) j , (5.9) 
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where SINRn is the total SINR of the n-th user, and is calculated as: 

SINRn = 
cit/* TTMXN <JVH 

<P„,x,,Seieaed(„)^elected(n)n Selected(n)° V<pu„&ua«n,),BS 
(5.10) 

5.2.5. Results and Discussion 

In this section, the sum capacity achieved using the proposed AOD-OSDMA 

technique is compared with that achieved using the OSDMA-S technique by Monte-

Carlo simulation for an urban micro-cell multi-antenna scenario. The WINNER channel 

model, a cluster-based model, is used to generate LOS and NLOS channel realizations 

where the number of generated clusters is 8 and 16, respectively, with 10 MPCs in each 

cluster [23]. Each MPC is characterized by its complex amplitude, delay, AOD and 

AOA. By adopting the array configurations at the BS and at the users' terminals, as 

described in section 5.2.2., and by neglecting shadowing, the channel matrix associated 

with the u-th user can be constructed as the sum of the MPCs as described in (5.2). In 

order to guarantee that any change in the MxNMIMO sum capacity is due to a change 

in spatial correlation properties and not to power variations, the MxN channel matrices 

generated are normalized as: 

where ||...|| denotes a matrix Frobenius norm. 

During the Simulations: 

1- Imperfect channel estimation was assumed where the estimation error was 

modelled as a complex Gaussian random variable with <r2
error equal to 3% of the 

power in the impulse response estimated for the channel, which is a reasonable 

error that results from using practical channel estimation algorithms [74], 

H. u = N, (5.11) 
F 
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2- The exact (i.e., error free) values of the SINR or the SNR were reported to the 

BS in all cases (i.e., given that the major difference between the two techniques 

under consideration comes from the criterion used for designing and selecting 

the transmission beams, only the number of feedback bits needed to report the 

directional information, including, the AOD and the ID of the selected beam 

are considered). 

3- 1000 trials were simulated with the input SNR of signals received at each 

user's terminal equal to 10 dB, and T/T = 0.02. 

5.2.5.1. Comparison of System Performance when using the AOD-OSDMA, and 

OSDMA-S Techniques 

Figures 5.1.-5.5., 5.7., and 5.9. show a comparison of system performance when 

using the AOD-OSDMA, and OSDMA-S techniques, as a function of the number of 

users in both LOS and NLOS scenarios. It is assumed that: 

1- The OSDMA-S technique optimizes the number of training minislots (i.e., K) 

as in [70], 

2- The AOD-OSDMA technique uses the same number of feedback bits as the 

OSDMA-S technique (i.e., only one of 2Xpossible values for AOD is fed back 

where x is the number of feedback bits per user). 

Two cases are studied: the one in which the users are equipped with a single 

antenna, and the general one in which the users are equipped with multiple antennas. 

Case 1: Users with a single antenna 

In case 1, each user is equipped with a single antenna. For the AOD-OSDMA 

technique, the inter-element spacing (d) at the BS is fixed to A/2 to avoid wasting 

energy and causing interference, whereas for the OSDMA-S technique, d took one of the 

values A/2, A, 2A and 5 A. Figures 5.1. and 5.2. compare the performance of the two 

techniques with N= 4 and N= 8, respectively. 
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From the results, it is clear that: 

• When the BS is equipped with (N=4) elements, increasing d results in improving 

the performance of OSDMA-S, with the greatest improvement being realized 

when spacing is changed from A/2 to 1. When d> X and U >25 (i.e., large 

number of users), OSDMA-S outperforms AOD-OSDMA, for the following 

reasons: (a) as d increases, the correlation among the signals at the different Tx 

elements is reduced (i.e., the channel coefficients get closer to the i.i.d. 

assumption of OSDMA-S); (b) as U increases, the multiuser diversity effect 

increases; which increases the efficiency of the random OSDMA-S beam design 

criterion. Furthermore, the small number of the BS elements ( N = 4) reduces the 

beamforming directivity of the BS antenna, which results in reducing the 

efficiency of the AOD-OSDMA. On the other hand, with a small number of users 

(U < 20), AOD-OSDMA outperforms OSDMA-S due to the non-random nature 

of the beam selection of AOD-OSDMA compared to the purely random beam-

design criterion OSDMA-S. (See Figure 5.1.) 

• As the number of BS elements increases (i.e. to N = &), the efficiency of 

OSDMA-S decreases. This reduction in efficiency is due to the increase in the 

dimensionality of the randomly generated beams, which reduces the chances of 

opportunistically generating beams that are able to maximize the throughput of 

the system. Increasing d still increases the OSDMA-S throughput. However, this 

improvement is less significant than it is in the case where N = 4. On the other 

hand, increasing N results in a significant improvement to system performance 

when using AOD-OSDMA due to increasing the beamforming directivity of the 

BS antenna (i.e., better focusing of the transmit energy in the desired direction). 

(See Figure 5.2.) 
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Figure 5.1: Comparison of system sum capacity when using AOD-OSDMA, and 
OSDMA-S with different inter-element spacings, as a function of the 
number of users: SNR=10 dB , r /Z = 0.02, N=4, M=l. (a) LOS and 
(b) NLOS. 
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Figure 5.2: Comparison of system sum capacity when using AOD-OSDMA, and 
OSDMA-S with different inter-element spacings, as a function of the 
number of users: SNR=10 dB,r/Z = 0.02, N=8, M=l. (a) LOS and 
(b) NLOS. 
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Figure 5.3: Effect of increasing the number elements at the user's terminals with 
SNR=10 dB, T/L = 0.02, LOS , and N=4 (a) AOD-OSDMA and (b) 
OSDMA-S. 
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Figure 5.4: Effect of increasing the number elements at the user's terminals with 
SNR=10 dB, T !L = 0.02, LOS , and N=8 (a) AOD-OSDMA and (b) 
OSDMA-S. 
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Case 2: Users with multiple antennas 

In the case where each user is equipped with more than one antenna (results in 

figures 5.3., 5.4., 5.5., 5.7., and 5.9.), the following was found: 

1- Compared to OSDMA-S, use of the AOD-OSDMA technique results in 

increasing the system capacity by up to 160% as depicted in TABLE 5.1. 

TABLE 5.1. Capacity Improvement of AOD-OSDMA Compared to OSDMA-S 
(with d=X,/2) Capacities based on Simulations using the WINNER Model 

U=10 U=30 U=50 
LOS NLOS LOS NLOS LOS NLOS 

N=4 M=1 30% 22% 23% 15% 19% 9% 
N=4 M=2 49% 48% 43% 42% 42% 39% 
N=8 M=1 85% 70% 102% 81% 99% 79% 
N=8 M=2 142% 122% 163% 142% 163% 138% 

2- System capacity when using AOD-OSDMA improves significantly as a result of 

increasing the number of antenna elements at the user terminals. This 

performance improvement is a direct result of performing joint Tx-Rx 

beamforming in (5.10.) which can be explained as follows: (a) for each selected 

user, the BS directs the energy towards the 10 that generates the cluster associated 

with the best channel to a specific user (i.e., due to the BS beamforming, each of 

the targeted IOs is illuminated mainly by the signal intended for a specific user 

with minimum illumination by signals intended for other users), and (b) each user 

performs a beamforming towards the 10 from which it receives the most energy. 

The effect of (a) and (b) is to increase the SINR for each one of the selected users 

and, consequently, it increases the throughput of the system significantly. 

3- System capacity when using OSDMA-S does not improve as significantly when 

the number of antenna elements at the user terminals is increased. This behaviour 

can be explained as follows. The random beams transmitted when using the 

OSDMA-S technique distribute the transmitted signals evenly in space (i.e., in all 

directions), which results in: (a) illuminating the IOs that generate strong 
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cluster(s) with a smaller proportion of the transmitted energy, and (b) achieving 

an almost fixed SINR for all users in all directions. Consequently the 

beamforming at each user's terminal (toward the strongest cluster) is not able to 

reduce the interference effect but still helps increase SNRs slightly. 
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Figure 5.5: Comparison of system capacity when using AOD-OSDMA, and 
OSDMA-S (d=X/2) as a function of the number of users: SNR=10 
dB,r/Z = 0.02, N=4, M=2. (a) LOS and (b) NLOS. 

.fr 12 

10 

>- 12 

10 

(a) 

Bits/ User=2, 5,4,5,6,7 

\ 

5 10 15 20 25 30 35 40 45 50 
Number of users 

(b) 
1 1 

|Bits/Usre=2,3,4,5,6,7 

5 10 15 20 25 30 35 40 45 50 
Number of users 

Figure 5.6: Effect of increasing the number of bits per user (used for AOD 
feedback) on system capacity when using AOD-OSDMA with 
SNR=10 dB, z/L = 0.02, N=4, and M=2. (a) LOS and (b) NLOS. 
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Figure 5.7: Comparison of system capacity when using AOD-OSDMA, and 
OSDMA-S (d=X/2) as a function of the number of users: SNR=10 
dB, T / T = 0.02, N=8, M=2. (a) LOS and (b) NLOS. 
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Figure 5.8: Effect of increasing the number of bits per user (used for AOD 
feedback) on system capacity when using AOD-OSDMA with 
SNR=10 dB, T/T = 0.02, N=8, and M=2. (a) LOS and (b) NLOS. 
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Figure 5.9: Comparison of system capacity when using AOD-OSDMA, and 
OSDMA-S (d=M2) as a function of the number of users: SNR=10 
d B , r / r = 0.02, N=8, M=4. (a) LOS and (b) NLOS. 
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Figure 5.10: Effect of increasing the number of bits per user (used for AOD 
feedback) on system capacity when using AOD-OSDMA with 
SNR=10 dB, r IT = 0.02, N=8, and M=4. (a) LOS and (b) NLOS. 
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5.2.5.2. Comparison of the Number of Feedback Bits per User used with the Two 

Techniques 

When using OSDMA-S, optimizing the number of training slots (i.e., K) using the 

method proposed in [70] results in the need for a minimum of 3 (a maximum of 5) 

training slots under the conditions of r/T = 0.02 and having a high (low) number of 

users. This optimized number of training slots results in the need for the transmission of a 

minimum of 6 and 9 (a maximum of 10 and 15) feedback bits by each user in the case of 

N=4 and N= 8, respectively. By comparing Figure 5.5. with Figure 5.6., Figure 5.7. with. 

Figure 5.8., and Figure 5.9. with Figure 5.10., it was found that, in all cases, the use of 

AOD-OSDMA with only 4 feedback bits per user resulted in significantly greater system 

sum capacity than that achievable when using the OSDMA-S; and, at the same time, 

AOD-OSDMA reduced this number by more than 33% and 55% for N=4, and N=8, 

respectively. 
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5.3. Modified Opportunistic Space-Division Multiple Access with Beam Selection 

5.3.1. Motivation 

The AOD-OSDMA that was introduced in Section 5.2. outperforms the original 

OSDMA-S technique in terms of the system throughput. However, AOD-OSDMA 

requires each user to perform AOD estimation. The computational complexity associated 

with the AOD estimation might not be affordable in all cases. This section therefore 

introduces a simpler, but less efficient, transmission technique for use in multiple antenna 

broadcast systems that allows simultaneous communications with multiple users using a 

limited number of feedback bits. The proposed technique, referred to herein as Modified 

Opportunistic Space-Division Multiple Access with Beam Selection (Mod-OSDMA-S), 

is a modified version of the technique introduced in [70]. The new technique increases 

the throughput of the system by incorporating consideration of the clustering nature of 

wireless channels during the beam-design stage. Comparisons of capacities resulting 

from the use of the new technique against those achievable using OSDMA-S are made 

using the WINNER model. Results show that the proposed new technique outperforms 

the original technique by more than 10%, 20%, and 25% when the number of users is 

low, medium, and high, respectively, while maintaining the same selection criterion, the 

same computational complexity, and using the same number of feedback bits. 

Section 5.3.2. introduces the system model and the frame structure. The modified 

opportunistic space-division multiple access with beam selection (Mod-OSDMA-S) 

technique is introduced in Section 5.3.3. Finally, the results of a performance comparison 

between Mod-OSDMA-S, and OSDMA-S are presented in Section 5.3.4. 

5.3.2. System Model and Frame Structure 

A broadcast system in which U users, each equipped with a single antenna, are 

served by a BS with an TV-element UCA is considered. As a result, a multiple-input 
1 xN 

single-output (MISO) channel hu between the BS antennas and each user is considered 

and is assumed to remain constant within a frame duration. 
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Regarding the frame structure, it is assumed that every time slot of length L has a 

training period that consists of K minislots each of lengths, and the remaining 

L - KT duration is used for data transmission. The number of training minislots K is the 

same for both OSDMA-S and Mod-OSDMA-S, and this number is optimized as in [70], 

5.3.3. The Modified Opportunistic Space-Division Multiple Access with Beam Selection 

(Mod-OSDMA-S) Technique 

With the opportunistic space-division multiple-access with beam selection 

(OSDMA-S) technique, which was introduced in [70], the number of training minislots is 

optimized in such a way that the sum capacity is maximized. In each training minislot, N 

orthogonal beams are transmitted, and each user reports the best beam and its 

corresponding SINR. After processing the reported information, the BS selects N users to 

be served simultaneously so that the instantaneous sum capacity is maximized. OSDMA-

S designs the transmission random beams via singular value decomposition of randomly 

generated matrices of i.i.d. complex Gaussian coefficients. 

By considering the clustering nature of wireless channels, it was found that the 

sum capacity that can be achieved using the OSDMA-S technique can be improved by 

changing the criterion for the design of the transmit beams, as detailed below: 

5.3.3.1 The Beam Design Criterion used in Mod-OSDMA-S 

In the use of Mod-OSDMA-S, the transmit beams would be designed using 

conventional beamforming, wherein the directions of the main lobes would be distributed 

uniformly over In radians in azimuth. 

The steering vector associated with the n-th beam transmit during the k-th training 

minislot in Mod-OSDMA-S can be written as SV(y/k+2j[(n_l)IN), where n = 1,2,..., N; y/k is 

a random angle uniformly distributed between 0 and I n ; and SV^ is the element-space 

UCA steering vector in the <ptx direction, which is defined as: 

Chapter 1 



86 

SV = ( l / - v / i V ) c o s ( f ? K - { S 1 ) ^ f o j c o s ^ - ^ ) e / f a i c o s ( ( O t t - ^ v ) j (5 12) 

where is the angular position of the n-th element in the BS UCA and is given by: 

<f>n=2m/N, n = l,....,N; aBS is the radius of the BS array; k = 2n!X is the 

wavenumber at the operating frequency; and X is the corresponding wavelength. 

5.3.3.2. Selection of Users 

In both versions of OSDMA-S, the criterion used to select which users are to be 

served can be summarized as follows. For every training minislot (k), each user feeds 

back the maximum SINR along with the index of the beam that maximizes it. The BS 

calculates the throughput Rk at each minislot as: 

Rk = fj\og2(l + maxSINRunJc), (5.13) 
n=1 

where SINRu n k is the SINR at the u-th user, resulting from receiving the n-th beam in the 

k-th training minislot, and it is calculated as: 

\hnSVn
H

k 
SINR. „ t = 1 ' u,n,k N 

/ r j=1 

J*" 

(5.14) 

where p is the input SNR at each user station. The BS selects the set of N different users 

(i.e., no user is assigned more than one beam) that maximizes Rk. 

5.3.3.3. Throughput Calculation 

Let SVl,SV2,....,SVN be the steering vectors in the directions of the N selected 

users that maximize (5.13). The achieved sum capacity can then be calculated as: 
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R = (L- rfT)j|>g2(l + S/iVKjJ, (5.15) 

where SINRn is the total SINR of the n-th user. 

5.3.4. Results and Discussion 

In this section, the performance of the proposed Mod-OSDMA-S technique is 

compared with that of the OSDMA-S technique. A UCA with 8 elements is assumed as 

the BS antenna. It is assumed that each user is equipped with a single antenna, the SNR at 

each user terminal equal to 10 dB, x/L =0.02, and the number of training minislots (K) is 

optimized as in [70]. 

Channel realizations were generated using the WINNER Channel Model. The 

WINNER channel model, a cluster-based model, was used to generate the MPCs that 

comprise each channel realization. The urban micro-cell scenario was considered where 

the number of generated clusters equals 16, each cluster consists of 10 MPCs, and each 

MPC is described by its complex amplitude, AOA, and delay [23]. The channels between 

the user antenna and each of the BS antenna elements were constructed from knowledge 

of the parameters of their MPCs using plane-wave reconstructions [50]. 

Monte-Carlo simulations (1000 trials) were used to compare the performance of 

Mod-OSDMA-S and OSDAM-S as a function of the number of users. The inter-element 

spacing ( d ) at the BS antenna array for the case of Mod-OSDMA-S was fixed at 

d = A/2; however, for OSDMA-S, dtook the valuesXI2, A, 2X, and 5X. From the 

results shown in Figure 5.11., it is clear that: 

1. The performance of OSDMA-S improves as the inter-element spacings (d) increases; 

however, even with d = 5X, the performance of OSDMA-S is poorer than that of 

Mod-OSDMA-S. 
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2. Mod-OSDMA-S improves the sum capacity by more than 10%, 20%, and 25% when 

the number of users is 5, 30, and 50, respectively, compared to the best throughput that 

can be achieved by OSDAM-S (i.e., with d = 5A ). 

41 
5 10 15 20 25 30 35 40 45 50 

Number of users 

Figure 5.11: Performance comparison of Mod-OSDMA-S and OSDMA-S as a 
function of the number of users using the WINNER model: SNR=10 
dB, N=8, and T/Z =0.02. 
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Figure 5.12 illustrates the performance comparison of AOD-OSDMA, OSDMA-

S, and Mod-OSDMA-S as a function of the number of users in LOS and NLOS 

propagation conditions, respectively. From Figure 5.12, we find that: 

1- The AOD-OSDMA performs the best followed by the Mod-OSDMA-S while 

the OSDMA-S comes at last. Moreover, by increasing the number of the BS antennas 

from 4 to 8, the performance improvement of AOD-OSDMA and Mod-OSDMA-S over 

the OSDMA-S increases. 

2- The relative improvement of the AOD-OSDMA over both the OSDMA-S and 

the mod-OSDMA-S decreases with increasing the number of users. This reduction in the 

relative improvement is due to the higher multiuser diversity which can be achieved by 

OSDMA-S and mod-OSDMA-S, where the probability for the randomly generated 

vectors to maximize the throughput increases as the number of users increases. 

Chapter 4 



90 

5 10 15 20 25 30 35 40 45 50 
Number of users 

(b) 
« 8| 

^ 4i : ZJ 
5 10 15 20 25 30 35 40 45 50 

Number of users 

25 30 
Number of users 

(d) 

20 25 30 35 
Number of users 

Figure 5.12: Performance comparison of AOD-OSDMA, OSDMA-S, and mod-
OSDMA-S (with A=U2 for all techniques) as a function of the 
number of users with SNR=10 dB, x!L =0.02, and M=l. (a) LOS, 
N=4, (b) NLOS, N=4, (c) LOS, N=8, and (d) NLOS, N=8. 
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5.4. A Cluster-Based Spatial Opportunistic Spectrum Sharing Technique for 
Cognitive Radio Applications 

5.4.1. Background: Cognitive Radio Technologies 

It is well known that today's wireless networks experience a rapid increase in 

spectrum demands for different wireless services, which results in scarcity in particular 

bands of the radio spectrum [75]. To meet future spectrum demands, cognitive radio was 

introduced as "a smart technology" that is capable of utilizing the spectrum efficiently by 

allowing multidimensional reuse of spectrum in space, frequency and time. Cognitive 

radio is defined as a wireless communication technology wherein the radio nodes are 

aware of their environments and can change their transmission and reception parameters 

in such a way that the overall efficiency of the system is maximized. 

Cognitive radio improves spectrum utilization by introducing two concepts for 

spectrum sharing: overlaying spectrum sharing, and underlying spectrum sharing. With 

overlaying spectrum sharing, cognitive radio detects holes1 in the spectrum assigned to 

primary (higher priority) users (PUs), and assigns them to secondary (lower priority) 

users (SUs) [76 - 78]. On the other hand, the use of underlying spectrum sharing allows 

the simultaneous transmission by both SUs and PUs only //the interference caused by the 

SUs at the primary Rxs is kept below some acceptable threshold. 

The main goal behind the notion of the underlying spectrum sharing is to support 

opportunistic spectrum-sharing strategies, which allow the coexistences of the PUs and 

SUs in frequency and time, as long as the required interference constraints are met [79 -

81]. 

The recent deployment of multiple antenna systems has encouraged the 

development of spectrum-sharing strategies that exploit the additional degrees of freedom 

provided by the spatial dimension (i.e., opportunistic beamforming). Several researchers 

have developed opportunistic beamforming approaches, assuming that the channels from 

the secondary Tx (SU-Tx) to both the secondary Rx (SU-Rx) and the primary Rx (PU-

1 A spectrum hole is defined as "a band of frequencies assigned to a primary user, but, at a 
particular time and specific geographic location, the band is not being utilized by that user". 
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Rx) are known perfectly at the SU-Tx [79, 82 - 85]. In most cases, this is a non-realistic 

assumption. On the other hand, less work has been done developing robust algorithms 

that can work with partial CSI [80, 86, 87]. In [86 and 80], it was assumed that the CSI 

between the SU-Tx and the SU-Rx is perfectly known at the SU-Tx, while partial CSI 

between the SU-Tx and PU-Rx is available at the SU-Tx. 

This section proposes a spatial opportunistic algorithm that allows the coexistence 

of the PUs and SUs in both frequency and time, using practical assumptions such as: (a) 

limited feedback (8 bits/SU) from the SUs to the secondary base station (SBS) where the 

SBS uses these feedback bits to estimate the channel quality and the channel 

directionality of the SUs, (b) a minimum collaboration and feedback from the PU, where 

a maximum of 4 feedback bits are sent from the PU to the SBS to indicate whether the 

level of interference caused by the secondary transmissions is acceptable, and (c) a 

realistic channel model, where a cluster-based channel model (i.e., the WINNER model) 

is used to simulate/evaluate the proposed algorithm. In addition, the proposed algorithm 

does not have any requirement regarding the number of antenna elements at either the PU 

terminals or the primary base station (PBS). 

5.4.2. System Model and Interference Estimation 

The system under consideration is illustrated in Figure 5.13. It is assumed that 

there is one primary single-input single-output (SISO) link, between a PBS and a PU, 

which occupies all the frequency bands allocated for the type of service of interest, and 

transmits all the time, except for a short discovery window at the beginning of each 

frame. It is also assumed that a cognitive radio network is deployed in the same area and 

shares the same spectrum resources with the primary network. The secondary network 

consists of a SBS, equipped with an TV-element antenna array serving K cognitive SUs, 

each of which is equipped with an M-element antenna array. For both the SBS and the 

SUs the antenna configurations are assumed to be a UCA with an inter-element spacing 

equal to half a wavelength at the operating frequency (i.e., the angular difference between 
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each adjacent elements in the UCA array is equal to In/N at the SBS, and In/Mat the 

SU terminal, and the array radius is adjusted accordingly so that the inter-element spacing 

is fixed at half a wavelength at the operating frequency). It is assumed that in the 

downlink of the secondary network, the SBS transmits independent signals to K users, 

one user at a time. 
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Figure 5.13. System model 
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Using the WINNER channel model, the MIMO channel between the SBS and the 

kth SU (HsBs-suk )> t h e M I S 0 channels between the SBS and the PU ( h ^ _ P U ) , the 

single-input multiple-output (SIMO) channel between the PBS and the kth SU 

( hpm-suk)» a n d the path attenuation between the PBS and the PU (gP U ) were synthesized. 

NLOS propagation conditions with 16 clusters, each of which consisted of 10 MPCs, 

were assumed [23]. Each MPC was characterized by its complex amplitude, delay, AOD 

and AOA. Consequently, the MIMO channel between the SBS and the kth SU was 

constructed as the sum of the MPCs, as in [73, 48]: 

H SBS-SUk E LSBS 
1=1 

ai,SBS-SUke Jt>t,i 

V m v 

pjkosUk^stPrx.l.SBS-SUk-fa.SUk) 
-fasUk cos('Prx,l,SBS-SUk~lh,SUk) 

JkaSUk cos(<Prx,l,SBS-SUk-4lM,SUk) 

^fasBS cos(Ptt,/,SBS-SUk ,SBS ) 
JkasBS cos(<Pa,I,SBS-SUk ~&2,SBS ) 

jkoSBS COS(<p„ J,SBS-SUk ~$N,SBS ) 

(5.16) 

where (j>n SBS is the angular position of the n-th element in the SBS array and is given by 

<f>nSBS = 2m! N, n = 1,...., N; <t>m^uk is the angular position of the m-th element in the kth 

SU array and is given by (j)m SUk = 27iml M, m = 1 ,....,M; aSBS and aSUk are the radii of 

the UCA at the SBS and the kth SU, respectively; k = 2n IA is the wavenumber at the 

operating frequency and A is the corresponding wavelength; LSBS_SUk is the total number 

of MPCs associated with the channel between the SBS and the kth SU; and 

ai,SBs-suk^I,SBS-SUk^,I,SBS-SUkand <P,Xj,sBs -sukarQ t h e amplitude, phase, AOD, and AOA 

of the l-th such MPC. 
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Similarly, the MISO channel between the SBS and the PU was constructed as: 

SBS-PU ELSBS 
/=1 

aLSBS-PUe 

-IN 

0jkl>SBS cos(<Plx,l,SBS-PU ,SBS ) 
jtosas cos(Ptx,I,SBS-PU ~&2,SBs) 

-Jkt>SBS cos(ftt,/,SBS-PU~&N,SBS) 

(5.17) 

where LSBS PU is the total number of MPCs associated with the channel between the SBS 

and the PU; and cx1SBS__PU,OLSBS_PU, and <P1xJSBSPU a r e the amplitude, phase, and AOD of 

the l-th such MPC. 

Further, the SIMO channel between the PBS and the kth SU is written as: 

Mxl 
^ PBS-SUk E LpSB 

1=1 
ai,PBS-SUke j 

V m 

pjkasuk cos(<Prx,l,PBS-SUk~A,SUk) 
~jfolSUk c o s (¥W,/ ,P«S- .SM ~fo,SUk ) 

JkaSUk C°S(<Pr,,l,PBS-SUk-4>M,SUk) 

(5.18) 

where LPBS_SUK is the total number of MPCs associated with the channel between the PBS 

and the kth SU; and ocIPBS_suk,<t>u,BS_suk, and (prxj^PBS-sukare the amplitude, phase, and 

AOA of the l-th such MPC. 

Let PPBS, PSBS denote the transmit power of the PBS, and the transmit power of 

the SBS, respectively, which are assumed to be equal (i.e., PPBS = PSBS). If the SBS 

transmits a data stream to the kth SU, then the received signal at the PU is written as: 

ypu = V ŜBS hSBS-PU i^SBS-SUk Y SSUk + V P̂BS SPUSPU + 2PU • 1 9) 

And, the received signal at the kth SU is expressed as: 

y SUk = V^SBS {WSUk ) HSBS-SUk {WSBS-SUk ) SSUk + ^ ^PBS {WSUk ) ^PBS SUkS PU + 2SUk ' 

(5.20) 
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where w^_suk and are the beamforming weight vectors at the SBS and the kth SU, 

respectively; zpu and zsuk are the zero-mean i.i.d. additive white Gaussian noise 

processes at the PU and the kth SU, where both of them have cr2 variance; sPU and 

sSJJk are the modulated signals for the PU and the kth SU, respectively. 

When there is no transmission from the SBS, the SNR at the PU ( S N R P U ) is 

written as: 

_ \gPU\2Pf SNRPU = ,onJI '2pbs (5.21) 
cr 

When the SBS is active (i.e., it transmits a data stream to the kth SU), the SINR 

at the PU ( SINRPU) is written as: 

SINRPU = \gpAlpss (5 22) • >» / lxN y/ 
SBS-PU \WSBS-SUk ) SBS + Cr 

Consequently, the SINR at the kth SU ( SINRSUk) is given by: 

\(wUMX HM"N Lun )"\2 P V sut ) 11 SBS-SUk yVSBS-SUk J rSBS 
SINRSUk = ^ 1 , (5.23) / \* *>i z 

) PBS-SUk I PpBS + CJ2 

and the associated rate of transmission to the kth SU is given by: 

Csuk=log2(l + SINR SUk ) (5-24) 

It is clear from (5.21) and (5.22) that when the SBS transmits data to the kth SU, 

the resulting interference changes the SINR at the PU and, consequently, its data rate. 

Our goal here was to demonstrate a method that allows the SBS to transmit data to the 

SUs in such a way that the resulting interference does not affect the quality-of-service 

(QoS) provided to the PU. Following [82], the design criterion is to allow a specified 

maximum interference on the link to the PU, as defined by: 
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y(dB) = SNRPU (dB) - SINRPU (dB) < yth (dB) (5.25) 

where ythr (dB) is the maximum interference level that the PU can tolerate, and still offer 

the required QoS. 

5.4.3. The Frame Structure and Collaboration between Networks 

The following two assumptions were made regarding the frame structure used in 

the secondary network and the collaboration between the primary and the secondary 

networks. 

1. There is a discovery window, consisting of D minislots, in which the SBS sends D 

test beams (one beam in each minislot) to the PU. The PU then estimates SINR 

values associated with each test beam and transmits back the index of the first 

beam tested that results in a SINR that meets its interference criterion. 

2. For the secondary network, it is assume that every time slot of length T consists of 

three parts: 

a) One section of training minislots of length zT in which the SBS sends pilot 

signals to all the SUs and gets feedback regarding their channel conditions. 

b) One delay minislot of length rD which represents the delay needed by the SBS 

to send test beams and receive feedback from the PU. The details of this task are 

explained in the next section. 

c) The remaining time interval, T - rT - td , is used for data transmission. 

5.4.4. The Cluster-Based Spatial Opportunistic Spectrum Sharing Technique for 

Cognitive Radio Systems 

The clustering nature of wireless channels was explained in Section 5.1. In this 

section, this tendency allows transmission from the SBS to the SUs in such a way that the 

interference caused to the PU is kept under a certain threshold. This can be done by 

discovering the locations of IOs that result in the strongest cluster paths (multipath 

routes) that link the SBS with the SUs and select the paths that are most spatially 

orthogonal with the radio link between the SBS and the PU. At the same time, the multi-
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antenna terminals at the SUs try to maximize their SINRs and consequently their rate by 

beamforming toward the illuminated IOs and attenuating the received signal from the 

PBS. This is done by adjusting the direction of their beamformers in such a way that their 

SINRs are maximized according to (5.23.). The coexistence of the PU and SU data 

transmissions in the same frequency band without violating the interference threshold at 

the PU terminal can be achieved as described below. 

5.4.4.1. Estimation of the AOD associated with the strongest clusters by the SUs 

In this step, each SU estimates the AOD associated with the strongest cluster of 

energy that it receives from the SBS, and its associated SINR. Each Tx antenna at the 

SBS transmits a pilot symbol from a set of mutually orthogonal signals. The kth SU does 

the following: First, it estimates the AOD (at the SBS) of the strongest received beam 

(i.e., (P[x,st,suk )• Then it uses the estimated (ptx st SUk to perform joint Tx-Rx beamforming 

towards the 10 that generates the strongest cluster and estimates the best AOA (i.e., 

Ptxstsuk) ^a t maximizes the received SINR. Finally, it estimates this SINR (i.e., 

SNIRmaxSUIc). It is assumed that each SU feeds back the SNIRmaxSUkand the <pUst Svkusing 

a limited number of feedback bits. The details of these three steps are explained in the 

following: 

a) Angle-of-departure estimation 

If each Tx antenna at the SBS transmits a pilot symbol pn (where pl,p2,....,pN is 

a set of mutually orthogonal signals), then, under the system setup explained in Section 

5.4.2., the signal received by the kth SU is given by 

ysuk — V PSBS H SBS-SUkSSUk + yjPpBs h, lPBS-SUkS PU + ZSUk s (5.26) 

The relationship between the MIMO channel coefficients HSBS_ 

the SBS and the AO As at the kth SU, of each MPC, is shown in (5.16.). 

SBS-SUk ' the AODs at 
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Assume that the N pilot signals transmitted by the SBS are known by all SUs, so 

that each SU can get an estimate of the channel matrix H ^ _ s u k from the received 

signal yf*k . Given the limited number of antenna elements at the SBS and at the 

terminals of the SUs, only a limited number of beams (Bsuk « LSUk) can be estimated, 

where each beam consists of several MPCs with close AODs and AOAs. Thus, (5.16.) 

can really only be estimated as: 

H MxN 
SBS-SUk ZBSBS 

b=1 

ab,SBS-SUke 

V m v 

pjkQSUk cos(<Pn,b,SBS-SUk 'A,SUk ) 
Jkasuk cos ((p„,b,SBS-SUk -<h,suk) 

0jk°SUk cos(<Pn<,b,SBS-SUk~0M,SUk) 

r,JkaSBS cos(<Pa,b,SBS-SUk~A,SBs) 
JTOSBS cos(^n,b,SBS-SUk~02,SBS) 

jjkaSBS cos(Plx,b,SBS-SUk~&N,SBs) 

(5.27) 

where BSBS_SUk is the total number of resolvable beams linking the SBS and the kth SU, 

a n d ab,SBS-SW®b,sBs-suk>(Ptx,b,sBs-suk®a-& <PrxASBs-sukthe amplitude, phase, AOD, and 

AOA of the b-th resolvable beam. 

The information needed to estimate the AOD of the main beams is embedded in 

the coefficients of the estimated channel. The AOD of the strongest beam to the kth SU, 

,st,sBs-suk) c a n be found by a simple beamscan [48]: 

<Pt tx,si,SBS-SUk arg ZM 
v * / , m = l hm^<pa ,SBS (5.28) 

where ... denotes absolute value, (..) is the Hermitian transpose, hm is the m-th row of 

H MxN 
SBS-SUk (i.e., the estimated coefficients of the channel between the Tx elements at the 

SBS and the m-th antenna element at the kth SU), and SV^ SBS is the SBS element-space 

UCA steering vector in the AOD direction, which is defined as [73] 
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g y _ ^ y j ^ . S B S ) GIKASBS ">s(p„'FA,SBS) ^FASSS COS(<PA~^N,SBS) -j (5 2 9 ) 

Note that to reduce the computational complexity associated with 

estimating^iSKSBS_SUk, the search in (5.28.) can be done by limiting the processing to 

only a single element of the antenna array at the kth SU. 

b) Joint Tx-Rx Beamforming 

Each SU estimates the AOA of the strongest cluster of energy, in addition to 

<Ptx,st,SBS-SIX > which results from (5.28.), and performs a joint Tx-Rx beamforming in the 

direction of the IO that generates the strongest cluster at both the SBS and the SU 

terminals simultaneously, in such a way that maximizes its SINR (i.e., the SBS directs the 

transmitted energy towards the IO that generates the strongest cluster, and the SU forms a 

beam to maximize the received signal from SBS and, at the same time, reduce the 

interference from the PBS). 

Given that an estimate of hpBS_suk is available at the kth SU, the AOA of the 

strongest cluster received by it is found as: 

Vrx.st,SBS-SUk = aI"S „ m a X , (SINRsuk[<pn]), (5.30) 0<=<prx<2iz 

where SINRSUk [<prx ] can be written as: 

\(oVixM ( q y U N V I p 
. \\ Vn.SUkJ n S B S - S U k ^ r p SBS J r i SBS 

-SUk 

(5.31) 
PpBS + 

2 \(vVlxM V f " " 
| \ % „ , S M r / PBS-

where (..)* denotes the complex conjugate, SV^n^sbs is the SBS element-space UCA 

steering vector of the strongest cluster associated with the kth SU, and SV*xM
suk is the 

element-space UCA steering vector at the kth SU in the AOA direction, which is defined 

as [73], 
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rUM _ a / I \jf\r JkaSUkm<Vrx-'h,Sa) Jk"SUk<M&(<Prx-<h,SUk) JkaSUkcos(<Prx-<tlM,SUk) 
9n,suk - ( l /VM ){e ,e , ,e ]. (5.32) 

c) Estimating the Maximum SINR 

The SINR associated with the strongest cluster received by the kth SU, which 

results from the joint Tx-Rx beamforming can be written as: 

The computational complexity of estimating the AOD (at the SBS) of the 

strongest beam received by the kth SU is a function of the number of antenna elements 

at the SBS and the step size of the beamscan search in (5.28.). For example, if each SU 

feeds back the AOD information using x feedback bits, then a step size of 2nj2x is used 

in (5.28.) and consequently 2X.N complex multiplications, and almost the same number 

of complex additions, are required at each user terminal. Similarly, the computational 

complexity of estimating the AOA of the strongest beam received by the kth SU, is a 

function of the number of antenna elements at the SU station and the step size of the 

beamscan search in (5.30.). However, the step size of the search in (5.30.) is not restricted 

by the feedback bits constraint. Instead, it depends solely on the computational power of 

the SU terminal. 

5.4.4.2. Transmission of Test Beams by the SBS 

In this step, the SBS transmits test beams and receives feedback from the PU 

regarding adhering (or not adhering) to the maximum-allowed interference threshold 

requirement. Using the feedback information, the SBS sorts the SUs according to their 

reported SINRs in a descending order and selects the D SUs with the strongest SINRs. 

The SINR and the AOD of the dth selected SU are denoted as SINRd and <ptxd, 

respectively. For each of these D SUs, the SBS constructs a test beam such that it 

transmits the majority of its energy to this SU through the best available transmission 

(5.33) 
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path. The test beam associated with the dth SU is formed using conventional 

beamforming, with the main beam pointed at (ptx d (i.e., SV d SBS), which is defined in 

(5.29). 

Using a discovery window, which consists of D minislots, the SBS sends the 

ordered test beams (i.e., the first beam is associated with the SU having the highest SINR, 

and the last one is associated with the SU having the lowest SINR). The PU examines the 

beams sequentially until it finds the first one (if such exists) that does not violate the 

maximum interference threshold requirements as shown in (5.25.); then it feeds back the 

index of this beam to the SBS. 

5.4.4.3. Transmission of the Data Stream 

In this step, the SBS transmits a data stream to the selected SU. If at least one of 

the test beams results in an SINR at the PU that meets the threshold requirement, the SBS 

uses its index (which was fed back from the PU) to send data to the associated SU. 

Assume that the kth SU is the selected SU for transmission, then its rate is given by: 

Csuk =T~Tt
t~Td log2(1 + SINRmaiSBS_8uk), (5.34) 

where SINRmaxSBS_suk is calculated from (5.33) by substituting H^isuk and hpBS_SIJk by 
MxN Mx 1 

HSBS-SUk -and hPBS_SUk, respectively. 

5.4.5 Simulation Results 

In this section, an evaluation of the throughput resulting from using the proposed 

algorithm is presented. The system model and the frame structure presented in sections 

5.4.2. and 5.4.3. were used, and Monte Carlo simulations were conducted, with 5000 
MxN 

trials. It was assumed that: a) the estimation error on the kth SU channel (for Hsm_suk 

and hpBS_SVk) was modelled as a complex Gaussian random variable with cr^rrorequal to 

3% of the power in the impulse response estimated for the channel; b) the SBS has a 
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UCA with 4-elements; c) the SUs have two possible UCA antenna configurations with 2-

elements and 4-elements; d) each SU uses 4 bits to feedback the AOD information and 

P P another 4 bits to feed back the SINR information; e) - ^ f - = = lOdB; and f) 
cr cr 

t t +td = OAT. It was further assumed that all the generated channels were independent 

and remained constant during the interval T. 

Figure 5.14 shows the effect of increasing the number of the test beams sent by 

the SBS. It is assumed that it would be possible to use 2, 4, 8, or 16 test beams, which 

would require 1, 2, 3 and 4 feedback bits, respectively, from the PU to indicate the 

successful beam (if such exists). It is clear that increasing the number of test beams 

increased the sum-capacity; however, the sum-rate increment per feedback bit decreased 

as a result of using more and more test beams. 

Figure 5.15 shows the effect of using a higher SINR acceptability threshold. As 

expected, using a higher threshold (i.e., allowing more interference) increased the sum-

capacity of the secondary network. 
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Figure 5.14. Effect of increasing the number of test beams on the sum capacity 
as a function of the total number of SUs. SBS 4 elements, SUs with 2 
elements, yth = 0.5 dB, (PSBS /cr2) = (Ppu /a2) = l0dB, and 
( t t + T d ) = 0AT. 

Figure 5.15. Effect of changing the maximum allowed interference (y t h ) on the 
sum capacity as a function of the total number of SUs. SBS 4 
elements, SUs with 4 elements, (PSBS /cr2) = (Ppu /cr2) = 1 OdB, and 
(TT+TD) = 0AT. 
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5.5. Summary 

• A novel transmission technique for use on MIMO broadcasting channels has been 

introduced, in which the system takes advantage of multiuser diversity caused by 

the existence of clusters on wireless channels. In the proposed AOD-OSDMA 

technique, the BS transmits a set of mutually orthogonal signals that enables each 

user to estimate the AOD (at the BS) and the AOA (at the user station) of the 

strongest beam, perform joint Tx-Rx beamforming, and estimate the 

corresponding SNR at the user station. The BS uses the reported AODs and SNRs 

to select a subgroup of users for data transmission in such a way that the sum 

capacity of the system is maximized. On microcellular channels simulated using 

the WINNER model, the proposed technique improves the sum capacity over that 

achievable when using OSDMA-S, regardless of the number of users (low, 

medium, or high) in both LOS and NLOS conditions. The main advantage of the 

proposed AOD-OSDMA is the non-random nature of the beam designing 

procedure, where the feedback information allows the BS to design the transmit 

beams for a selected group of users. Compared to OSDMA-S, the proposed AOD-

OSDMA technique: (1) reduces the number of required directional information 

feedback bits by 33% and 55% with 4 and 8 Tx antennas respectively, and (2) 

improves the throughput of the system by up to 30% with 4 Tx antennas and up to 

100% with 8 Tx antennas, when users are equipped with a single antenna. In the 

case of users equipped with two antennas, the improvement of AOD-OSDMA 

over OSDMA-S is up to 50% and 160% with 4 and 8 Tx antennas, respectively. 

• A technique has been introduced that allows the coexistence of secondary users 

with a primary user, simultaneously in the same frequency band, in an underlying 

spectrum sharing setup. The proposed technique takes advantage of the existence 

of multipath clusters in wireless channels and utilizes the existence of clusters to 

allow the transmission from a SBS without violating a pre-determined 

interference threshold at the Rx of the PU. The proposed technique does not 

require frill CSI. Instead, it efficiently implements joint Tx-Rx beamforming by 
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collecting a limited number of feedback bits from the secondary users, which are 

used to estimate the quality and directionality of the secondary users' channels, 

and from the primary user, to guarantee adherence to the allowed interference 

criterion. Simulations show that the proposed technique allows the achievement 

of reasonably high throughput, when evaluated using the WINNER channel 

model under urban micro-cellular NLOS propagation conditions. 
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CHAPTER 6: 

EVALUATION OF THE COMMUNICATIONS PERFORMANCE ACHIEVABLE 

ON BASE STATION TO HANDHELD-TERMINAL RADIO LINKS WITH 

SEVERAL DIFFERENT PRACTICAL RECEIVE ANTENNA ARRAYS 

6.1 Introduction 

The theoretical high capacity that MEMO systems can achieve is based on ideal 

assumptions, whereby the environment of operation is assumed to result in severe 

multipath propagation, and the cross-correlation among signals at different elements in 

Rx and Tx antenna arrays is assumed to be negligible [59]. However, not all operating 

environments can be characterized as being influenced by severe multipath propagation, 

and antenna array configuration, orientation, and element efficiency all have significant 

influence on signal cross-correlations. The theoretical effects of array configuration, array 

orientation, and the propagation environment on MIMO capacity have been studied by 

several researchers, using two approaches. 

In the first approach, various different channel models were used to generate 

instantaneous MIMO channel matrices for the subsequent estimation of corresponding 

channel capacities. The channel models that were employed include the geometrically 

based single bounce model [88], the spatial channel model [89], and 3D spatial variant 

multi-ray radio wave propagation models [90]. 

In the second approach, empirical data were used to evaluate the performance of 

different receive antennas [91 - 94]. To evaluate link performance when using different 

multi-antenna systems, the work in [92, 93] considered only the mean effective gain, 

which is the SI SO parameter often used in mobile radio work to evaluate the "effective 

gain" of an antenna in a multipath environment. In [94], new parameters were introduced 

for empirical characterization of MIMO antennas which quantify the capability of the 

associated MIMO transmit and received antennas to transfer energy and the capability of 

a MIMO link using specific antennas to offer diversity or spatial multiplexing gains. 
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In this chapter, empirical information was used to evaluate the performance of 

different receive antennas. Such information was obtained through the analysis of 2.25 

GHz propagation measurements recorded in a high-rise section of downtown Ottawa, as 

reported in Chapter 3. First, the parameters of MPCs that were estimated using the ISI-

SAGE algorithm from the measurement data were used to construct a radio-channel 

matrix corresponding to each measurement snapshot. Then, during this work, the 

constructed matrices were used to study the influence on BS to handheld terminal (HT) 

radio-link performance of the position, orientation, and polarization of inverted-F antenna 

elements within a HT. More specifically, effective link gain, link matrix eigenvalue 

dispersion, and link outage capacity corresponding to different HT antenna configurations 

and different HT operating positions were estimated. 

The rest of this chapter is organized as follows. Section 6.2. discusses the method 

used to synthesize the MIMO channel matrices for the communication system of interest 

at every street location (SL) where a snapshot of propagation data was recorded. Section 

6.3. describes the estimation of effective link gain, eigenvalue dispersion and radio link 

capacities. Section 6.4. describes the HT operating positions and HT antenna 

configurations that were considered. Results, including a comparison of the above-cited 

channel-performance characteristics corresponding to the use of different antenna-

element pairs in a HT for three different HT operating positions, are given in Section 6.5. 

Finally, a summary is included in Section 6.6. 

6.2. The Synthesis of MIMO Radio Link Matrices using the ISI-SAGE Extracted 

Parameters 

In order to study the influence on link performance in a hypothesized 

microcellular MIMO communication system of: (a) different dual inverted-F Rx antenna 

configurations, (b) antenna element efficiency, and (c) different HT operating positions, 

the complex signals that would appear at the terminals of the specified antennas at each 
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SL where propagation measurements were recorded were estimated.1 To accomplish this, 

the complex amplitude, elevation AOA, azimuth AOA and delay of each MPC were used 

in plane-wave reconstructions. In addition, in the absence of available measurements, 

AODs were randomly selected for each MPC from realizations generated based on the 

assumption of a uniform distribution for AODs. It is considered that the assumption of 

this AOD distribution is as good as any for use in comparison to the relative merits of 

different receive antennas, when AOAs at the Rx are known from measurements. It is 

also considered that this assumption may even be valid in NLOS cases, where 

propagation through building and spaces between buildings, as well as around street 

corners, is possible. Based on reports from the literature [72] that elevation AODs in 

urban microcells are not large, the elevation AOD for all MPCs (0tx t ) was assumed to be 

fixed and equal to n/2 (i.e., all MPCs depart the Tx antenna in the azimuth plane). 

Using the ISI-SAGE extracted parameters and the assumptions of: a) a uniform 

distribution for the azimuth AODs of received MPCs; b) plane-wave propagation, 

whereby waves impinging on the Rx antenna can be approximated as having a plane-

wave front; and c) narrowband operation, wherein the signal bandwidth is much smaller 

than the reciprocal of the time taken by a radio wave to propagate across the Rx antenna 

array, instantaneous channel matrices were realized as outlined below. 

If the nth Tx antenna in the UCA at the BS of the hypothesized microcellular 

system transmitted a narrowband signal represented in complex baseband notation as 

u(t), the received signal at the mth element in the Rx antenna could be represented as 

ym n( j) = K n ( r ) * < t ) (6.1) 

where hmn (r) represents the time-invariant SISO impulse response of the radio link 

between the nth Tx antenna element and the mth Rx antenna element, and * represents 

1 Proximity effects due to the presence of a human operator were omitted from 

consideration. 
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complex convolution. If L denotes the total number of received MPCs, the complex 

envelope of the corresponding received signal ymn can be written as [50]: 

y =y. 
J mn / j 

t=1 

a^vMxj^txj)Vn\^gtx(9txJ,(ptxJ)[n\ 
x (0„,i>9„,t :* Fe > ) M x «(/ - ^ ) (6.2) 

in which: 

in which; 

at represents the complex amplitude of the ith MPC, 

vtx(dtx l ,(ptx f)[n\ represents the nth element of the Tx antenna steering 

vector corresponding to the Mi MPC, 

gtx{dlxl,(ptxl)[n] represents the gain of the nth Tx antenna element in the 

»?>*,<) direction, 

> )tm] represents the mth element of the Rx antenna steering-

vector corresponding to the ith MPC, and 
Fei^rx,n<Prx,e)\-m^rQpresents the vertically polarized component of the 

z 

complex electromagnetic field pattern of the mth Rx antenna element in 

the direction {0„tl,<p„tt), corresponding to the MMPC, and is calculated 
as: 

-J Eff[,n]x Drx {9^,, <p„t)[m] x sin(£ra,) 

(6.3) 

• Drx(8rx f ,<prx e)[m] represents the directivity of the mth element of the Rx 

antenna in the (6rx (., (prxJ) direction, corresponding to the ithMPC, 
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• Eff[m] represents the sum of the mismatch and radiation efficiencies, or 

total efficiency of the mth element in the Rx antenna array, and 

• Eg{9rxe,(prxt)[m\ represents the vertically polarized component of the E 

field of the mth Rx antenna element in the direction {0rxJ,(prxl\ 

corresponding to the ith MPC. 

Since the work herein concerns the evaluation of different Rx antennas, it is 

assumed that all Tx antenna elements have an omnidirectional radiation pattern in the 

horizontal plane, and that all received MPCs departed from the Tx array in the horizontal 

plane. The gain of each Tx antenna element, g,x{0,xj,(ptxj)\p\ was set therefore equal to 

unity, for all I and n. The Rx antenna efficiencies were obtained during in-situ 

measurements at the terminals of antennas in a mock HT in an anechoic chamber. 

Radiation patterns that account for mutual coupling were obtained via electromagnetic 

simulations. 

From (6.2) and (6.3) it is obvious that hmn can be constructed as: 

e=i 

«< x vtt(0tx t,<pae)[n]x glx(0^,(ptx ,) x (0rxf:,<prxJ)[m] 

WoWnJl'VrxJl) Ml 
x
 V a X ) 

(6.4) 

An M x N MIMO matrix for any BS-HT link in the hypothesized communication 

system can then be written as: 

/ / = 

^ i i 
^ 2 1 h 22 

1 h A f 2 

H 1 N 
h 2J\r 

h Astisr . 

(6.5) 
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As explained previously, to obtain values for (ptx l for use in (6.4), it was assumed 

AODs at the BS of the hypothesized microcellular system had a uniform probability 

distribution in azimuth and were confined to the horizontal plane. A value for cptx f was 

thus selected for each MPC, for each data snapshot, from a pool of values generated 

randomly in accordance with a uniform distribution. 

6.3. Estimation of MIMO Link Performance in the Hypothesized System 

MIMO radio-links performance in a hypothesized communication system having 

a fixed microcellular BS and a HT moving throughout the environment, where the 

propagation measurements were made, were predicted. Specifically, effective link gain, 

(Gant), eigenvalue dispersion (Gm u x) , and outage capacity (Co) on BS-HT MIMO radio 

links, (between the locations where the channel sounder Tx was set up during the 

propagation measurements and SLs where a propagation measurement snapshot was 

recorded), we estimated. The estimated values of Co, reported later, apply to a situation as 

if there were perfect power control in the system under study. 

Gant is defined in [94], and can be estimated as 

|#<0 112 

\Hi iso,sli IIF 

where, 

1 '+Ns„ 
I I H(i) I I 2 = - Y l l / / ( 0 I I 2 (6 7) \\I1iso,sli \\F 0 ,j 1

 I2iso llf \y.l) 
+ 1 i~Nm 

and H{, ) represents the channel matrix defined in (6.5) by using values for hmn from (6.4) 

evaluated using the parameters applicable to the antennas proposed for use in the 

hypothetical system under study, and represents the same matrix evaluated using the 

hmn applicable when isotropic radiators are used for the elements of the HT and BS 

antennas. The additional subscript "sir in the denominator denotes the fact that the 
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denominator is a mean over some sliding spatial interval, where 2Nsn +1 is the number 

of propagation measurement snapshots recorded over the specified sliding window. The 

mean effective link gain (MELG) is defined as the mean of all the realizations of . 

Eigenvalue dispersion, symbolized as Gmux, is defined in [94] as 

( K y * 
IPS* = T * . 

where $ represents the kth eigenvalue ofH{,). This parameter characterizes the spread, 

or range of eigenvalues of H ( l ) , as being close to unity if the spread is small, and close to 

zero if the spread is large. A large eigenvalue spread indicates a significant imbalance in 

the gains of virtual parallel transmission channels on a MIMO link. Alternately, a small 

eigenvalue spread can lead to significant diversity or multiplexing gains as a result of the 

existence of a number of virtual parallel channels with nearly equal gains. 

MIMO link capacity is expressed as 

p H^H™ c(;/=log, i+-
N P norm 

(6.9) 

where p is the SNR on the radio link, N represents the number of transmit antennas. 

Normalisation by the factor Pnorm eliminates the influence of arbitrary Tx powers used 

during the propagation experiments and mitigates the influence of large area fading. This 

normalisation allows the isolated study of the effects on MIMO link performance of 

multipath dispersion, which causes decorrelation among the signals on different MIMO 

link antennas. Normally, the normalization is performed using link matrices that are 

constructed assuming the use of antennas of the same type as those selected for the 

communication system under study. Herein, however, in order to allow the comparison of 

MIMO link performance with different real-world antenna configurations, a common 

reference is used for normalization, regardless of the type of antennas selected for use in 

the system under study. This reference is calculated according to 
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Pnorm = V777 II H,.'o,sl, II' (6-11) 

MN 

where Mand TV represents the number of receive and transmit antennas, respectively. 

This permits the study of the relative merits of different antenna types. In addition, since 

this normalization does not always result in a total received power of unity (i.e., a channel 

matrix with a fixed Forbenius norm), it permits the study of the influence on MIMO link 

performance of local received signal power variations (short-term fading); such variations 

typical on real-world radio channels. However, it should be noted that, since the 

normalisation averages out the influence of longer-term shadow fading, the specified 

SNR on a link to a specific SL would not be achieved unless there was power control in 

the hypothetical system under study. Values estimated herein for capacity would be over-

estimates, without power control. 

6.4. Antenna Configurations and HT Operating Positions that were Considered 

The BS antenna array was assumed to be a 4-element UCA with inter-element-

spacing = X. At the Rx a dual inverted-F antenna placed in one of 3 different 

configurations in a HT was considered. Three HT operating positions were considered, 

and are referred to as: (1) the Talk Position (TP), the Data Position (DP), and the Vertical 

Position (VP). These three positions are depicted pictorially in Figure 6.1. For each of 

these positions, three different HT antenna configurations were considered, including: 

(1) The Bottom, Co-polarized (BC) configuration, in which two inverted-F antennas 

are located at the bottom of the HT, and arranged in co-polarized manner. 

(2) The Bottom, Cross-polarized (BX) configuration, in which two inverted-F 

antennas are located at the bottom of the HT, but arranged in a cross-polarized 

manner. 

(3) The Opposite, Cross-polarized (OX) configuration, in which one inverted-F 

antenna is located at the bottom of the HT and the second inverted-antenna is 

located at the top of the HT, and they are arranged in a cross-polarized manner. 
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For each case, the total efficiencies (i.e., the sum of mismatch and radiation 

efficiencies) of the antenna elements were assigned one of three combinations of values, 

including 

Combination 1: effi=60% and eff2=60% (balanced), 

Combination 2: effi=40% and eff2=75% (unbalanced), and 

Combination 3:effi=75% and eff2=40% (unbalanced). 

A total of 27 cases were therefore studied, resulting from the different 

combinations of HT positions (3 cases), antenna configurations (3 cases) and antenna 

efficiencies (3 cases). 
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Speaker b e at ion 

1014 mm 

Vebcity vector direction 

(27.2 0, -50.71) 
The reference element (p0) 

(a) 

(-57.51,0.1.79) 
Element f P ^ S ^ The reference element (po) 

(57.51,0,-1.79) 

Vebcity vector direction 

Speaker location 

Vebcity vector direction 

(-35.85, -27.2, -35.85) 
The reference element (ps) 

(-35.85,27.2, -35.85) 
Element (p 2) y 

Notes: 
The "Speaker location" point is a 
fictitious point used to define the 
relative locations of the different 
elements. 

For the BC and BX configurations, 
elements p0 and p2 are used. For the 
OX configuration, elements p0 and 
pi are used. p0 is denoted as the 
"reference element" since its 
location is used in all 
configurations. The efficiency of the 
Po element is denoted by effl and the 
efficiency of the other element 
(whither pi or p2) is denoted by e f f l . 

(C) 
Figure 6.1. The relative locations of the different antenna elements in 3D at the 

three different positions: (a) VP, (b) TP, and (c) DP. 
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6.5. Results 

A total of 15,000 propagation measurement snapshots were analyzed to synthesize 

a 4x2 MIMO link matrix for each, as described in foregoing sections. These matrices 

were then used to estimate G^,, and G(
ûx corresponding to location i, and, subsequently 

outage capacities, defined below, for a range of average microcell system SNRs. The 

propagation measurement snapshots that were analyzed included time series of 1000 

consecutive snapshots from 15 NLOS CSMS routes of travel in the coverage area within 

two city blocks of the location where the channel sounder Tx was set up. Average system 

SNR values were varied from 0 dB to 40 dB in steps of 5 dB; for each HT antenna 

Configuration/Position/Efficiency/SNR (C-P-E-SNR) combination. The normalization 

parameter Pnorm that was needed to calculate [ g ^ and {c^ (Ns is the total number 

of processed snapshots) was estimated using a sliding window length of 101 snapshots 

(window length = 2Nsn +1 with Nm = 50). Considering the speed of the CSMS 

(between 5 and 10 mps) and the snapshot recording rate (250 snapshots per second), this 

sliding window would have been between 15Z and30/1 long.2 

Using data from each propagation measurement snapshot, for each of the C-P-E-

SNR combinations, G(^t and were estimated using different HT orientations ranging 

over 360 degrees in steps of 10 degrees. 

2 Due to the use of a sliding window of 101 snapshots, the number of values for G ^ t and C ^ that were estimated 
was 13,500. 
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TABLE 6.1. is an example of results (outage capacities) from the analysis of one 

C-P-E-SNR combination. The columns represent the index of the estimated capacity 

realization. The rows represent the different orientations of the HT. For each snapshot x 

and HT position y, the capacity Cx>y is calculated. Thus, results for all C-P-E-SNR 

combinations include 36 orientations x 13,500 sliding window lengths, or 486,000 values. 

TABLE 6.1. Example of Results (outage capacities) from the Analysis of One C-P-E-
SNR Combination 

Index of the measurement snapshot 
1 2 ... ... ... ... ... 13499 13500 

0° Ci,o C2,0 C 13499,0 C 13500,0 

c 
© 

10° Ci,io C2,10 C13499, io Ci3500,10 c 
© 20° Ci,20 C2,20 C 13499,20 C 13500,20 
a •M 30° Cl ,30 C2,30 C 13499,30 C 13500,30 a <u • • 

o • • , , , 
H 
S • • 

340° C 1,340 C2,340 C 13499,3 40 Cl3500,340 
350° C 1,350 C2,350 C 13499,3 50 Cl3500,350 

All results from this work, exemplified by those in TABLE 6.1., will be of one of 

the following 4 types: 

Type 1 results (all values): The empirical distribution of all the 36x13,500 link 

performance estimates (one for each HT orientation, for each propagation-measurement 

snapshot) is reported for each C-P-E-SNR combination. 

Type 2 results (average over orientation): The empirical distribution of 13,500 link 

performance estimates is reported for each C-P-E-SNR combination. Each of these is 

associated with a single propagation-measurement snapshot; each was calculated by 

averaging performance estimates for 36 HT orientations under the multipath conditions 

estimated from this snapshot. 
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Type 3 results (the best orientation in each snapshot): The empirical distribution of 

13,500 link performance estimates is reported for each C-P-E-SNR combination. Each of 

these values is associated with a single propagation measurement snapshot; each is 

calculated as the maximum value of the 36 link performance estimates corresponding to 

multipath conditions estimated from this snapshot.. 

Type 4 results (the worst orientation in each snapshot): The empirical distribution of 

13,500 link performance estimates is reported for each C-P-E-SNR combination. Each of 

these values is associated with a single propagation measurement snapshot; each is 

calculated as the minimum value of the 36 performance estimates, given the multipath 

conditions estimated from this snapshot. 

6.5.1. The Influence of Antenna Configuration, Antenna Efficiencies, and HT Position 

On Gant 

Results in Figure 6.2. show that when the HT is in the vertical operating position, 

the antenna configurations that have both inverted-F elements at the bottom of the HT 

yield greater values of Gant than the OX configuration, in which one antenna is at the 

bottom of the HT and one is at the top, and the two have different polarizations. Because 

of the large number of samples involved in the construction of the experimental 

cumulative probability distribution functions (ECDFs) shown, there is likely a very small 

region around each curve in which the true CDF must lie. However, given the presence of 

noise in the measured data and other approximations used in the analyses, one should not 

conclude from these results that there is a statistically-significant difference between the 

BC results and the BX results. Finally, note that there is some indication in all three sets 

of results in Figure 6.2. that Gant is always greatest when one of the antenna elements is 

more efficient than the other. 
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Similar results for the DP and TP of the HT can be seen in Figures 6.3., and 6.4. 

In all these cases, the values of Gant are also greatest when the HT antennas are at the 

bottom. In all cases, at least at the lower tails of the distributions (i.e., in less than about 

30% of SLs) link gains seem to be slightly greater in cases where the bottom antennas are 

cross-polarized. In the DP, values of Gant are close to the greatest when the two antenna 

elements are equally efficient. However, when the HT is in the Talk, there is a greater 

disparity between such values when the antenna efficiencies are the same, and the best of 

the two values of Gant results when the antenna efficiencies are not equally efficient. It 

seems, therefore that if a "favoured" antenna can be identified, it will be the more 

efficient one. However, when such identification cannot be made, it is best that the 

antenna elements are equally efficient, since gains are lowest when the "wrong" antenna 

element is the most efficient. 

Gant (dBi) 

Figure 6.2. ECDF of Gml at the VP for different configurations and element 
efficiencies combinations. 
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Gant (dBi) 

Figure 6.3. ECDF of Gant at the DP for different configurations and element 
efficiencies combinations. 

Gant (dBi) 

Figure 6.4. ECDF of Gant at the TP for different configurations and element 
efficiencies combinations. 

The above paragraph reports that there is some indication that values of Gant are 

greatest for the BX antenna configuration. The relationship between the different antenna 

patterns and these link gains can be explained as follows. 

Chapter 1 



122 

Figure 6.5. shows the power azimuth spectrum that was estimated from all 15,000 

of the propagation measurement snapshots. From this figure it is easy to identify the 

street-canyon effect, which resulted in the arrival of most of the received power from 0 

deg and 180 deg with respect to the velocity vector of the CSMS. However, a significant 

amount of power was still received from all other directions. This spectrum of power 

reception throughout all angles in azimuth suggests that if both of the receive antennas 

happen to have high gain in the directions of the strongest received signals (i.e., 0 or 180 

deg), then Gant would always have positive values. However, considering practical issues 

such as the random orientation of a HT when it is used and the fact that its antennas have 

different pattern shapes directed in different directions, the probability of positive values 

for Gant is low, as reflected in Figures 6.2., 6.3., and 6.4. In fact, Gant increases as the 

patterns of the antenna elements become broader, and decreases as the patterns become 

narrower (hence, receiving energy from fewer MPCs). 

Figure 6.5, Power Azimuth Spectrum estimated using MPC parameters from all 
15,000 propagation measurement snapshots. 

Chapter 1 



123 

The foregoing can be verified through the examination of antenna patterns. 

Propagation measurement results indicate that most power at the CSMS would have been 

received at angles close to the horizontal plane (close to 0 = tc/2). Figure 6.6. shows the 

patterns, at 0 = TC/2, of the two HT antenna elements for the different 

configurations/positions. Upon comparing subplots (c), (f) and (i) in Figure 6.6., one 

observes that patterns for the BX antenna-element configuration have the least directivity. 

The antenna configuration OX results in patterns with the highest directivity, which 

yields the lowest values of Gant-
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Figure 6.6. Azimuth antenna patterns for the different Rx antennas for different 
configuration/efficiency combinations. The solid line is for Element 
#1, and the dashed line is for Element #2. 
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6.5.2. The Influence of Antenna Configuration, Antenna Efficiency and HT Position 

on Eigenvalue Dispersion 

Recall that (a) Gmux is a measure of eigenvalue dispersion, and (b) when dispersion 

of the eigenvalues associated with the channel matrix for a MIMO link is high (i.e., their 

values have a wide range), Gmux is low, and vice versa. A high value of Gmux is desirable 

on MIMO links, provided SNR is also reasonable, since in this case, the power in all 

virtual subchannels of the MIMO link is approximately the same. Figures 6.7., 6.8., and 

6.9. show ECDFs for Gmux corresponding to various HT antenna configurations and 

efficiencies, for the cases when the HT is in the 3 different operating positions. 

0.4 0.5 0.6 
Gmux 

Figure 6.7. CDF for Gmux at the VP for different configurations and element 
efficiencies combinations 

For the vertical position (Figure 6.7.), it can be observed that Gmux is greatest for 

the OX configuration, when the "favoured" antenna element is most efficient. When the 

antenna elements in the OX configuration are equally efficient, Gmux has values that are 

lower than the greatest values for the BC and BX configurations, but the differences are 

probably not statistically significant, and the differences between the values for the BC 

and BX configurations are also not considered to be statistically significant, at least for 

the cases when the HT antenna elements are equally efficient. It should also be noted that, 
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although the OX configuration can result in the highest values of Gmwc, it can also yield 

the lowest values of Gmux when the "favoured" antenna element is the least efficient. 

Figure 6.8. CDF for Gmux at the DP for different configurations and element 
efficiencies combinations. 

In the DP (Figure 6.8.), there is the least disparity among Gmux results. Values for 

the BC configuration are the greatest, those for the BX configuration are slightly lower, 

though probably not statistically significantly so, and those for the OX case are 

significantly lower for the poorest efficiency combination and the combination when the 

two elements are equally efficient, but about the same for the best efficiency combination. 
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Gmux 

Figure 6.9. CDF for Gmux at the TP for different configurations and element 
efficiencies combinations. 

In the TP (Figure 6.9.), values for Gmux are again greatest for the OX 

configuration, and this is so for all efficiency combinations. The disparity among results 

in this case is the largest. Values for the BC and BX configurations track each other 

closely for each of the three efficiency combinations. These results, for the three 

efficiency combinations have a very wide disparity. 

Based on the foregoing, it seems reasonable to conclude that there is a tradeoff. 

Gant, which directly influences MIMO link SNR at each SL, is always poorest for the OX 

antenna element configuration, regardless of antenna efficiencies. However, when the HT 

is in the VP and TP, Gmux, which directly influences multiplexing gain, is often greatest 

(the best) for the OX configuration. It can also be nearly as good, even when its elements 

are equally efficient, in the DP. Only an evaluation of MIMO capacities, as in the 

following subsection, can indicate which one of these two characteristics is dominant in 

establishing achievable capacity limits on the radio links under study. 
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6.5.3. The Influence of Antenna Configuration, Antenna Efficiency and HT Operating 

Position on BS-HT MIMO Link Outage Capacity 

Herein, MIMO link capacity is evaluated in terms of outage capacity, Co, at 

probability po, which is defined through the relationship 

P[C<C0] = p0 (6.12) 

Figure. 6.10 shows the relationship between CQ and average system SNR, for 

p0 =0.10 (i.e., 10% outage probability) when the HT is in the Vertical operating 

position. 

— » — 

BC (eff1=60%, efl2=60%) 
BC (eff1=75%, e«2=40%) 
BC (eff1=40%, efl2=75%) 
BX(eff1=60%, e«2=60%) 
BX(eff1=75%, eff2=40%) 
BX(eff1=40%, e«2=75%) 
OX (effl =60%, eff2=60%) 
OX (effl =75%, eff2=40%) 
OX (effl =40%, e«2=75%) 

—•— 

BC (eff1=60%, efl2=60%) 
BC (eff1=75%, e«2=40%) 
BC (eff1=40%, efl2=75%) 
BX(eff1=60%, e«2=60%) 
BX(eff1=75%, eff2=40%) 
BX(eff1=40%, e«2=75%) 
OX (effl =60%, eff2=60%) 
OX (effl =75%, eff2=40%) 
OX (effl =40%, e«2=75%) •— 

BC (eff1=60%, efl2=60%) 
BC (eff1=75%, e«2=40%) 
BC (eff1=40%, efl2=75%) 
BX(eff1=60%, e«2=60%) 
BX(eff1=75%, eff2=40%) 
BX(eff1=40%, e«2=75%) 
OX (effl =60%, eff2=60%) 
OX (effl =75%, eff2=40%) 
OX (effl =40%, e«2=75%) 

SNR (dB) 

Figure 6.10. Outage capacity CQ presented as a function of system SNR , for the 
case when the HT is in the Vertical operating position. Probability 
level PQ =10%. 

It is clear from Figure. 6.10. that the outage capacities for the BC and BX 

configurations are very close to each other, and that, for all values of average system 

SNR, they are significantly greater than the outage capacities for the OX configuration. It 
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is also clear, that in all cases, the range of outage capacity corresponding to the different 

combinations of antenna efficiency is less than 1.5 b/s/Hz, at all values of SNR. When 

considered at this level, the matching of HT antenna efficiencies doesn't seem as 

important as when this was considered based on the examination of ECDFs for Gant. 

Similar results hold true for each of the other values of pQ. The same behaviour as that 

described in previous sentences can be observed when the outage probability is increased, 

except (a) the disparity among results for different antenna efficiencies becomes greater, 

but is still not considered significant, and (b) absolute values for outage probability 

increase. 

25 

20 

_ 15 
£ 

5 

0 
0 5 10 15 20 25 30 35 40 

SNR (dB) 

Figure 6.11. Outage capacity CQ presented as a function of system SNR for the 
case when the HT is in the Data operating position. Probability level 
p0 =10%. 

The characteristics reported above for the Vertical HT operating position hold true 

also for the DP and the TP positions, except that for an outage probability of 10 %, results 

for the BC antenna configuration become slightly lower than those for the OX 

configuration at lower values of SNR. 
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TABLE 6.2. summarizes the results for the BX configuration all 3 HT operating 

positions, for average system SNRs of 10 dB and 20 dB. 

TABLE 6.2: Outage Capacities of the BX Configuration at Average System SNRs of 
10 and 20 dB 

Outage 
Probability 

Outage Capacity (bps/Hz) 

— Vertical Position Data Position Talk Position 
Average SNR (dB) 10 20 10 20 10 20 

10% 2.25 6.70 1.62 5.53 2.41 6.81 
25 % 2.79 7.49 2.08 6.49 2.92 7.64 
50% 3.34 8.39 2.75 7.68 3.49 8.47 
90% 4.36 10.09 4.22 9.58 4.44 9.91 

TABLE 6.2. shows that, for all the specified outage probabilities, outage capacity 

when the best (BX) HT antenna configuration is used only varies by about 0.85 bps/Hz 

when the average system SNR is 10 dB and by about 1.15 bps/Hz when the average 

system SNR is 20 dB, for the three HT operating positions that were considered. 

6.5.4. The Influence of Handheld Terminal Orientation on MIMO Link Performance 

Parameters 

In this section, the influence on MIMO link performance parameters of HT 

orientation in the azimuth (horizontal) plane is reported. Three types of result are 

reported, including the ECDF of the average of each performance parameter over 36 HT 

orientations with 10 degrees of separation between them, the ECDF of the best 

performance results out of each set for 36 orientations, and the ECDF of the worst 

performance results out of each set for 36 orientations. 
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6.5.4.1. The Influence of HT Orientation, Antenna Configuration. Antenna Element 

Efficiency and HT Operating Position on Gant 

Figure. 6.12. shows ECDFs of Gant for the various cases of antenna configuration 

and efficiency, averaged over 36 different HT orientations, when the HT is in the Vertical 

operating position. 

- 1 0 - 8 - 6 

Gant (dBi) 

Figure 6.12. ECDFs for the average Gant over 36 different azimuth orientations 
spaced by 10 degrees, when the HT is in the Vertical operating 
position. 

The trends shown in Figure 6.12. are very similar to those shown in Figure 6.2., 

which reports ECDFs of results for all 36 orientations in each SL. The OX antenna 

configuration results in the lowest values of Gant, while the BC and BX configurations 

result in the greatest values, probably with no difference of statistical significance 

between them. At the median, the greatest value of Gant is close to - 5.18 dBi. This value 

is approximately the same as the median value for the most effective antenna gains shown 

in Figure 6.2. 
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Figure 6.13. shows the corresponding ECDFs for the greatest values of Gant 

obtained with the HT in the Vertical operating position, presumably obtained with the HT 

in the "most favourable" of the 36 orientations. 

Gant (dBi) 

Figure 6.13. ECDFs for the greatest values of Gmt among the 36 values for 
different orientations of the HT estimated at every SL, when the HT 
is in the Vertical operating position. 

The trends in Figure 6.13. are the same as those in Figures 6.2. and 6.12., but the 

median of Ganl for the best antenna configuration/efficiency combination is slightly 

better, being -4.23 dBi, as opposed to - 5.18 dBi. 

The corresponding ECDFs for the lowest values of Gant, presumably associated 

with the worst HT orientation are shown in Figure 6.14. 
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Gant (dBi) 

Figure 6.14. ECDFs for the smallest values of Gant among the 36 values for 
different orientations of the HT estimated at every SL, when the HF 
is in the Vertical operating position. 

Figure 6.14. shows that the trends in Gant for different antenna configurations and 

efficiencies remain the same as for the above-discussed cases. However, the median value 

of Gant for the best (BC) antenna configuration is somewhat lower, being about -6.27 dBi. 

For the Data and Talk HT operating positions, trends and relative performance for 

the different antenna configurations, and efficiencies are much the same as those reported 

for the corresponding cases in Section 6.5.1. TABLE 6.3. summarizes the median results 

for the average over all orientations, the best results out of the 36 orientations in each SL, 

and the worst results of those for the 36 orientations in each SL. 
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TABLE 6.3 Medians for the Greatest Values of Ga„t in Specified Groups 
of Results 

— Gant (dBi) 
Group Vertical Position Data Position Talk Position 

Average of results -5.18* -7.02+ -3.86# 

for 36 orientations 
Best in those for 36 -4.23* -5.61+ -1.95# 

orientations 
Worst in those for -6.27* -8.90+ -6.11* 
36 orientations 
All results -5.22* -7.05+ -3.98# 

*BC or BX configuration, efficiency combination makes little difference 
BX configuration, efficiency combination makes little difference 

#BX configuration, unbalanced efficiency 

TABLE 6.3. indicates that median values for Gant are somewhat (0.5 - 3.66 dB) 

greater when the HT is in the Talk operating position. It also shows that the range of 

median values of Gant over all orientations and all three HT positions, for the best (BX) 

antenna configuration is from -8.90 dBi (worst) to -1.95 dBi (best), or about 6.95 dB. 

6.5.4.2 The Influence of HT Orientation, Antenna Configuration, Antenna Element 

Efficiency and HT Operating Position on Eigenvalue Dispersion. 

Figure 6.15. shows ECDFs of Gmux for the various cases of antenna configuration 

and efficiency averaged over 36 different HT orientations, when the HT is in the Vertical 

operating position. 
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Gmux 

Figure 6.15. ECDFs for the average of Gmux for 36 orientations of the HT in 
azimuth, for various antenna configurations and efficiencies, when 
the HT is in the Vertical operating position. 

Figure 6.16. ECDFs for the greatest values of Gmuxior 36 orientations of the HT 
in azimuth, for various antenna configurations and efficiencies, when 
the HT is in the Vertical operating position. 
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Again, results and trends in Figure 6.15. are very similar to corresponding results 

that can be seen in ECDFs constructed from the total pool of results for all SLs and all 

orientations. The medians for the best results (in this case for the OX antenna 

configuration) is about 0.67. 

Figure 6.16. shows corresponding ECDFs for the maxima of the 36 results 

estimated for each SL. In this case, the trends are about the same (the OX position still 

yields the greatest dispersion), but the shapes of the ECDFs are distorted, as the normal 

levelling of the ECDFs at large percentiles is absent. The median of the best (OX) result 

is about 0.88. 
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Figure 6.17.ECDFs for the lowest values of Gmux for 36 orientations of the HT in 
azimuth, for various antenna configurations and efficiencies, when 
the HT is in the Vertical operating position. 

The worst Gmux results are shown in Figure 6.17. It can be seen that in this case, 

the OX position still results in the greatest values of Gmux, but the ECDFs are again 

distorted, this time with their low-probability tails absent. The median value that is the 

greatest among medians for different antenna configurations and efficiencies is about 

0.42. 
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When the HT is in the Data operating position, the greatest values of Gmux are 

achieved with the BC antenna configuration (balanced efficiencies). When the HT is in 

the Talk operating position, the greatest values of Gmux are again achieved with the BX 

configuration (balanced efficiencies). Although the same tail distortions prevail, there is 

much more disparity in results for different antenna configurations, as well as for 

different antenna efficiencies, when the HT is in this operating position. 

A summary of median results concerning the influence of HT orientation on 

eigenvalue dispersion can be found in TABLE 6.4. 

TABLE 6.4. Medians for the Greatest Values of Gmux in Specified Groups 
of Results 

— Gmux 
Group Vertical Position Data Position Talk Position 

Average of results 
for 36 orientations 

.67+ .67* .71* 

Best in those for 36 
orientations 

,88+ .91* .95* 

Worst in those for 
36 orientations 

,42+ .35* .38* 

All Results .66+ .65* .71* 
+OX configuration, un balanced efficiencies 
*BC configuration, balanced efficiencies 
#OX configuration, balanced efficiencies 

TABLE 6.4. shows that the lowest values of eigenvalue dispersion (greatest 

values of Gmux) are obtained with different antenna configurations in the three different 

HT positions. Values in this table also indicate that the lowest values of eigenvalue 

dispersion are obtained when the HT is in the Talk operating position. TABLE 6.3. 

indicates that the greatest values of Gant are obtained with this same position. One would 

therefore expect the greatest values of outage capacity to be obtained when the HT is in 

this position. 
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6.5.4.3. The Influence of HT Orientation, Antenna Configuration, Antenna Element 

Efficiency and HT Operating Position on Outage Capacity. 

Figure 6.18. shows plots of outage capacity ( C0) at an outage probability of 10% 

for the various cases of antenna configuration and efficiency averaged over 36 different 

HT orientations, when the HT is in the Vertical operating position. 
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Figure 6.18. Outage capacity at an outage probability of 10 %, with the HT in 
the Vertical operating position. 

The figure clearly shows that at all values of average system SNR, capacity is 

greatest when the antenna elements are at the bottom of the terminal. This is the same as 

the result obtained without the averaging over all orientations before estimation of the 

ECDF. Outage capacity is significantly lower for the OX antenna configurations 

regardless of the efficiency combination. The same behaviour is true at all outage 

probabilities and for the averages over 36 orientations in azimuth, as well as for the best 

and worst cases. 
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Results for outage capacities as a function of HT orientation in azimuth with the 

terminal in the Data operating position show that the highest outage capacities are always 

achieved with the BX antenna configuration. Results for different antenna efficiencies are 

not distinguishable. In this case, there may sometimes be a statistically significant 

difference between BX and BC results. OX results are sometimes as good as BC results, 

depending on outage probability. 

With the HT in the Talk operating position, results are again consistently the best 

with the BX antenna configuration. At some values of outage probability BC and OX 

results are almost as good. However, at other outage probabilities there is a significant 

disparity among results. 

A summary of Median capacity results for selected outage probabilities can be 

seen in TABLE 6.5. 

TABLE 6.5. Outage Capacities for an Average System SNR of 10 dB for 
Specified Groups of Results 

Outage Capacity (bps/Hz) 
Vertical Position Oata Position ralk Position 

Outage Prob. (%) 10 25 50 90 10 25 50 90 10 25 50 90 
Average of results for 

36 orientations 2.40 2.85 3.42 4.50 1.71 2.13 2.72 4.14 2.70 3.00 3.54 4.38 

Best in those for 36 
orientations 2.76 3.30 3.90 5.00 2.10 2.64 3.35 4.79 3.35 3.77 4.23 5.07 

Worst in those for 36 
orientations 1.93 2.35 2.93 3.87 1.15 1.55 2.10 3.58 1.73 2.16 2.68 3.72 

All Results 2.32 2.86 3.45 4.58 1.62 2.08 2.75 4.25 2.47 3.03 3.53 4.53 

The values in TABLE 6.5. indicate that median outage capacities can vary by 1 

bps/Hz as a function of HT orientation, for the Vertical HT operating position. For the 

data and Talk operating positions, these medians vary by about 1.25 bps/Hz and 1.55 

bps/Hz with HT orientation, respectively. The table also shows that the largest outage 

capacities can be obtained with the HT in the Talk operating position. The lowest 

capacities are obtained with the HT in the Data operating position. 
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6.6. Summary 

• The greatest values of Gant can be obtained when the antennas are in the bottom 

of the HT, regardless of its position. The statistical difference of those results for 

the cases of co-polarized or cross-polarized bottom elements is considered 

negligible most of the time. In a few instances Gant is greater when these antennas 

are cross-polarized. Gant is significantly poorer in most instances when the 

opposite, cross-polarized antenna pair is used. 

• ^am is often greatest when the antennas are not equally efficient. However, it is 

considered that this is because the unbalanced cases studied in this work all had 

one antenna that was more efficient than the antennas studied in the balanced 

cases. Even under these conditions, values of Gam are not significantly lower 

when the antennas were equally efficient. This leads to the conclusion that two 

equally efficient antennas would give the best performance, provided that they are 

highly efficient. 

• The smallest values of eigenvalue dispersion can be obtained when the HT 

antennas are on opposite sides of the terminal, with one at the top and one at the 

bottom, and when these antennas are cross-polarized (the so-called OX 

configuration). When the HT is in the Talk operating position, the difference with 

respect to eigenvalue dispersion with the other antenna configurations can be 

significant. 

• The greatest outage capacities can be obtained when the antennas are at the 

bottom of the HT, and are cross-polarized. When one considers the foregoing 

conclusion, which indicates that diversity and multiplexing gains would be greater 

much of the time when another (OX) antenna configuration were employed, it is 

clear that average MIMO system SNR, which is influenced directly by Ganl, is 

more valuable over eigenvalue dispersion in determining MIMO link capacity. 
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• Statistical distributions for Gant, eigenvalue dispersion and outage capacity appear 

to be the same whether results for a single street location are averaged over 

orientation before the distributions are estimated or not. 

• When there is perfect power control in the system under study, and the SNR on every 

base station to handheld terminal link is 10 dB, the difference between the worst 

achievable and best achievable capacity at the medians of the distributions 

estimated using data from all street locations is never greater than 1.55 bps/Hz, for 

any of the three HT positions that were considered, at any of the outage 

probabilities that were considered. 

• Under conditions of perfect power control in the system under study, when results 

from all street locations are considered without any averaging before statistical 

distributions are estimated, outage capacities between 1.62 and 2.47 bps/Hz, 

between 2.08 and 3.03 bps/Hz, between 2.75 and 3.53 bps/Hz, and between 4.25 

and 4.58 bps/Hz can be achieved regardless of which of the three HT operating 

positions considered herein is employed, when the average MIMO link SNR is 10 

dB, at outage probabilities of 10, 25, 50, and 90 percent, respectively. These 

values are for a 4x 2 MIMO microcellular system having a BS with an antenna 

height of around 6m above street level in a high-rise environment, when there is 

no line of sight between the BS and the HT, and when multipath signals that are 

received at the HT depart from the BS with a uniform distribution of angles in the 

azimuth plane. The stipulation of a uniform probability distribution for AODs at 

the BS is an assumption that was made during the work reported here, in the 

absence of experimental data. It is considered that this distribution may, in fact, 

apply, under the NLOS conditions that were studied. However, this is not known 

with certainty. It is considered that the effect of an error in this assumption on the 

comparisons reported herein among link performance parameters for the different 

antenna configurations and HT positions would be insignificant. However, the 

effect of such an error on the actual (rather than relative) values of these 

parameters would probably be to decrease eigenvalue dispersion, and yield outage 

capacity estimates that are higher than those that can actually be achieved. 
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CHAPTER 7 

SUMMARY, CONCLUSION AND TOPICS FOR FURTHER STUDY 

7.1. Summary 

The objective of the thesis project reported herein was about characterizing and 

utilizing multipath clusters on radio channels and the subsequent prediction of the 

performance of multi-antenna mobile radio systems. Based on propagation measurement 

data, analysis of the clustering nature of wireless channels was reported in Chapter 4, 

where the identification of multipath clusters was used to aid in modelling the time-

varying behaviour of the measured channels. The following are reported: a new algorithm 

for the identification of multipath clusters, a new method to find the length of intervals, 

referred to herein as consistency intervals, in which multipath characteristics remain fairly 

constant, and a new algorithm for modelling variations, with time, of the power in 

multipath clusters. 

In the work reported in Chapter 5, the knowledge of the clustering nature of 

wireless channels was taken advantage of in order to develop new transmission 

techniques that improve multi-antenna system performance in MIMO broadcasting 

systems and cognitive radio systems. A new algorithm that performs joint Tx-Rx 

beamforming toward interacting objects associated with the strongest clusters was 

introduced. The algorithm that was introduced increases the multiuser diversity in MIMO 

broadcasting systems. In addition, this algorithm was modified and further applied to 

allow the simultaneous coexistence of primary users, as well as secondary users in 

cognitive radio systems, in the same frequency band, without violating the QoS at the 

terminals of the primary users. 

In Chapter 6, propagation measurement data was used to evaluate the performance 

of MIMO radio links in which user handheld terminals have a number of alternate receive 

antennas. MIMO channel matrices synthesized using multipath parameter estimates from 

the propagation data were used to study the effect of the antenna configuration, handheld 
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terminal operating position, and the efficiency of antenna elements on MIMO radio link 

performance. 

7.2. Conclusion 

The work reported in this thesis gives significant insight into the spatial structure 

of real-world multiple antenna channels and its effect on the ability of MIMO systems in 

constructing multiple spatial layers of data streams. A useful picture of the influence of 

the spatial structure of MIMO channels can be obtained by thinking of the arrival of the 

received radio signals as the reception of number of streams of energy that arrive through 

multiple different pipes. It is concluded that not only do such "effective pipes" exist, but 

the numbers of these pipes and their parameters have a time-varying nature. This work 

also has shown that the characterization of this continuously-changing "flow" of energy 

through multipath clusters involves a number of challenges, with many questions yet to 

be fully answered. 

The first challenge is to correctly identify legitimate multipath clusters. To avoid 

the time-consuming visual inspection approach, several automatic clustering techniques 

have previously been reported. Some of these so-called "clustering" techniques are 

variations of the vector quantization (VQ) technique, which is often used successfully in 

applications where different dimensions of the space of interest have the same units. For 

example, in image processing, both the x-axis and y-axis have the same units: pixels. 

Applying such VQ-based technique to identify multipath clusters leads to the problem of 

having to deal with parameters whose dimensions are different in nature, such as delay 

and AOA. Using parameter normalization or the Kernel density estimation techniques to 

solve this problem yields results that are, intuitively, not completely satisfactory. 

An alternate approach that has previously been used to identify multipath clusters 

depends on performing the clustering sequentially in different dimensions. While this 

approach avoids the complexity and intuitive concerns resulting from dealing jointly with 

parameters having different natures, it neglects consideration of the interdependent 

character of delay and angle parameters, which results naturally from the geometrical 

structure of interacting objects in environments surrounding a radio link. Consideration of 

these facts led to the conclusion that pre-existing clustering methods had to be improved 
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upon. It is believed the needed improvements have been provided during the work 

reported here by the introduction of a new clustering algorithm. This new algorithm 

avoids normalizing parameters with different natures, and takes the joint distribution of 

delay and angle parameters into consideration. In doing so, it maintains the "sense" of the 

visual meaning of multipath clusters, since the shapes of the identified clusters are almost 

identical to those of the clusters that would have resulted from using the visual inspection 

method. These shapes reflect the influence of the geometrical structure of the interacting 

objects on the delay and angular parameters of each cluster. The proposed algorithm can 

be used to successfully identify both active intervals for the different SSMCs, and 

dormant intervals. However, the proposed algorithm fails to identify the cases where an 

AMC region contains two or more SSMCs (i.e., it fails to detect when a multipath cluster 

splits into two or more clusters). Implementations of such ability must be left as a topic 

for further study. 

A second challenge is associated with characterizing the time-varying nature of 

multipath clusters. In the work reported in this thesis, the number of multipath clusters 

and the change in their power, rms DS, and rms AS, were modelled. However, no attempt 

was made to model the change in the location of a particular multipath cluster in the delay 

and angular domains. In addition, the statistics of the consistency intervals were defined 

by assuming thresholds with different arbitrary values. When using such statistics to 

model the length of the simulated "drops" or "segments," it is believed that the specific 

"true and meaningful" threshold value should be decided on in accordance with the 

resolution of the simulated parameters. For example, it is not meaningful to simulate 

consistency intervals according to statistics coming from wideband measurements if the 

simulator itself is narrowband. Finding the different statistics of consistency intervals that 

can be used in simulators with different resolutions in the delay and angular domains is 

not addressed in this work. It is concluded, however, that this is a necessary extension of 

this work. 

Despite all the modelling complications that are caused by the time-varying nature 

of multipath clusters, a significant part of the work in this thesis targeted the utilization of 

such clusters to improve the performance of multiple antenna systems. It is concluded 
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from this work that the concentration of a significant portion of the power of radio signals 

towards IOs that give rise to a few multipath clusters leads to significant benefit from the 

use of multipath clusters as "paths" or "pipes" in the transfer of signal energy from a BS 

Tx to the user's receivers in multiuser systems. The usefulness of this principle was 

herein demonstrated for both broadcasting and cognitive radio systems. Based on this 

successful demonstration, it can also be concluded that the availability of an accurate 

model that incorporates the time-varying nature of multiple antenna channels would give 

more accuracy to the performance of the introduced beamforming-based transmission 

techniques. It is further believed that the slower changes in the power, delay, and angular 

parameters of multipath clusters could allow time for learning that could result in (a) 

reducing the number of needed feedback bits and (b) increasing the effectiveness of the 

proposed beamforming-based techniques; however, if not properly tracked, these slow 

changes could also negatively affect the multiuser diversity gain achieved by those 

techniques. Unfortunately, the modelling of time variations on the channels studied was 

performed subsequent to the investigation of benefits from incorporating consideration of 

clustering into broadcasting and cognitive system designs. The extension of such system 

designs so as to be adaptive to changing channel characteristics had, therefore, to be left 

as a topic for further study. 

When evaluating MIMO wireless channels, the focus is usually given to the 

capacity gain that can be achieved via spatial multiplexing. However, it is also concluded 

that the initial claims of a few others that a full evaluation of a MIMO link should not 

only consider its spatial characteristics, but also variations in power gain that influence 

local SNR, are valid. The work reported in Chapter 6 demonstrated that different antenna 

parameters such as radiation pattern, position, and orientation affect both the multiplexing 

gain and the effective power gain of a MIMO link. The compromise between the 

achievements of the best of these two was studied. This work revealed that, on average, 

the effective power gain of a MIMO link has greater effect on the achievable capacity 

than multiplexing gain. It was also concluded that when there is no control over the 

orientation of the receive device, the closer the radiation patterns of the antenna elements 

are to isotropic, the higher the achieved capacity. This is because collecting the power of 
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the received signal from all directions has more effect in increasing the achievable 

capacity than the effect of increasing the multiplexing gain. 

7.3. Topics for Further Study 

In the near future, CRC plans to make double-directional sounding measurements 

from which the AOD (at sounder Tx) of each MPC can be estimated, in addition to all the 

parameters that were estimated from the measurements reported in this thesis. Based on 

such double-directional measurements, the work of this thesis could be extended as 

follows: 

The 2D clustering algorithm (introduced in Chapter 4) could be extended to group 

the MPCs in 3D (i.e., AOD, AOA, and delay). This could be done by extracting the ID 

waveform using a vector that scans the 3D space, and then applying the ID valley 

detection algorithm to each of the resulting ID waveforms. Following the same steps used 

in Chapter 4, the parameters of the multipath clusters and their time-varying behaviour 

could be modelled. The resulting models could be used to build a software channel 

simulator. However, the proposed algorithm fails to detect when a multipath cluster splits 

into two or more clusters. Implementation of such an ability is left as a topic for further 

study. 

Finding the different statistics of consistency intervals that can be used in 

simulators with different resolutions in the delay and angular domains is not addressed in 

this work. It is believed however, that this is a necessary extension of this work. The 

results from modelling the lengths of consistency intervals and the time-varying 

behaviour of multipath clusters can be integrated within existing channel models, for 

example, to identify the length of the simulation "drops." 

The performance comparison work performed in Chapter 6 could employ double-

directional results (instead of using the uniform AOD assumption) to do further 

evaluation for different Rx antennas. The results from using the double-directional 

measurements could also be compared with the results reported in Chapter 6 to study the 

effect of the uniform AODs assumption on the capacities of MIMO-links. 
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The work in Chapter 5 could be extended to use wireless channel multipath 

clusters (using the AOD estimation approach and the joint Tx-Rx beamforming) within a 

cross-layer frame work to improve system performance in cooperative communication 

systems. Multipath clusters on wireless channels can be visualized as being a rich and 

massive network of "pipes" (with different sizes) connecting the communication 

terminals where, cooperatively, the proposed techniques could be used to determine the 

"best pipes" (i.e., the best clusters) to be used such that system performance is optimized. 

The results from Chapter 4 show that the strong clusters on wireless channels stay 

intact for a reasonably long interval of time. This fact leads to the idea of having 

communication terminals use the AOD estimation/ joint Tx-Rx beamforming approach to 

learn about their environment (i.e., the surrounding strong clusters) in a gradual manner 

and adapt their transmission/receiving techniques (i.e., the joint Tx-Rx beamforming) 

accordingly. It is believed that this gradual learning/adaptation would have a strong effect 

on reducing the needed feedback bits, improving the accuracy of estimating the quality 

and directionality of the channel, and accordingly, improving the joint Tx-Rx 

beamforming. 
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