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Abstract

Wireless communication using multiple-input multiple-output (MIMO) technology enables
increased spectral efficiency. The successful deployment of commercial MIMO systems re-
quires a strong understanding of the channel conditions to achieve desired BER performance.
A simple channel model that is frequently used in MIMO research assumes i.i.d.complex Gaus-
sian distributed channel gains to describe the channel links. However, this model ignores com-
moﬁ propagation effects present in outdoor environments. On the other hand, the wireless
channel is very complex to describe using closed-form expressions.

The objective of the work presented in this thesis is to parameterise the wireless chan-
nel using metrics and use these to predict the bit-error rate (BER) performance for different
simulated MIMO techniques. The data measurements were obtained in Ottawa, Ontario at
approximately 2 GHz, using the CRC MIMO testbed. Communications systems employing
spatial multiplexing or space-time block coding (STBC) are mainly designed for operation
under ideal channel characteristics. We consider 1) Vertical-Bell Labs Layered Space-Time
(V-BLAST) architecture and 2) a QPSK-based quasi-orthogonal STBC.

The measured data exhibit different location-specific characteristics. In some regions, the
spatial correlation is low resulting in high diversity and high available mutual information. In
others, spatial correlation is higher. Of all the metrics considered, we have identified six that
provide useful information to describe the wireless channel. These include effective channel
rank, correlation and diversity. The impact of signal power has also been investigated.

It has been found that the performance spatial multiplexing is dominantly dependent on the
smallest eigenvalue of the spatial correlation matrix. It is not, however, as useful in predicting
the performance of STBC. Spatial correlations appear to improve the BER performance of

STBC by improving the effective average SNR. It is important to note this trend is opposite to

iv



that found in spatial multiplexing. The largest eigenvalue also appears to have an impact on
STBC performance. Also, it is shown that mutual information is sufficient enough to describe
channel behaviour. These metrics give insight into the dominant propagation mechanisms in
the environment and demonstrate the effectiveness of this kind of measurements in character-

ising the behaviour of the mobile radio channel.
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Chapter 1

Overview of Thesis

1.1 Introduction

In wireless communications systems, there is an endless demand for increased capacity and
improved quality. Researchers have studied ways to address these issues by using multiple
antennas in an effort to improve performance of the wireless link.

Performance, which depends on the application, is often measured as the spectral effi-
ciency (bps/Hz) that the channel can provide. The capacity of wireless channels can be in-
creased without using additional bandwidth or power by using multiple-input multiple-output
(MIMO) technology. MIMO configurations exploit the spatial diversity of the multipath chan-
nel by using arrays of M and /V antenna elements at the transmitter and receiver, respectively.
The bit-error rate (BER) performance is a feature of the signal processing and describes how
much information can be reliably transmitted through the channel. For a given channel and
processing technique, maximum BER performance and reliability is desired the most.

A typical wireless channel as encountered by a mobile device is depicted in Figure 1.1.
The presence of scattering objects, terrain, and the dynamic nature of the mobile all affect the

response of the wireless channel and can potentially degrade system performance.
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tor
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encoder 9
processing

Figure 1.1: Illustration of a local multipath environment.

For a system designer, the utilisation of MIMO technology requires an understanding of
the site-specific behaviour of the mobile radio channel. Industry Canada is interested in seeing
the real capacity gains using a given MIMO technique in different microcells. The appropriate
bandwidths need to be properly assigned to achieve an acceptable level of operation.

To date, there are many publications that study the parameterisation of narrowband MIMO
communications channels using channel models developed that emulate propagation condi-
tions. However, these models ignore typical propagation effects such as refraction, diffraction
and reflection or correlations between the different channel links, all of which are present in
the outdoor channel. The most accurate method to determine channel behaviour at a given
site is through analysis of channel measurements and few research studies use these results to

predict BER performances reliably. Most research uses less accurate empirical methods.

1.2 Literature Review

There has been considerable amount of literature devoted to the characterisation/parameterisation

of the mobile radio channel. A review of outdoor measurement and theoretical modeling liter-
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ature is given next.

1.2.1 Wireless Channel Studies

An interest in understanding the behaviour of wireless MIMO systems has prompted many
field measurement campaigns within the last 10 years [1-5]. Wallace and Jensen [1] report on
the development of an experimental 4 x 4 platform designed to measure the channel matrix
for indoor and outdoor MIMO channels. This system allows the characterisation of multi-
path MIMO channels without the need for lengthly statistical analysis and difficult ray tracing
methods. In 2002, Ling et al. surveyed narrowband MIMO channel measurements in down-
town Manhattan using a 16 x 16 system [2] and obtained results similar to those predicted by
theory for full scattering channels.

Statistical studies of ‘MIMO channels in [3] use channel impulse response estimates to
model paths with different delays and associated correlation matrices. This system, different
from [1], allows for the extraction of paths to determine correlation coefficients using varying
antenna polarisations to help observe resolvable multipath behaviour.

In [4], the effect of scattering clusters in outdoor MIMO channels is investigated. Results
summarise the impact of the number of scattering clusters on system performance based on
correlation coefficients, channel capacity, and angular spread distributions.

Six measurement campaigns are reported [6-10] that determine the angular spread of sig-
nals arriving at the mobile receiver. Measurements in Frankfurt, Germany, which has a strong
resemblance to American cities with mountainous profiles (high-rise center, surrounded by
low-rise buildings) are described in [6]. In [7], measurements in Paris, France, use direction-
of-arrival at the mobile to identify how a far scatterer cluster affects delay dispersion. In [8],
measurements in Mulhouse, France demonstrate the phenomenon of a rank deficient channel.

However, the lack of scattering clusters, small angular spread, and little received signal energy
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from the direction of the mobile are opposite to that expected in a poor channel due to low
rank. Measurements in Helsinki, Finland [9] characterise scattering clusters and their associ-
ated power distributions. The power distributions for a given location are useful in modeling
signal interactions specific to the local environment. In Stockholm, Sweden [10] rank deficient
behaviour was observed in urban areas characterised by multiple clusters. However, the low
rank typical of a simple channel was present in a rich-scattering environment.

Measurements in [5] helped in establishing a model that describes the capacity behaviour
of the outdoor channel accurately by determining the key propagation parameters and the con-

ditions needed to establish a high-rank MIMO channel where system throughput is high.

1.2.2 Theoretical Studies

The mobile radio channel has been extensively studied using theoretical models such as Rayleigh.
Foschini and Gans [11] and Teletar [12] examined the theoretical limits of the capacity of wire-
less MIMO communications systems. A fading environment is used to demonstrate the effects
on capacity, receiver/transmitter diversity, and mutual information in an ideal Rayleigh-fading
case. In [13], Goldsmith et al. summarised capacity limits of MIMO systems in muitiple
access (MA) channels by first exploring single-user channels and then exploiting MIMO tech-
nologies to enable multiple access, thereby increasing spectral efficiency. Sklar [14] presented
a tutorial describing small-scale and large-scale fading in a wireless communications system.
Biglieri [15] presents a complete review of wireless communications systems including statis-
tical models of fading channels, the impact of fading channels on code design, and the effect
of fading on mutual information, described as the important figures of merit.

Other theoretical studies on wireless MIMO communications include [11, 16-21] which
study the effect of fading correlations on the performance of MIMO systems primarily using

mutual information and outage probability as performance descriptors.
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With respect to spatial channel correlations and geometric scattering models, research
in {22] and [23] serves to characterise and model scattering in wireless channels linked by
correlation through the diagonal entries of the covariance matrix. In [22] we find geometrical
scattering models such as one-ring, combined-elliptical-ring, one-disk and double-bounce that
closely describe real signal interactions in an outdoor wireless channel. They demonstrate the
positive impact of diagonal correlations on channel capacity and compensate for receive and
transmit correlations. Shin and Lee [23] study MIMO fading channels by observing fading
correlations using double scattering propagation models. By controlling the effective number
of scatterers and correlation parameters at the transmitter/receiver, they demonstrate the impact
on mutual information and channel rank. For outdoor environments, models presented in [24]
help explain the rank deficient behaviour of channels where correlation in the channel matrix
is zero yet only a single degree of freedom exists.

The orientation of the receive/transmit antenna arrays is often omitted in research on the
performance of wireless channels. The MIMO scattering model in [25] looks theoretically at
the impact of antenna array orientation on channel spatial correlation and mutual information.
Orientation affects the observed angle of arrival distributions and the average spread of incom-
ing signals. For the purposes of this thesis, we do not consider array orientation since such
information is contained within measurements and is not easily extracted.

There are a number of studies that present a means of quantifying channels [26-32]. Ivrla¢
and Nossek [26] quantify the amount of diversity and correlation present in a fading MIMO
channel separable at the transmitter, receiver or combined. Environmental issues for MIMO
systems are discussed in [27] where information theoretic capacity is the main performance
metric using an informed/uninformed transmitter and varying levels of channel complexity,

for example, interferers.
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Burel [28] uses random matrix theory to perform a statistical analysis on the smallest singu-
lar value in MIMO transmission systems relating to the minimum distance of received vectors;
an important factor in the performance of certain types of MIMO techniques. Heath and Dan-
dekar [29], [30] illustrate various characterisation metrics for narrowband MIMO channels and
present results for a 7 x 7 system operating in an outdoor urban area through simulation. In
total, 4 possible metrics are presented, each fulfilling a different set of requirements. Recognis-
ing the need for performance using site-specific data, they simulate downtown Austin, Texas,
using electromagnetic ray-tracing software. Characterisation in [31] of MIMO channels is
done using Euclidean distances to quantify spatial multiplexing and diversity. In analysing
high-rank line-of-sight MIMO channels in [32] a description for the effective degrees of free-
dom quantifies the number of spatial data pipes available in the channel, thus mirroring the

result of mutual information.

1.3 Objective of Thesis

This thesis focuses on the characterisation of outdoor narrowband MIMO channels using met-
rics and the performance prediction of different techniques operating on these channels. Chap-

ter 3 through Chapter 6 contain the main contributions which can be summarised as follows:

e We describe the behaviour of a wireless MIMO channel using a suitable set of channel

metrics obtained from measured channel responses;

o Using metrics introduced by Irvla¢ and Nossek [26], we evaluate the amount of diversity

and correlation present in the wireless channel using measured channel responses;

e We simulate the BER performance of spatial multiplexing and space-time block coding

using measured channel responses;
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We evaluate the BER performance of spatial multiplexing and space-time block coding

over spatially correlated MIMO channels using Monte-Carlo simulation techniques;

e We analyse complex impulse response data from extensive outdoor urban, suburban, and

rural measurement campaigns performed in Ottawa;

e We compare the simulated BER performance of spatial multiplexing and space-time

block coding to the parameterised channel metrics;
e We obtain a first-order BER performance prediction using the above results;

e We use measured channel data to show that the channel eigenvalues are preferred over

mutual information as the best performance measure for a MIMO channel; and

e We show that the channel eigenvalues are an important performance indicator for system

design and is independent of location;

Furthermore, there are many potential applications to which the measured channel responses
can be applied [33]. Bandwidth allocation is an important design criteria for wireless system
designers. The bandwidth assigned to each user in a MIMO communications system must
not be large enough to cause frequency selective fading. System planners and academic re-
searchers can use the information presented in this thesis to properly develop a system capable
of operating in an outdoor environment. Such systems designed with theoretical models for
propagation may fail in a given scenerio, leaving the operator and end user to cope with poor

system performance.
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1.4 Content of Thesis

This thesis is divided into 7 major chapters, as follows. In Chapter 2, we introduce MIMO
for mobile radio channels. The propagation characteristics and types of mathematical channel
models available are discussed. Channel paramaterisation using quantitative metrics are given
to characterise the mobile channel. Lastly, we briefly discuss space-time architecture and
coding schemes.

In Chapter 3, we introduce the MIMO testbed used in this work, our channel model, meth-
ods for impulse extraction, noise effects on mutual information estimates, and reasoning for
metric subset selection.

In Chapter 4, we present our outdoor channel measurement campaign in urban, suburban
and rural Ottawa, Ontario and include a description of the test, measurement setup, and site
local to the mobile receiver.

In Chapter 5, we present the parameterised channel results and BER performance for urban,
suburban and rural Ottawa using different MIMO techniques. The chapter concludes with a
site analysis to correlate metric results with location.

In Chapter 6, we introduce the methodology used to predict performance of MIMO tech-
niques in the mobile channel. Linear regression and the coefficient of correlation are used to
evaluate BER versus metric results to determine a suitable predictor. The chapter concludes by
showing prediction results using the best predictor the measurement campaign.

In Chapter 7, the contributions of the previous chapters are summarised and conclusions
based on 1) MIMO technique, 2) location, and 3) channel metric are presented. The chapter

concludes by describing future work that could be undertaken.



Chapter 2

MIMO for Mobile Radio Channels

In this chapter we review the propagation characteristics of mobile radio channels. We then
discuss MIMO channel models and define a collection of metrics used to parameterise them.
We then highlight current space-time technologies that employ MIMO techniques.

MIMO systems employ multiple antennas at both the transmitter and receiver. This enables
the use of spatial multiplexing and/or diversity gains through space-time coding techniques. In

general, research on MIMO systems assume the following:

1. The power and angular spread of the signals follow a Rayleigh distribution with wide,

often uniform angular distribution;
2. There exists sufficient richness of multipath components; and

3. The transmit/receive antennas are identical and arranged to achieve decorrelation and

low mutual coupling between elements.

Teletar [12], Foschini and Gans [11] used these assumptions to determine the limits, trends and
performance of a MIMO communication channel. However, the behaviour of a radio system

in an outdoor environment does not necessarily conform to these assumptions.
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2.1 The Mobile Radio Channel

The modeling and characterisation of the propagation channel are important to understanding
and deploying mobile communication systems. The mobile radio channel is the main con-
tributor to many of the limitations of mobile communication. In the context of interest here,
characterisation involves classification of the terrain and making conclusions that are used with
other locations with similar characteristics.

The three basic mechanisms which govern radio propagation are attributed to reflection,
diffraction, and scattering [34]. Consider, for example, a mobile communication system de-
ployed in a large urban center. The receiver is well below the maximum height of the local
structures, where most communication is due to scattering of electromagnetic waves from sur-
faces and diffraction at the edges of the structures. Reflection occurs when the electromagnetic
wave bounces off a structure with dimensions much larger than the wavelength of the signal.
The angle of reflection is determined by Snell’s law. More objects will cause reflection at high
frequency than lower frequencies. Diffraction is the phenomenon where signals travel around
an obstacle. Thus, propagation into regions with no line-of-sight (LOS) can be attributed to
diffraction. Scattering occurs when the signal interacts with objects having dimensions on the
order of a wavelength or less, causing signal energy to be reradiated in different directions,
and is the most difficult mechanism to predict. These three mechanisms combined cause the
original signal to be dispersed and the received signal is the vector sum of signals from many
distinct paths [35].

In an environment with many objects, such as an urban center, each multipath component
arrives from a different direction with different time delay’, amplitude and phase. Once at the

receiver, these components combine constructively or destructively due to varying path lengths.

'The path length is invariably linked to the time delay.
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The received signal is also attenuated due to large-scale fading between the transmitter and
receiver pair [36] and suffers from losses including absorption and dispersion. The trajectories
of the signal paths are determined by the location of scatterers. If the scatterers are mobile, a
fixed reference point in space will experience a received signal that varies in time?. Thus, an

appropriate radio channel model must take into account these mechanisms.

2.2 Mathematical Channel Model

‘Z/ W§7/ R
‘ M\T‘" \/N -

. \ propagation \|
Fixed A channel

Tx

Figure 2.1: Illustration of a MIMO system with M transmit and /N receive antennas.

Consider the MIMO communication system illustrated in Figure 2.1 with M transmit an-
tennas and NV receive antennas. To describe the behaviour of the wireless propagation chan-
nel, narrowband channel estimates are used to define a channel matrix, H, determined by the
site-specific scattering environment. In MIMO systems, the channel is divided into many nar-
rowband flat fading subchannels for each user, without the need for channel equalisation and
minimising bandwidth consumption.

For narrowband MIMO systems, the channel gains between the receiver and transmitter for

each sample in time can be modeled using

x=H®s+n 2.1

ZDifferent locations in three dimensional space receive different signals due to the different vector phase
relationships between signals [34].
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where

b

complex receive signal output vector;

H N x M complex channel matrix where h; ;, i =1,2,...,,N and j = 1,2,...,M are the
complex channel gains encountered by the signal that is transmitted by transmit
antenna j and received by receive antenna ¢ with £{|h;;|?} = o2 =1
and the superscript denotes the index of the matrix sample at time k;

s complex transmitted QPSK signal vector; and
n zero mean complex Gaussian noise.

The received signal (2.1) is a linear transformation of the transmitted information and therefore
recovery can be performed using, for example, maximum likelihood (ML) or minimum mean-
squared error (MMSE) detection.

Since the actual received signal power varies as a function of location, some type of channel
normalisation is necessary to make the average signal-to-noise ratio, -y, independent of location
in the environment, i.e. correcting for path loss. A common normalisation used in practice is to
scale the channel matrices such that on average, the power transfer between a single transmit-
receive pair is unity. Consider the following, let H® and H®) represent the measured and

normalised matrices, respectively. The normalisation operation is given by
H® = Ag® (2.2)

where

-1
A= < 1 i i 3 HY |2> 2 (2.3)
KMN ; H
where K is the total number of matrix samples. By choosing the appropriate number of K
samples, the normalisation in (2.3) allows the effect of path loss on the channel behaviour to
be analysed without the need of a model.

Researchers often use simplistic models such as the Rayleigh fading model to generate NV x

M dimensional channels with mutually independent links to describe outdoor environments.
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Real-world measurements differ from those predicted using models such as these. In [23],
researchers take into account realistic propagation environments by including spatial fading
correlations and scattering around the transmitter/receiver pair. The two most relevant models

are discussed next.

2.2.1 Spatially Correlated Model

In a spatially correlated MIMO channel, the channel matrix H may be modeled using the

following form, called the Kronecker model,
H = oY°H, o}’ (2.4)

where H,, is complex Normal®, and @y and @, are receive and transmit correlation matrices

which may have the form

1 pop p
p 1 p ... p

balp)= 1. . . . . (2.5)
ppp o 1,

where 0,(p) is a d**-order (d x d) positive definite matrix with correlation coefficient p [23].
This is not the only form of correlation matrix that is used [26]. The Kronecker model is
widely used and in general describes a channel with effective correlation at the receiver and
transmitter with little effect from scatterers. Thus, it does not accurately describe the proper-
ties of a outdoor environment which would typically include scattering clusters [24]. In order
to simulate the conditions observed in an outdoor wireless channel, we use a worst-case (uni-
formly distributed) Rayleigh-fading channel with parameters ®,, = 6),(p) and &5 = On(p).

By worst-case, the off-diagonals in the correlation matrix ® are all the same.

3This is usually denoted as CA/(0, aﬁl B), where I = In®I ¢ is a scaled identity matrix using the Kronecker
tensor product.
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2.2.2 Double Scattering Model

The previous model (2.4) assumed that there was only a single scattering process (H,,) and
cannot explain the low rank* behaviour of some MIMO channels. Gesbert et al. in [5] proposed
a doubile scattering channel model that exhibited rank-deficient effects including spatial fading
correlation given by

1
H= EQWH@;/ZH@M? (2.6)

where H; ~ CN(0,Iy®Is) and Hy ~ CN(0,1s®1s), S is the number of effective scatterers,
and correlation matrices ® 5, ®s, and ®g are the receive, transmit and scatterer correlation
matrices, respectively. The matrix (2.6) is similar to that found in [24] and uses scattering
to realistically model a wireless channel. It has been verified through simulation [23] that by
increasing p, the channel matrix in (2.6) becomes ill-conditioned. Similarly, S has the same
effect reported by Shin and Lee [23] who assert that the rank of the MIMO channel matrix is

primarily controlled through the effective number of scatterers, S.

2.3 Parameterisation using Metrics

In this thesis, we study the impact of site-specific environments on MIMO system performance.
Therefore we need a general performance metric, which is a function of H, that conveys some
information about the quality of the MIMO channel. In the case N = M = 1, “good” channels
have large amplitude gains. For MIMO channels, large amplitude gains are not necessarily a
sufficient condition of the channel to be considered good. The goodness of the channel de-
pends on choice of MIMO technique, the channel characteristics, as well as other factors.

Determining the quality of the MIMO channel realisation is necessary for predicting MIMO

“The rank of a matrix is the maximum number of independent rows (or, the maximum number of independent
columns).
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BER performance in a given environment. Bliss et al. [37] introduced a simple channel pa-
rameterisation for a set of experiments that is a function of the decomposed channel matrix,
the importance of which will become clear later.

Research [30] indicates that the most popular performance metric, ergodic channel ca-
pacity, for a MIMO communications link is very difficult to apply directly when analysing
site-specific channel measurements. In [12], the ergodic capacity of a MIMO communications

link with perfect channel state information (CSI) at the transmitter is given by

_ s H
Cy)= Qﬁgﬁlé‘ {logdet(IN + MHQH )} 2.7

where 7 is the signal-to-noise ratio (SNR) and Q is the signal covariance matrix that optimises
C(7) [38). Using site-specific (measured) channel information with (2.7) is difficult since the
distribution of the measured channel H is unknown.

From a set of channel realisations given by H = {H®} |, k-1, where H® is the
channel matrix measured at time k, and K identifies the cardinality of the set which is assumed
to be ergodic, we need to find a simple function that indicates channel quality according to
some performance metric [29]. Radio channel modeling in [39] identified the lengths over
which the angles of arrival, amplitudes and phases of the incoming radio waves remained
approximately constant in the channel. Collectively we refer to them as the angular spectra
(power versus angle of arrival) over a consistency length given in samples. Based on these
results, we determine the necessary sample size, or consistency length, to be K = 60 using the

following
e consistency of measured angular spectra ~2 m;
e vehicular velocity of 30 km/hr (8.333 m/s) in urban areas; and

e sampling rate of 250 samples/sec. [40]
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A sample size of K = 45 was reported in [41] using similar measurement data, corresponding
to a distance of 2 m at 40 km/hr and used in analysis of an urban microcell. The above sample
size is not suited to all environments. The data analysis in [39,42] would have to be carried
out again to determine the necessary sample size for a rural and suburban environment. In

Table 2.1, the sample sizes for a particular environment are estimated based on mobile speed.

Table 2.1: Consistency Length (X) Sample Summary
Urban | Suburban | Rural

45-60 80 200

A rural environment has a larger length compared to urban and suburban. To maintain our
assumptions, we select K = 60 and remain consistent throughout all measurement analy-
sis. There are many possible measures for MIMO communication channels. A collection of

possible metrics found in literature is described next.

2.3.1 Average Signal Strength
Average signal strength, P(H), is given by
1 K-1
P(H) = > IHW|% (2.8)
=0

where H has been normalised using (2.2). The operation introduces an effective power control

and corrects for path-loss, independent of location in the environment.

2.3.2 Path-loss

The path loss estimate, o(H), is given by
K-1

1
= QI
o(H) = T3z k§=0: IH®|2. (2.9)

The normalisation above corresponds to assuming that the system implements slow power

control to correct for path-loss, i.e. removing the effect of large-scale fading [29, 38].
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2.3.3 Average Mutual Information

The average mutual information, T(), gives an upper-limit estimate of the throughput that

can be achieved with no knowledge of the channel. It is given by:
1= 0 H
T(H) = — L g®R®
T(H) = = kgo log, det (IN + - H®H ) (2.10)

If the statistics in the local area over which H is collected are constant, we obtain an estimate
of the average mutual information {29]. If H(® is i.i.d., then the expression in (2.10) converges
to (2.7) as K increases if the channel statistics are stationary [30, 38].

Although I(H) is an estimate, no effort has been made in this thesis to determine its
bounds. Exact expressions for mutual information for small [43] and large [44,45] numbers of

antennas, have been obtained and are very tight to those in [12].

2.3.4 Outage Mutual Information

Mutual information, defined previously in (2.10), is instantaneous for a given realisation of
the channel matrix H. Since the channel matrix changes randomly, mutual information is also
random. Outage mutual information is related to outage probability, which is the fraction of

the time the mutual information falls below a given threshold Io,:qge [27], i€,

Pout(Toutage) = Pr{I < Ioutage}- (2.11)
For example, a mutual information of 20 bits/s/Hz with 1 percent outage probability means
that the mutual information will remain at least 20 bits/s/Hz for 99 percent of the time.
2.3.5 Channel Decomposition

The singular value (o) decomposition of H, or the related eigenvalue (A) decomposition of

HH?, is a useful metric for understanding the expected performance of a MIMO wireless
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communication system. Consider the following decomposition given by

N
HHY = UAUY =) \uuf (2.12)
i=1

where U = [u;...uy] is any unitary matrix of eigenvectors and A is a diagonal matrix of
eigenvalues A of HH” . In this definition we use \; < \g < A3 < Mgfor N = M = 4.

Due to the fading encountered in realistic channels, it is possible that the ratio Apmgz/Amin
HH¥ is large [34], i.e. one or more of )y, ..., Ay could be small. It can be seen that mutual
information in (2.10) is a function of the eigenvalues of HH. Therefore, a channel with rela-
tively small eigenvalues produces a small average mutual information. The optimum condition
would be when all the eigenvalues are equal and large, but in complex Gaussian (CG) channels
they are not.

The BER performance of MIMO systems in different types of fading channels were shown
in [46,47]. Research in [47] utilised the largest eigenmodes corresponding to the largest eigen-
value to perform eigenbeamforming to exploit the existence of scatterers in an urban environ-
ment. However, such a technique requires perfect CSI at the transmitter and receiver. It was
demonstrated in [48] that the feedback of CSI to the transmitter can result in self-interference

of the eigenbeams and is often omitted [47] in the selection of modes for transmission.

2.3.6 Multipath Richness

In [49] Andersen describes a measure of the richness of the MIMO scattering environment, .
The well-known formula for capacity in [12] is expanded to obtain the richness curve defined

as the sum of the log of the eigenvalues

U
=) logy(\) (2.13)

i=1

where ); is the i** eigenvalue of HH¥ and U = min(M, N). For a given location it is a

measure of the intrinsic multipath richness of the environment and is independent of power
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or SNR. This metric reveals a significant amount of information about the channel, in that the
number and angular spread of the multipath components affect the eigenvalues of H®) [49].
It is also important to note that richness is the same regardless of which direction the signal

energy propagates through the channel.

2.3.7 Normalised Average Mutual Information

If we want to compare the average mutual information of two different locations, it is pro-
posed in [29] to remove the average path-loss to determine the normalised average mutual

information, T,(H), given by

K-1

- 1 1

T,(H) = e 2 :logQ det (IN + %EH“‘)H(")H) (2.14)
k=0

where « is an estimate of the path-loss and normalised using (2.8). This is necessary to deter-
mine if the differences in T,() are due to differences in path-loss or to differences in channel
quality (rank, etc.) [29]. The above re-derives (2.10) as a function of small-scale variations.

This metric was used in [50] to analyse data from a MIMO measurement campaign.

2.3.8 Normalised Parallel Channel Gain

Eggers [51] stated that the independent parallel links provided by a MIMO technology can be
exploited to split the information transmitted into multiple low bandwidth channels. It is re-
ferred to as an equivalent orthogonal space division multiplex (OSDM) providing subchannels
in the spatial/angular domain; a parallel to orthogonal frequency division multiplex (OFDM)
which provides subchannels in the frequency domain.

OSDM can, like OFDM, mitigate against fading and time dispersion. However, OSDM’s
spatial subchannels have different power gains whereas OFDM has equal average gains and

50, only a few OSDM subchannels can be used to effectively convey information reliably.
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With interest only in the relative comparison between channels and array configurations [51],

we defined the normalised cumulative eigen channel gain, CG(H), given by

z Xig (2.15)

ma:,q im1

TG
where ¢ is the specified reference outage ratio 0 < ¢ < 1, and A;g > Amazg X g. Thus, we

have a simple means of describing the multiplexing potential of the environment and array

configuration.

2.3.9 Normalised Parallel Channel Capacity

Eggers decomposes the capacity in [12] for a MIMO link with no feedback as follows

U
Cw~ Zlogz = U -logy(7) — Ulogy (M) + ) _log,(X:) (2.16)

for U and ); defined previously. The last term describes the multiplexing contribution in
the total capacity. Using (2.16), the normalised parallel channel capacity, CC(H), is defined

as [51]
U

> logy(1+ Xiy) (2.17)

i=1

1

cor) = 1052()\maz,q)

where Amqzq > 1, and g is the reference outage ratio from (2.15).

2.3.10 Effective Rank

The effective rank of a MIMO communications link, R(H) [29], is given by
K-1

RH) == Z RH®) (2.18)

kO

where R(H®) = SV I(0; > G0pmaz) is the number of singular values of H®) greater than
a pre-defined fraction G of the maximum singular value 0y,,;, i.c. the effective number of
non-negligible singular values, and is an estimate of the number of spatial data pipes that are

available in the channel and does not depend on SNR.
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23.11 Effective Degrees of Freedom

The effective degrees of freedom [32], x, is given by
4 YA
H) = E — 2.19

where 1 is the average SNR. Equation (2.7) is written as a decomposition of U equivalent SISO
channels of matrix HH?, each with power gain );. When the average SNR and eigenvalues are
large, satisfying yA; > M, a 3 dB increase in SNR realises ~1 bits/s/Hz increase in capacity
for the sub-channel. It also quantifies how many of the equivalent SISO channels effectively
exhibit this increase.

An alternative definition given in [52] is x2(#), defined as

U

xa(H) =y — (220

Omazx

i=1
where o; and o,,,, are the i** and maximum singular value of H, respectively. In both defini-

tions, x has a range [1, min(N, M)].

2.3.12 Diversity

The diversity measure, U(R), of a MIMO system operating in Rayleigh fading is described
in [26]. Using the correlation matrix®> R = £{vec(H)vec(H)"} , it is defined as [26]

_(u®)\?
YR = (HRHF) @21

and has the property 1 < ¥(R) < N - M. The diversity measure quantifies the number of inde-
pendent paths available to the data propagating between transmitter and receiver. Squires et al.
demonstrated in [53] the use of the diversity measure in mitigating the effects of interference

and jamming sources in a wideband wireless system operating at 2.0375 GHz.

5The matrix R is strictly real for the vec(-)vec(-)* operation.
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2.3.13 Correlation

Using the diversity measure, we define the correlation measure for a Rayleigh fading MIMO

system. The correlation measure, (R), of a NM x N M correlation matrix R is given by [26]

®[R) = \/ 1—1#}\{;\1’4@ (2.22)

where W(R) was defined in (2.21). The correlation measure is inversely related to (2.21)
and quantifies the amount of spatial correlation present in the channel. Both diversity and
correlation are functions of the correlation matrix R = £{vec(H)vec(H)"} defined in [26].
The statistical analysis of the covariance matrix, R, has been shown to provide a useful metric

for describing a physical propagation environment [54,55].

2.4 Space-Time Architecture and Coding Schemes

In this section, we introduce the MIMO space-time architecture and coding schemes used to
estimate the bit-error performance using Matlab Simulations. Known channel models are used
with V-BLAST and STBC to obtain worst-case BER estimates of performance. Since the
characteristics of the channel are unknown, the simulations presented in this thesis assume

highly correlated channels [23,24].

24.1 V-BLAST

Spatial multiplexing is a popular method employed to increase the throughput of a MIMO
channel. However, the trade off may be a decrease in performance. The basic concept of

multiplexing is as follows:

e Divide (multiplex) the information to be transmitted; and

o Transmit the parallel data streams into space from different antennas.
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To recover the transmitted information, we employ space-time equalisation at the receiver;
subject to the constraint N > M, the data streams can be separated by the receiver if the fading
processes of the spatial channels are almost independent.

Vertical Bell Labs Layered Space-Time (V-BLAST) architecture {S6] was one of the first
spatial multiplexing systems and performs well when channel estimates are good. Figure 2.2
shows the block diagram of a typical V-BLAST implementation over a MIMO communications

channel. The V-BLAST system model is represented using (2.1),

-
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Figure 2.2: Block diagram of an uncoded V-BLAST system.

X=Hs+N (2.23)
where
X complex receive signal output;
H channel matrix;
s spatially-multiplexed transmitted symbol vector [sy, s2, ..., sF]’; and
N zero mean complex Gaussian noise.

and F' < M is the length of the vector.
The V-BLAST detection algorithm utilises interference suppression and symbol cancela-

tion to successively detect symbols from each transmit antenna. When detecting the 7** symbol,
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all other symbols are treated as interferers. Linear nulling is used in interference suppression
by weighting the received vector to satisfy a performance criterion. Many types of detection
are available, of which the most common use minimum mean-squared error (MMSE) or zero-
forcing (ZF) weighting. We describe the simplest method, ZF, next.

The nulling matrix for ZF is given by the Moore-Penrose pseudoinverse
G = (HfH)'H". (2.24)

The i** ZF nulling vector nulls all the undetected signals except the i** transmitted signal from
the received signal, given by

w; = (GH), (2.25)

where (G); is the 7** column of the nulling matrix G. The nulling vector multiplied by the
received signal vector X suppresses all layers except the i** layer. A decision statistic, y;, is
calculated from the nulling vector, 3; = w7 X. The ZF estimate, §;, is determined from ;. The
symbol estimate, assumed to be correct, is used for symbol cancelation. Interference from the
already detected components of s are subtracted from the received signal vector. The updated
received symbol is given by
X =X - 5(H),. (2.26)
The column of H that corresponds to the most recently detected symbol is removed and the
nulling matrix is recalculated. The detection process is repeated until all transmitted symbols
are detected. Using the optimal detection order, the symbols are detected in order of decreasing
signal strength and as a result, the strongest interference is canceled first [34]. In practical V-
BLAST systems the overall system performance is limited by the worst substream, which is
the first detected one [57].
After each symbol is canceled from x, the number of symbols remaining to be detected is

reduced. If less nulling is required, diversity should increase from layer to layer. During the
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symbol cancelation, all previous decisions are assumed to be free of error. When an incorrect
decision is made, interference is added in, rather than being subtracted, resulting in errors
propagating into the following layers.

In our benchmark simulations, the burst length is set equal to 250 symbol durations as
in [56, 58] and the channel matrix is generated randomly from one burst to the next using (2.6)
for 100,000 channel realisations with at least 100 bit-errors. Each channel realisation is gener-
ated at each SNR value to obtain the BER with N = M = 4. In Figure 2.3, we compare the

BER performance of uncoded V-BLAST using these parameters

Channel 1 ®x(0.1), &3,(0.1), ®5(0.9), S = 6; and
Channel 2 ®x(0.1), ©5,(0.1), 5(0.1), S = 6.

Performance of V-BLAST is poor when severe spatial correlation is introduced using channel
1. Over a wide range of SNRs no useful information can be recovered as the receiver is
unable to effectively separate the data streams. With lower correlation in channel 2, the BER
performance slowly improves with SNR giving a decade improvement in BER over channel 1
at 16 dB. The performance of V-BLAST is very dependent on correlation and performs well
when the fading processes are nearly independent.

To assess the range of performance expected using the V-BLAST detector in real envi-
ronments, we use measured channel matrices, H®), with QPSK modulated data streams and

produce BER estimates for a specified average SNR. Results will be presented in Chapter 4.
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Figure 2.3: Bit-error probability versus SNR for V-BLAST for QPSK with N = M = 4 for
channels 1 and 2 and i.i.d. complex Gaussian.
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2.4.2 Space-Time Coding

Space-time codes for MIMO wireless communications use joint channel symbol encoding over
multiple transmit antennas to mitigate the effects of fading by employing redundancy [34].
These codes can be used to minimise the outage probability, increase the degree of statistical
independence among transmitted signals, and maximise bit-error rate performance, but do not
increase the data rate.

Space-time codes are classified into two types: 1) block and 2) trellis. For a fixed number
of transmit antennas, the decoding complexity of space-time trellis codes (measured in terms
of trellis states at the decoder) typically increases exponentially as a function of the constel-
lation size [59]. However, the method in [60] maintains a nearly constant complexity per bit.
Multiplexing and space-time coding are useful MIMO techniques that help improve the BER
performance of a MIMO communications system. A method proposed in [61] combined both
techniques for transmission over a correlated channel with a large complexity in operation.

Trellis codes are only practical and useful for a small number of transmit antennas. For a
space-time block code, transmission takes place in blocks using a transmission matrix defined

by three parameters:
e The number of transmitted symbols, T';
e The number of transmit antennas, M; and
e The number of time slots in a data block, V.

The code rate is hence T/V. Alamouti [62] proposed a simple 2 x 2 block code with unit
code rate. Tarokh [59] et al. developed code construction criteria, and studied design trade-
offs between constellation sizes, data rates, diversity advantage and complexity. However, only

1/2 or 1/3 rate codes are achieved using complex constellations.
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Researchers in [63] state that, in 2003, there are no reports of a full-rate full-diversity
orthogonal code design that can be used in a system with more than two transmit antennas
with complex constellations, and this was proved in [59]. However, other codes for multi-
element systems [64, 65] have been developed. He et al. proposed a code in [63] fora 4 x 4
system using nonlinear processing that is full-rate and uses QPSK.

Consider the model of the received data using (2.1)
X=C(s)H+N 2.27)
where

X V x N complex receive signal output;

C(s) V' x M space-time code matrix for input symbol vector s;
H M x N complex channel matrix; and
N V x N zero mean complex Gaussian noise.

The entries of H have been normalised and entries of N are mutually independent, zero-mean
complex Gaussian variables with variance

o2 = Moio? _ ME,
" g g

(2.28)

where 0} = 1, 02 = E, is energy per symbol, v is the average signal-to-noise ratio, and M is
the number of transmitters defined previously.
A maximum-likelihood (ML) exhaustive search [66] is performed at the receiver to search

over all QPSK input vectors given the channel matrix H and received data X, i.e.,
3 = argmin || X — C(s)H||%. (2.29)
C(s)

The ML detection in (2.29) considers all possible input codes C for all s and chooses the input

which minimises the Euclidean distance. Using unit-energy orthogonal design [59] CHC =
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Inssm, (2.29) can be re-written as

M
s§= R HOo(s)h,, 2.30
S = argmax Re { Z= xmC(s) } (2.30)

m=1

where x,,, and h,, are the m** columns of the data matrix X and channel matrix H, respectively.
The space-time block encoder encodes a vector sequence of input symbols of length T', s =
[$1,-..,s7)T intoa V x M transmission matrix C(s). The QPSK-based nonlinear transmission
matrix for M =T = V = 4 is given by [63]
S S92 S3 S4
C(s) = % _Z 2 s? _322 2.31)
—-z3; —T1 S 81

where z; = Re{s3} + jZm{2s;525;} and z, = s}%s4 + s2s] + s}5253 — s} 8253

A four-dimensional linear quasi-orthogonal STBC was presented by Jafarkhani [67] de-

fined by
81 Sa S3 S4
Cs)=| 7 o1 75 % (2:32)
53 —34 sl _32

sS4 83 83 S

The nonlinearity of C(s) in [63] presents a problem when searching over all 44 possible com-
binations of s. A popular decoding technique separates C(s) into two 4 x 2 code matrices and
eliminates the first two symbols of s by consulting a lookup table of 256 x 4 QPSK symbols.
The efficiency of a simple ML detector is increased by “eliminating” sections of the lookup
table by operating over half of the segmented code matrix.

Figure 2.4 provides simulation results for the transmission of 2 bits/s/Hz by four transmit
antennas, one and four receiving antennas using (2.31) and (2.32). The simulation parameters

are

e Block length size = 120; and
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e Number of iterations = 1000

for each defined code matrix. Simulation results show that the BER performance of (2.31) is
close to that of (2.32) when SNR is low for i.i.d.CG channels. As the SNR increases, no error
floor is apparent. The code given by He in [63] outperforms Jafarkhani’s code for one receive
antenna. Using the severe correlated channels from Section 2.4.1, the performance of the two
codes is similar for one receiver. Using four receivers, the performance of the two codes is also
similar on both the i.i.d.and scattering channels®. In a spatially correlated channel, both codes
still perform well when SNR is low, i.e. at SNR = 9 dB a BER of 10~ is achieved. Therefore,
the performance of the two codes is similar in correlated and uncorrelated channels with single
or multiple receivers. Correlation boosts signal power and results in a higher effective SNR.
The Jafarkhani code will be used since the non-linear terms in (2.31) prevent implementation

of a simple ML detector.

8Jafarkhani's code produces almost no errors when simulating an i.i.d.channel with 4 receivers.
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Figure 2.4: Bit-error probability versus SNR for space-time block codes at 2 bits/s/Hz; one
and four receive antennas for channel 1 and i.i.d. complex Gaussian channels.



Chapter 3

CRC MIMO Testbed

In order to characterise the radio channel, the properties must be accurately quantified. Out-
door measurements were obtained using the distance-triggered CRC MIMO testbed, described
briefly in Section 3.1, developed by the Radio Communications Technologies group at CRC [40,
68]. Other radio channel testbeds are discussed in [69-71]. The channel estimation methods

are described in Section 3.2 and metric selection is discussed in Section 3.4.

3.1 System Description

The purposes of the CRC MIMO testbed are to 1) serve as a flexible sounding platform to
obtain data for channel characterisation, and 2) be used as a tool for investigating and demon-
strating various space-time communications techniques [40].

In this thesis, we consider a point-to-point communications link with M transmit and N
receive antennas with N = M = 4, operating at 2.0375 GHz. The testbed is shown in Fig-
ure 3.1. In all experiments, the transmitter was installed at a static location (i.e. corner win-
dow of a building) and used omnidirectional, vertically-polarised monopole antennas spaced 1

wavelength apart.
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Figure 3.1: CRC MIMO testbed receiver.

Figure 3.2: CRC MIMO testbed transmitter.
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The receiver was installed in the measurement minivan, using roof-mounted vertically-
polarised omnidirectional monopole antennas (see Figure 3.1). Custom hardware [40] pro-
vided amplification, down-conversion, and sampling of an in-phase and quadrature channel at
a rate of 250 Hz, while traveling at nominal speed limits.

We omit the technical specifications of the transmitter/receiver assemblies and software
utilised by the MIMO testbed. However, these can be found in Section 3 and 4 of [40]. Cali-

bration' of the sounder is also omitted.

3.2 Data Measurements

In practical systems, the channel matrix H is not exactly known. The primary function of the
CRC MIMO testbed is to provide measurements for estimating properties of the wireless chan-
nel. A well-known method for generating the impulse response (IR) of the wireless channel
is employed by CRC [40]. Carefully optimised and proprietary pseudo-noise sequences are
transmitted from each array element and the received signals are processed to produce esti-
mates of the NV x M channel impulse response. This technique is discussed briefly in the next

section.

3.2.1 Channel Impulse Response Estimation

The standard channel model from Chapter 2 applies where the transmitted signals, s, consist
of repeated sequences, with chips c(k). The channel sounding process employs a repeating
length-L pseudo-noise (PN) sequénce, assigned to each transmitter element, up-sampled by 4,
each delayed by 177 chips between antenna elements.

Impulse estimation is achieved using following steps:

ICalibration ensures that the characteristics measured are due to the propagation environment and not the
MIMO transmitter and receiver system assemblies.
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1. correlate the received signal r(k) with the transmitted sequence c;
2. synchronise and average over a large sample size to obtain noise averaging; and

3. apply threshold encapsulation (noise rejection) to extract the IR from noise with a low

probability of false detection.

In Step 1, we correlate each received signal r(k) with the transmitted code sequence c,

L-1
x(n) = Zc(k)r(n +k) 3.1

k=0
where r(k) was defined in Chapter 2. The design criterion for obtaining PN sequences to

provide the capability to extract good channel response estimates is discussed in [40,72].

3.2.2 Preliminary Measurements

Initial measurements were made with the MIMO sounder during a measurement campaign in
downtown Ottawa [58] in 2004. Figure 3.3 shows the impulse magnitude response for the
transmitter/receiver pair>. Coded Matlab routines average over 19 consecutive IR samples
(data blocks) as defined in Step 2. Analysis in [72] showed that the probability of selecting
incorrect multipath components in 160 IRs was 0.008. This method is called Probability of
false alarm (PFA) analysis and employed by CRC.

The desired signal is extracted from noise by applying a threshold statistic Z;, given by [72]
Z = 06y, (3.2)

where I, is the threshold level estimate, 7, is the standard deviation of the averaged data set,

and 7 = 3.11 assumes the noise envelope follows a Rayleigh distribution for N = 4. In Step

2We defined the notation (4, j) to describe the complex channel gain between transmitter element 7 and receiver
clement j.
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3, threshold bins which are a function of Z, encapsulate the desired signal, and ‘brick wall’ the
noise.

In this thesis, only narrowband channels are of interest. Here, we have assumed that the
system undergoes flat fading. The bandwidth occupied to each antenna should not be large
enough to cause frequency selective fading. If the underlying data rate is large enough to
cause frequency selective fading, techniques such as orthogonal frequency-division multiplex-
ing could be used at the receiver.

Once an IR is identified within a (vertical) bin, a 512-point fast Fourier transform (FFT) is
applied to the data set producing the channel frequency response. Figure 3.4 shows the spectra
of the IR at receiver 1 from all transmitters®. A single spectral line at index 230, corresponding
to a frequency of 2.035 GHz, is taken to obtain the complex channel coefficients h; ; at time
sample k.

Figure 3.5 shows a consecutive set of unthresholded® impulse response estimates (UIRESs)
at receiver 1 from all transmitters over 3 blocks. The corresponding thresholded impulse re-
sponse estimates (TIREs) is shown in Figure 3.6 using the first recorded impulse.

Results in [58] indicated that mutual information could be artificially inflated by increasing
the area contained within the vertical (bin) limits. It is clear from Figure 3.5 that our measured
data is noisy. Therefore, our TIREs and mutual information will be affected by noise. The

effect of noise is discussed in the next section.

3This removes the need for complicated equalisation techniques.
4The phase plots were intentionally omitted.
SThis is prior to Step 2 being executed on the IR data.
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3.2.3 Effect of Noise on Mutual Information

The routine presented here serves to determine how ‘noisy’ our TIREs are and its impact on
mutual information calculations. Using information theory, noisy estimates of H increase
entropy, thus affecting the mutual information. To estimate the effects of noise, consider the
true channel matrix as

~

H=H+E (3.3)

where H is obtained from the measurements and E ~ CA (0, o2I). Then the argument of the

log, det(:) function in Chapter 2 becomes
(IN + -L(AA" + EEX + 2Re(f1E”))) ~ (IN + L (HAA + Ma2I)) . (4
M M €
While we don’t know E, we can estimate its covariance as
E{EEF} = Mol (3.5)

and also

E{HEF} =o0. (3.6)

Applying (3.5) to a random measured sample of H®), we observe approximately a 0.03
bits/s/Hz difference at the median for the CDF estimate of mutual information, thus we ex-
pect the mutual information of the measured channel to lie between the two lines in Figure 3.7.
The results indicate that our channel estimates, although not free of noise, have little effect
on mutual information. We therefore do not need to correct any metrics obtained using H

extracted from the TIREs.
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3.3 Urban MIMO Communications Channel

It is understood that the characteristics of real channels do not follow those predicted by theo-
retical models. Many signalling techniques have been developed assuming complex Gaussian
channel distributions, H ~ CN/(0,I). However, the performance of the system, especially in
the MIMO case, will be radically different in an urban environment for example, where the
dominant effect on performance is multipath fading. Therefore, an accurate channel model
would need dependencies that describe the channel completely.

Durgin [73] asserts that for realistic wireless channels, the reality is that a channel transfer

function is described by 16 different dependencies, including the following:
Frequency The wireless channel depends on the transmitted frequency.
Time The wireless channel is time-varying.

Receiver Translation The wireless channel depends on the position movement (called trans-
lation) of the receiver antenna. In three-dimensional space, translation is actually three

different scalar dependencies in the wireless channel.

Transmitter Translation What is true for the receiver is also true for the transmitter. The
freedom to change transmitter position in three-dimensional space adds another three

dependencies to a wireless channel representation.

Receiver Orientation Translation is only one type of spatial dependency. A receiver antenna
may be reoriented in any direction in space, which changes the polarisation and gain
pattern interaction of the receiver antenna with incoming radio waves. An antenna may
be rotated in azimuth or elevation or be tilted laterally. Changes in orientation add up to

three dependencies to a wireless channel representation.
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Transmitter Orientation The radio channel also depends on the transmitter antenna orienta-

tion. This adds three more dependencies to the wireless channel.

Multi-Element Receiver The use of multiple antenna elements at the receiver adds one dis-

crete dependency to a wireless channel.

Multi-Element Transmitter The use of multiple antenna elements at the transmitter adds

another discrete dependency.

Depending on the configuration of the channel sounder, the effects of these dependencies can
be analysed. Translation and orientation for transmitter/receiver, for example, was studied
in [25]. Observed angle of arrival (AOA) is also dependant on translation and orientation. It
was shown in [41] that the distribution of the angles of arrival of the multipath components in
an urban microcell affects the diversity in a MIMO channel, and as a result, impacts system
performance. Depending on the distribution, performance may worsen [4, 17,25].

To properly describe site-specific propagation channels, these dependencies need to be
quantified using a set of channel metrics. For a series of channel responses, H*), which is
assumed to be ergodic over short intervals, we use the set of metrics discussed in the next

section.

3.4 Channel Metric Selection

Using the thirteen metrics defined in Chapter 2, it is possible to characterise a narrowband
MIMO channel given H® [29, 41, 58]. However, mathematically and numerically, some
metrics are redundant and therefore the number of functions needed can be reduced. They are

summarised as follows:
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o Average received signal strength, P(H), and path-loss, a(H), are scaled copies of each

other, and therefore either one can provide the same information.

e Channel capacity can be described using average mutual information, (), normalised
average mutual information, 1,(*), and effective degrees of freedom, x (). With the
propagation effects of the channel removed using a(H), mutual information is a useful
metric. For example, work in [30] describes mutual information as a function of position

along a street corridor.

o Effective degrees of freedom is a function of the average SNR, the number of transmit
antennas M, and the eigenvalues of the autocorrelation matrix HH#, and will display
similar properties as J(*). It is obtained by manipulating (2.10) such that the MIMO
capacity can be written as a sum of U = min(N, M) equivalent SISO channels, each

with gain A; [32].

o Effective rank, R(H), is insensitive to the effects of path-loss and quantifies the number

spatial data pipes available in the channel to carry information.

e Multipath richness, ¢, is a simple decomposition of 7(). However, this metric is not
suited to a direct comparison with BER performance. The richness factor over the length
of the run yields a 3-dimensional figure and cannot be compared easily to BER without
using a ‘slice’ of ¢. Performance was obtained using all spatial contributions. Richness

shows the contributions to mutual information per eigenvalue basis.
e Normalised parallel channel gain, CG, and normalised parallel channel capacity, CC,
reveals the same information as mutual information and effective degrees of freedom.

From these observations, we pick a subset of metrics to characterise narrowband MIMO

channels summarised below:
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1. Average signal strength: P(H)

2. Average mutual information (channel capacity): T(H)
3. Normalised average mutual information: T,(H)

4. Effective rank: R(H)

5. Diversity: U(R)

6. Correlation: ®(R)

In the next chapter, we describe the outdoor measurement campaign and locations visited in

Ottawa, Ontario, by CRC.



Chapter 4

Outdoor Measurement Campaign

This chapter presents the outdoor measurement portion of this study. Section 4.2 describes the

tests performed and Section 4.3 describes the geographic profile of the measurement site.

4.1 Introduction

To illustrate the behaviour of different channels as a function of location, measurements from
the CRC 2004 measurement campaign were selected. The route summary is listed in Table 4.1.

From this point forward, a measurement route will be referred to by an identifier, e.g. AB35.

Table 4.1: Summary of Measurement Locations
Region Date Time Route
Urban | March 30, 2004 | 12:38 pm | MQ30
Urban | March 30, 2004 | 12:33 pm | FA20

Suburban | April 5,2004 | 12:18 pm | AB35

Suburban | April 5, 2004 | 12:08 pm | CC25

Suburban | April 5,2004 | 12:22 pm | DD15

| Suburban | April 5,2004 | 12:03pm | EFO

Rural March 26, 2004 | 11:37 am | AB20

There was a vast amount of information available to process from CRC measurement cam-
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paigns with varying antenna configurations. The above collection of routes are sufficient to
assess environmental factors based on location.

The three main environmental factors affecting a MIMO channel are channel complexity,
external interference and stationarity [27]. The first is a function of the richness of scatter-
ers, i.e. how they are spread in azimuth/elevation. The second is how the resolvable paths
are affected by interferers. The third factor is how channel non-stationarity affects channel
estimation error, limiting the useful period (or sample size) over which the channel can be
estimated. We remind the reader we have assumed a consistency sample size using results

from [39] defined in Chapter 2.

4.2 Description of the Outdoor Test

An extensive series of microcellular sounding runs were taken in three different locations in
Ottawa, Ontario. The following is a description of each test that was performed.

The following is a list of the relevant test parameters, with values indicated.
1. Base Station Location

2. Base Station Antenna Height - 10 mto 14 m

3. Base Station Antenna

e Type - Monopole
¢ Polarisation - Vertical

e Directivity - Omnidirectional
4. Coverage

e Array Spacing - 1) inter-element spacing
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e Vehicle Speed - Variable and around 30 km/hr
5. Triggering Method - time triggered at 250 Hz

A route describes the distance traveled by the mobile receiver, while never covering the same
street twice. The mobile traveled at normal speeds in an attempt to mimic typical user patterns.
The delay time between two successive channel snapshots was determined by the triggering
method [1,40]. The CRC testbed uses 250 Hz triggering.

Some response measurements are accompanied by global positioning system (GPS) coor-
dinates which are appended to the header of each data block. Suburban routes, AB35, CC25,
DD15, and EFO0 have GPS information available, whereas urban and rural do not. It is obvious
that GPS information is not easily accessible from within an urban center with rich scattering
and obstruction from large buildings to the receiver. Aerial and topographical survey maps are
available online and were used in conjunction with GPS information to plot vehicle position'.
In the absence of GPS, we extrapolate the mobile position based on the sampling rate and speed
of the mobile receiver as seen in Chapter 2. This method is not the best. However, it gives an
approximation to the mobile position. The position of the mobile may also be estimated based

on diversity and correlation parameters [58].

'This Matlab routine was contributed by Yvo DeJong, formerly of the CRC Radio Communications Tech-
nologies Group.
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4.3 Site Description

In this section, we present descriptions for the three locations used for data analysis to be

presented in Chapter 5.

43.1 Urban

CRC has logged many hours of outdoor measurements with different antenna spacing and
geometry. In this report, only 2 routes are processed for urban analysis. The first measurement
was along Slater St. from Lyon St. to Bank St. in Ottawa called MQ30 [58]. A second set of
measurements, FA20, was obtained along Bank St. from Gloucester St. to Sparks St [41].

The base station was deployed at the Minto Place hotel (see Appendix A.1). The mobile
receiver was driven along the routes shown in Figure 4.1. The immediate area around the
transmitter was characterised by 2-5 to 10-30 storey buildings. The downtown area is relatively
flat, however, some sections appear to slope upwards, which is typical of urban centers. MQ30
is characterised by a corridor of tall buildings and brief periods of open gaps, typical of urban
height differences. Route FA20 had a tapering profile of lower structures and periods of taller
buildings towards the end of the route. The gaps between the buildings and low roof edges

would allow signals to propagate (by diffraction) into areas where no LOS would exist.
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Figure 4.1: Location of transmitter and routes of receiver in urban Ottawa.
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4.3.2 Suburban

A suburban neighborhood in Ottawa was measured in April of 2004. The site locations chosen
by CRC were close to each other within 2-3 blocks (2 east-west by 3 north-south) in proximity
to the transmitter.

In Kanata, the transmitter was deployed at a window of the Country Inn hotel at the corner
of Terry-Fox Rd. and Katimavik Rd (see Appendix A.2). The mobile receiver was driven along
the routes shown in Figure 4.2. The local area is characterised by an abundance of townhouses
separated by trees or local structures. The four routes that make up the measurement campaign
are: AB35, CC25, DD1S5 and EFO.

Like the urban measurements, the height of the transmitter is comparable to the height
of structures in the area. We therefore expect the same mechanisms for radio propagation in
an urban center to facilitate propagation for suburban. It is possible for there to be a ‘knife-
edge’ characteristic when the launched signal encounters a large home or tall roof. In the case
where no LOS exists, we expect diffraction to be largely responsible for signal propagation

into regions CC25 and DD15.
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Figure 4.2: Location of transmitter and routes of receiver in suburban Ottawa.
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4.3.3 Rural

The measurement route, AB20, was taken at the back of the CRC research campus (at 3701
Carling Ave.) along an access road intersecting Sandhill Rd. It is the most ‘open’ route taken,
with no major buildings or objects. The lack of local scatterers or objects makes this measure-
ment location typicél of a rural area.

The transmitter was deployed at a 2"¢-floor laboratory window of building 2B (see Ap-
pendix A.3). The mobile receiver was driven along the routes shown in Figure 4.3. The mobile
receiver traveled in a ‘C’-shaped path. For a brief moment, the mobile receiver is in direct LOS
with the transmitter. Once non-LOS is reached, the signals must diffract around a collection of
buildings including the Canadian Space Agency’s David Florida Lab (DFL) to reach the mo-
bile. The DFL is the tallest structure in the area and is composed of varying height buildings
joined together. The two tallest structures in the immediate area are two radar-based structures,

1.e. terrestrial satellite uplink dishes, that are part of the Department of Defence.
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Transmitter

Figure 4.3: Location of transmitter and routes of receiver in rural Ottawa.

55



Outdoor Measurement Campaign 56

In the next chapter, we parameterise the channel measurements taken by CRC researchers
in urban, suburban, and rural microcells. The parameterised channels are then analysed to

understand the behaviour of the channel as a function of position in the environment.



Chapter 5

Channel Metric Results

This chapter presents the parameterised channel results for urban, suburban and rural Ottawa
using the metrics described in Section 3.4. Experimental probing of the MIMO wireless chan-
nel shown previously, provided the raw data used to evaluate the following metrics: P(H),
1(H), I,(H), R(H), ¥(R), and ®(R) for all routes. Metric results are calculated using snap-
shots, defined by

H® = H*|oey, K .1

where K was given in Chapter 3, n is the sub-interval number and K,,,, is the maximum

number of channel estimates such that K,,,,. < K - n.

5.1 Parameterisation of Urban Channels

The measurement routes in Urban Ottawa are shown in Figures 5.1 and 5.3. The processed
metric results are presented in Figures 5.2 and 5.4 show the results for the urban environment.
Note that 7,() and R(H) in FA20 remain fairly constant over the length of the route, as they
discount variations in received signal power, P(H) which also impact 7(). Results in [58]
indicated a strong correlation between mobile position, diversity, and correlation. The inverse

relationship between U(R) and ®(R) is clear; these parameters also clearly show variation
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along the route. Locations where notable results occur for FA20 are indicated in Figure 5.1.
Measurements show an increase in received signal power (Figure 5.2(a)) when crossing Laurier
Ave. (A), Slater St. (B), Albert St. (C), and Queen St. (D).

As seen previously, the mutual information of a MIMO channel is related to the correlation
through the eigenvalues of the channel’s covariance matrix. Observing the diversity and corre-
lation measures in Figures 5.2(e) and 5.2(f), there is a strong degree of correlation coinciding
with mobile position. Points (A) through (D) show that correlation is strong when the mobile
receiver is between major intersections. Referring to Figure 5.1, the mobile is in an area of
high building density compared to that observed in MQ30.

It was reported in [41] that correlation for outdoor measurements displayed interesting
properties contrary to the i.i.d. CG case. The traffic density for FA20 may have been a con-
tributing factor to the high effective rank and high diversity at the intersections. Also, there
was a higher building density at the corner of Slater St. and Bank St. compared to Queen St.

where a drop in average signal strength and effective rank was observed.
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Figure 5.1: Points of interest on route FA20.
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Figure 5.2: Parameterisation of FA20.
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With MQ30, the mobile traveled the most direct path away from the transmitter. The effects
of path loss are observed clearly as the average signal strength decreases as predicted by large-
scale fading. Figure 5.3 indicates some interesting points along route MQ?30. Diversity is high
at the intersection of Lyon St. and Slater St. (A), and lowest when a strong specular component
is received from the transmitter at (B). At the open intersection of Slater St. and Kent St. diver-
sity increases, which is attributed to the presence of scatterers and diffraction at the building
edges facing the area. As the separation between transmitter and mobile receiver increases, the
effects of correlation dominate as mutual information decreases. Similar to FA20, correlation
reaches its maximum when the Kent St.-Bank St. corridor is reached at (C) in Figure 5.4(f). At
this point, the building density has increased considerably and the incoming signals have been
heavily attenuated due to reflection and diffraction. In Figure 5.4(b), received signal strength is
low despite effective rank (Figure 5.4(d)) indicating strong subchannels available to transport
information. Overall, effective rank remains high, consistent with the propagation mechanisms
responsible for signal propagation in an urban center. Along MQ30, the mutual information
available in the channel degrades heavily due to the incoming signals being strongly corre-
lated and low in signal power. At this point in the channel, power control would be necessary

increase the information carrying ability of the channel.
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Figure 5.3: Points of interest on route MQ30.
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5.2 Parameterisation of Suburban Channels

Figures 5.6 through 5.12 show the results for the suburban environment. The parameterised
channels for suburban Ottawa behave differently when compared to the findings for urban
routes FA20 and MQ30. Figure 5.5 indicates some interesting points along route AB35. It is
the most direct trajectory away from the transmitter along Katimavik Rd. Contrary to what
was observed for urban intersections, diversity is not high at Katimavik Rd. and Terry Fox Dr.
(A) as seen in Figure 5.5 using an intensity plot for ®. This is attributed to the more open
geography, and lower traffic density.

Correlation remains high for the first half of the run and peaks coinciding with the passing
of an open-area park at (B). After crossing the Davis Ave.-Curran St. intersection (C), the
remaining incoming multipath components are weak but are still highly correlated despite
a high effective rank over the same period. This result suggests that effective rank does not
reveal any useful information in suburban environments. Mutual information (in Figure 5.6(b))
is high for the first 100m of the route due to the strong incoming specular components from
the transmitter. A strong LOS is maintained until (A) is reached. After this, weak multipath

components are responsible for the majority information throughput of the channel.
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Figure 5.5: Points of interest on route AB35.
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On CC25, the mobile receiver travels along a suburban loop formed by McGibbon Dr. and
Rowe Dr. Figure 5.7 plots the results of ¢ using GPS information along the route.

At the start of the route at (A), the axis of the array is perpendicular to the direction of the
transmitter. Strong specular components arrive via the gaps between the houses that follow
the bend around the first tux;n at (B). The diffraction at the roof-tops also produce signals
that interact with scatterers, e.g. vehicles in driveways and rooftop antennas. From (B), the
observed angular spread at the receiver is small, causing the signals to appear highly correlated.

After the turn at (B), the axis of the array is facing the direction of the transmitter until (C)
is reached. The beam pattern of the array is highly directive at broadside, but resolution is poor
near the axis. The incoming signals at the end of the array will catch the main lobe near its
weakest spot. Thus, correlation has little impact when the incoming signal arrives along the
axis of the array. Mutual information is high over the same interval, and highest at (C) where
correlation is low.

At (D) and (E) diversity is low and average signal strength continues to decrease. Effective
rank does behave much like diversity at urban intersections. Along McGibbon Dr. much of
the received signal has been heavily attenuated at (F). The two main sources of signal power

would be at the effective point sources formed at (E) and (A).
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Figure 5.7: Points of interest on route CC25.
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On DD15, the mobile takes a similar path to CC25. The observed correlation (see Fig-
ure 5.10(f)) is much lower throughout the route, though the results are much more interesting.
Comparing the GPS markers with the correlation over position, some interesting results are
observed where the orientation of the mobile changes. Figure 5.9 correlates the results for ¢
with GPS position information for DD15. At (A) through (E) in Figure 5.10, it is observed that
correlation is high when the mobile crosses an intersection. In [58] it was seen that correlation
was low at an intersection. We note that there is a difference in the presence in local scatterers
in urban and suburban environments. The contribution from local scatterers is significantly
less in DD1S5, but the signals remain highly correlated.

Between (A) and (B), diversity and rank are high indicating a strong presence of multipath
components. One possible explanation for this is the incoming signals acting as a point source
from (C). For the same observations in CC25, the observed angular spread of the incoming

specular components is small.
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Figure 5.9: Points of interest on route DD15.

!



72

Channel Metric Results

180 200 220

160

140

100

120
Subsampile Index n

180 200 220

140 180

120
Subsampie Index n

00

1

30 dB)

(b) Average Mutual Information (v

(a) Average Signal Strength

180 200 220

180 200 220

140 100

w0 120
Subsample index n

100 120 140 180
Subsample index n

0.1)

(d) Effective Rank (G

30dB)

(c) Normalised Average Mutual Information (y

180

120

Sub-interval Number n

80

180 200 220

140

100

140

Sub-interval Number n

100

120 180 180 200 220

(f) Correlation

(e) Diversity

Figure 5.10: Parameterisation of DD15.
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On the last route EF0 the mobile travels parallel to the orientation of the transmitter array.
The previous two routes showed the opposite trend for diversity-correlation at an intersection.
Figure 5.11 shows the results for & with GPS position information for EF0. Mutual information
and average received signal power both peaked at (A), the intersection of Katimavik Rd. and
Davis Ave.-Curran St. At the same time effective rank was low and correlation was high
indicating that there was a significant contribution of multipath components from the direction
of the transmitter. Once at the intersection, the diffraction off the houses caused the signals
to reach the broadside of the array where it was is most responsive to the observed angular
spread.

Mutual information reached its highest point at (B) coinciding with the passing of Rowe
Dr. It is possible for signals arriving along Rowe Dr. and Davis Ave. to be reflected/scattered
thus giving the illusion of having a transmitter nearby. Towards the end of the route at (C)
average normalised mutual information, effective rank and correlation showed an interesting
result.

The rich scattering at (B) serves as an effective point source, though, no multipath existed at
that point. The resulting signal would bee transmitted in many directions. Diffraction into the
narrow corridor near (C) reduced these to an effective strong specular component arriving at
the array broadside. The results in Figure 5.12 do capture interesting properties in the suburban

radio channel that are quite different than those observed in the urban case.
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5.3 Parameterisation of Rural Channels

Figure 5.14 shows the results for the rural environment. The parameterised channels for rural
Ottawa behave similarly to those observed for suburban Ottawa. Figure 5.13 indicates some
interesting points along route AB20. In Figure 5.14(a), the sharp decline in average signal
strength for AB20 was attributed to free-space path-loss. At the start of AB20, the fluctuations
in diversity and correlation are attributed to the presence of terrestrial satellite uplink dishes
and storage structures that are in proximity to the first turn at (A).

The orientation of the mobile receive array was also an important factor in the receiving of
multipath signals. Once the first turn was made by the mobile, small changes in diversity and
correlation were observed. The broadside of the receive array would be facing the direction of
the transmitter. Thus, the incoming signals would appear correlated for small angular spread
and be heavily attenuated after interacting with the buildings found directly in the transmitter’s
path (circles). Many of the signals reaching the receiver from the transmitter were produced
by diffraction and reflection.

Mutual information was observed to remain stationary once the turn had been made and
the mobile traversed the most direct route away from the transmitter (A to B). With the ef-
fects of path-loss removed, the normalised average mutual information (see Figure 5.14(c)) is
directly related to the amount of diversity in the channel. At (C), normalised average mutual
information shows that correlation impacts the amount of information available in the channel.
The incoming components, though small in signal power, are highly correlated due to the local
environment. After passing (C), the mobile enters a region where hills are on both sides of the

route.
In the next chapter, we compare the metric results based on location and correlate these

results to the BER in the channel.
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Chapter 6

Performance Prediction

In this chapter, the normalised data collected using the CRC testbed is processed to predict the
BER performance of different MIMO Space-Time architectures'. The prediction technique
consists of 4 basic steps: 1) simulate BER performance, 2) compare BER to metric(s), 3)

apply regression, and 4) fitness testing.

6.1 BER Performance of all Routes

To illustrate the benefits of STBC and V-BLAST have for high data rate communications in
real environments, we simulate their BER performance using measured data. A simulation
was conducted using the framework outlined Chapter 2 for N = M = 4; 2 bits/s/Hz and 8
bits/s/Hz respectively for V-BLAST and STBC over a specified operating range of SNR.
Figure 6.1 shows the simulated BER results for urban Ottawa for V-BLAST and STBC.
The results for FA20 and MQ30 show that STBC and V-BLAST perform differently when
correlation is high at a given SNR. Generally, performance is better in V-BLAST when corre-
lation is low, but strongly related to signal strength and mutual information as observed earlier.

Clearly, the type of MIMO technique used in an urban environment depends on correlation.

These techniques do not require the knowledge of the channel at the transmitter.
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Figure 6.1: BER performance over time for urban Ottawa.

Figure 6.2 shows the BER results for suburban Ottawa for V-BLAST and STBC at their re-
spective SNR. The correlation over route AB35 was high and STBC performance was expected
to improve. Performance for V-BLAST degrades as the received signal power decreases and
correlation increases. For STBC, it is signal strength alone that appears to impact performance.

On CC2S5, performance for both MIMO techniques is relatively good. Performance for V-
BLAST is worse at the start where the correlation is high. STBC pérformance trend matches
that of V-BLAST when the mobile starts the second portion of its run. There is a significant
loss of signal strength and performance of both techniques degrade.

On DD15, although the trajectory of the mobile was similar to CC25, the performance
trend was the same. Performance of STBC improved over the regions where correlation was
high.

On EFOQ, the best performance of V-BLAST was observed when the mobile was far from
the intersection of Katimavik Rd. and Davis Ave.-Curran St. STBC performance degraded

near the end of the run despite there being a high correlation but signal strength was low.
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Figure 6.2: BER performance over time for suburban Ottawa.



Performance Prediction 82

Figure 6.3 shows the BER results for rural Ottawa for V-BLAST and STBC. The correlation
observed along AB20 was high, i.e. & > 0.6, for a majority of the route. The performance
of V-BLAST follows a similar trend. It is important to note that in both cases, performance
is relatively constant over the region where the mobile is traveling away from the transmitter.
The results do indicate that the performance of V-BLAST and STBC is strongly linked to the

amount of correlation in the channel and the average received signal strength.

D 4.3-:-;. =
,.':'-'f"‘.'«;-— e T

100 150 200 250 300
Sub—interval Index n

Figure 6.3: BER performance over time for rural Ottawa.

6.2 Methodology of Prediction

Previous work [27,74] had used only the mutual information to define good channels. It is
not the only possible metric of performance. Performance prediction, such as the technique
presented in this thesis, uses the metrics defined in Chapter 3 to estimate the performance of
two space-time architectures.

Few studies exist that use real measurement data to predict the BER results for MIMO
transmission schemes. Performance prediction in this thesis is a three part process: 1) the

parameterised metric information is plotted against the BER for different simulated MIMO
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techniques, 2) a first order linear regression is applied to the result, and 3) the fit of the first
order regression is tested. The two most common fitness metrics are normalised mean-square
error (NMSE) and coefficient of correlation. These simple metrics give an indication of how
accurately the predictor trendline from regression fits the measured/simulated data. We use
linear estimation since there are a limited number of data points obtained from simulation, i.e.,

only points between 10~4 and 10~! were considered.

6.2.1 Linear Regression

The best-fit predictor was obtained using the ‘polyfit(x,t,n)’ function in Matlab. The operation
finds the coefficients of a polynomial p(x = BER) of degree n that fits the target data, . The

result is given by
p(X) = png” + ppaz™ ! + ..+ pz? + przt +po (6.1

where p = y for the calculations carried out in this thesis. A first-order fit, n = 1, was used.
Equation (6.1) operates over the supplied BER information for a particular MIMO scheme and

metric values ¥ obtained by channel parameterisation.

6.2.2 Goodness of Fit

In order to determine how good our predictors are, a goodness of fit measure for each data

set is computed. Specifically, we compare the vector of target values for regression (¥), i.e.

metrics as a function of BER, to the vector of output from regression (t). The two goodness of

fit measures are 1) normalised mean-squared error (€), and 2) coefficient of correlation (k).
The first is a simple error minimisation computation given by

E{(t-3)%}

var(t) 62)

€=
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where é = 0 is a perfect match. The second is also useful in determining the relationship
between the metric and estimate. For a given set of variables, we use x to give us the linear
relationship between these variables. It is defined in terms of their covariance and standard

deviations, denoted by o; and oy, given by

cov(t,y
.= cv(t9)
OOy

(6.3)

where —1 < k < 1. The coefficient of correlation provides a quick and easy way to view the
correlation between two variables. If there is no relationship then « = 0 and if there is a perfect
positive match « = 1. If there is an inverse relationship, where one set of variables increases

while the other decreases, then « will be negative.

6.3 BER versus Metrics

In Figure 6.4, the comparison of BER performance to metrics is displayed for V-BLAST [56]
and Jafarkhani’s STBC [67]. Tables 6.1 and 6.2 summarise the fitness metrics for route AB20
using V-BLAST and STBC. Not all metrics are suitable for prediction, as very few of them

demonstrate an observable trend. The following conclusions can be made:
e Diversity ¥(H), and correlation ®(H), are poor predictors;

e Normalised parallel channel gain CG(H), normalised parallel channel capacity CC(H),

and average signal strength P(H) are weak predictors;
e Effective rank R(H) is not suitable for prediction; and

e Mutual information I(H) is a good predictor, but not well suited for high SNRs.
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Table 6.1: Summary of fitness for Figure 6.4(a)
Fitness | W o R P I | CC | CG

é 0.824 | 0.824 | 0.915 | 0.796 | 0.385 | 0.832 | 0.712
K 0.406 | 0.406 | 0.269 | 0.439 } 0.781 | 0.396 | 0.528

Table 6.2: Summary of fitness for Figure 6.4(b)
Fitness 1 ® R P I CcC CG
é 0.992 0.993 0.981 | 0.506 | 0.141 0.994 0.808
K 4.02 x1072 | 2.78 x1072 | 0.116 | 0.701 | 0.926 | 1.58 x10~2 | 0.433

As observed in Figure 6.4, effective rank has a distribution that ‘groups’ at levels bounded
between 1 and U = min(NN, M). The clustering of points at any given level will dominate the
slope of the regression line. Therefore, effective rank, regardless of the type of MIMO scheme,
is a poor performance predictor.

The fitness metrics indicate that the regression of mutual information is a good indicator of
V-BLAST and STBC BER performance. V-BLAST performance is very poor for any v < 8 dB
so that no regression can be applied. Similarly, average received signal power was also a weak
predictor. We consider received signal power to be a natural extension to mutual information
and omit its analysis.

If mutual information is a good predictor, then the eigenvalue decomposition of the ar-
gument of the argument of it may also be a good performance indicator. The eigenvalues of
R = £{HH#} are plotted against the BER for V-BLAST and STBC for route AB20 in Fig-
ures 6.5 and 6.6 for BERs lower than 10~! (vertical dashed line). We remind the reader that
A1 € Ay < Az < )y is the convention used in this thesis for a 4 x 4 system. Tables 6.3 through

6.6 summarise the goodness of fit for the regression lines in Figures 6.5 and 6.6.
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Figure 6.4: AB20 BER versus metric comparison where regression (solid) and metric data

(circle) are the line types.
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Figure 6.5: BER versus A for AB20 using V-BLAST.
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Table 6.3: Normalised mean-square error (€) fitness for V-BLAST on route AB20

~@dB)y[o[4] 8 12 [ 16 | 20
M | -|-]0817]0462 ] 0324 | 0.383
X |-|-10.133]0482 0521|0502
Xs |- |-]0265]|0685]|0.778 | 0.831
A+ |- |-|0.884|0.889 | 0.760 | 0.839

Table 6.4: Coefficient of correlation (k) fitness for V-BLAST on route AB20

¥(dB) |04 8 12 16 | 20
At |-|-| 0285 [0.722|0.820 | 0.784
A |- - 0.922 | 0.707 | 0.687 | 0.703
A |- - 0.838 | 0.538 | 0.461 | 0.405
A | -|-1729%x10"2|0.280| 048 | 0.39

Table 6.5: Normalised mean-square error (€) fitness for STBC on route AB20

v (dB) 5 6 7 8 9 10
A1 0.853 [ 0.798 | 0.948 | 0.935 | 0.972 | 0.970
Ao 0.551 | 0.532 | 0.557 | 0.570 | 0.687 | 0.765
A3 0.408 | 0.447 | 0.431 | 0.496 | 0.570 | 0.596
Ad 0.218 | 0.272 | 0.110 | 0.125 { 0.146 | 0.156

Table 6.6: Coefficient of correlation () fitness for STBC on route AB20

~v (dB) 5 6 7 8 9 10
AL 0.377 | 0.445 [ 0.216 | 0.244 | 0.150 | 0.156
A2 0.668 | 0.682 | 0.663 | 0.653 | 0.556 | 0.481
A3 0.768 | 0.742 | 0.753 | 0.708 | 0.654 | 0.633
A¢ ] 0.884|0.852 | 0.943 | 0.935 | 0.934'| 0.918

While one might expect one eigenvalue to be a good predictor for both MIMO technolo-

gies, the results are quite interesting. It is observed that 1) the smallest eigenvalue is the best
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predictor of V-BLAST BER performance and 2) the largest eigenvalue is the best predictor for
STBC performance given simulations using measured channel data.

The receive probability of error is strongly linked to the minimum distance d,,;,, of the ele-
ments of the received vectors of X as seen in Chapter 2. Burel [28] showed that the relationship

between the minimum distance and the smallest singular value of H, o5, given by
dmin Z amindo (64)

where dj is the minimum distance between the elements of S = {s;}, the set of all possible
transmitted vectors. The above result shows that a large value of 0,5, Where A = 02, assures a
large value of d,,;,. A large value of d,,;,, 1.€. a large minimum singular value (or eigenvalue),
assures a low probability of error for a given spatial modulation scheme [31].

The largest eigenvalue, \,.z, is also useful for characterising channel behaviour. In [31] it
was stated that the performance of diversity transmission is influenced by the Frobenius norm

of the channel, given by

IHIE =D sl (65)
4
The eigenvalues are also related to (6.5) by

IHE =D X (6.6)

In (6.6) it is seen that with respect to correlation, the eigenmode corresponding to A, car-
ries a significant portion of power. Thus, ‘good’ channels convey as much power as possible
regardless of channel rank. |

Collectively, the normalised mean-square error and coefficient of correlation indicate that
the smallest and largest eigenvalues of R = £ {HH} are the best choices for predicting BER

performance for V-BLAST and STBC, respectively.
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Figure 6.7: V-BLAST performance prediction of FA20.

6.4 Results

It was demonstrated previously that mutual information and the associated largest and small-
est eigenvalues are good BER performance predictors for a given MIMO technique. Using
measurement data from all routes (Chapter 4-5) and simulated BER results (Chapter 6), the
performance prediction is carried out for different microcells in Ottawa. Prediction is shown
for V-BLAST and STBC over the useable operating SNRs from Chapter 2, i.e. 0-20 dB for
V-BLAST and 5-10 dB for STBC.

6.4.1 V-BLAST

V-BLAST detector performance was evaluated using mutual information, J(H) and the small-
est eigenvalue, \.;,. Note that all plots do not appear in this section. The plots with fewer data
points, i.e., MQ30, AB35 and CC25 can be found in Appendix B. The plots using A, uses

vertical dashed lines to indicate the regions of regression.
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Figure 6.8: V-BLAST performance prediction of DD15.

Figure 6.7 shows the performance prediction for FA20 using I() and Apin. The results
show that predictions for V-BLAST are good above SNRs of 8 dB using mutual information.
At SNRs lower than 8 dB, no information can be obtained due to poor performance. The best
overall fit for spatial multiplexing is achieved at 20 dB.

Figures 6.8 and 6.9 show the performance prediction for routes DD15 and EF0. The pre-
diction for DD15 shows the same trend as observed in FA20 for v > 8 dB. The best fit is
observed for 12 dB. Performance cannot be determined for O and 4 dB using V-BLAST since
performance is too poor.

In Figure 6.9 the prediction result is somewhat similar to DD15. Geographically, the routes
are different but the BER prediction results are very similar, i.e., the slopes of the regression

lines (solid) are only a few decimal places different.
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Figure 6.9: V-BLAST performance prediction of EF0.

Figure 6.10 shows the performance prediction for AB20. The results for rural Ottawa
follow those of urban and suburban. V-BLAST performance is only comparable for v > 8 dB
and the best prediction is available at high SNRs. The spacing between regression lines appears
to be smaller when compared to FA20 or DD15 possibly attributed to the lack of data points in
the set. It was observed earlier that the received signal power for AB20 dropped significantly
as the mobile approached the end of the route.

64.2 STBC

Jafarkhani’s STBC [67] was evaluated using mutual information, 7(), and the largest eigen-
value, A,,.,,. The same presentation as found in Section 6.4.1 is followed here; the other plots
can be found in Appendix C. The regression regions are also indicated by vertical dashed lines.
Figure 6.11 shows the performance prediction for FA20 using 7() and Anq,. The results
for STBC are more pronounced than those observed with V-BLAST. The regression of mutual
information appears to be very tight for low SNRs.
Figure 6.12 and 6.13 show the performance prediction for routes DD15 and EF0. The
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Figure 6.10: V-BLAST performance prediction of AB20.
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Figure 6.11: STBC performance prediction of FA20.

results for DD15 and EF0 appear to look similar in terms of their regression for mutual infor-
mation. Prediction using Apa, shows a slightly different result. In both cases, the best range
of result is given for v = 5 dB. The best fit appears to be over AB20 where the observed
correlation was high and comparable to EF0. At low SNRs the regression line is indeed very

tight for mutual information and the largest eigenvalue.
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Figure 6.13: STBC performance prediction of EF0.

6.4.3 Regression Slope versus SNR

The BER prediction results are interesting as they lend insight into estimation of the perfor-

mance of MIMO techniques in an environment. However, mutual information, or the upper

bound on achievable data rates for the channel, are not key parameters of interest as observed.

The relative slopes of the predictions using mutual information and eigenvalues indicate
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Figure 6.14: STBC performance prediction of AB20.

that a slight relation may exist. Figures 6.15 and 6.16 show the results of a comparison be-
tween MIMO technique SNR and slope of the applied regression. Using mutual information,
results indicate a slight correlation between the regression slope and SNR. Only portions of
the operating SNR appear to demonstrate a trend, i.e., ¥ > 12 dB for V-BLAST and v < 7 dB
for STBC.

Using the eigenvalues, A,;, and Ay,4, the plots indicate that a strong correlation exists,
i.e. the slope is almost linear indicating that the eigenvalues are independent of location. The
same is not true for mutual information. It is clear that a link between BER performance and
parameters of the MIMO channel exist. Analysis using higher-order metrics and regressions
may result in better estimations of BER performances. However, results indicate that system
designers need to consider using both the channel eigenvalues and mutual information when

deploying a MIMO communications system.
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Chapter 7

Conclusions

This thesis has presented a characterisation of outdoor MIMO channels. The data from an
extensive outdoor measurement campaign was analysed and used to simulate the BER perfor-
mance of different MIMO techniques. CRC has logged a vast amount of measurement hours
in cataloging the mobile radio channel. The BER performance of V-BLAST and STBC was
found to be linked to the eigenvalues [75-77] of the channel and less on the available mutual

information.

7.1 Summary of the Thesis

Chapter 1 provided an introduction to the thesis, including the motivation for a robust wireless
system, the need for accurate and detailed characterisations of the channel and a literature
survey. The chapter concludes with the contributions and structure of this thesis.

In Chapter 2, a short review of the radio channel, including propagation characteristics,
signal fading distributions, and appropriate channel scattering models was given. The chap-
ter includes a survey of quantitative descriptors, i.e., channel metrics, found in the literature
for radio channel qualifications followed by a summary of space-time architecture and block

coding schemes used in this thesis.
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Chapter 3 described the system model utilised for channel sounding, including an appro-
priate mathematical channel model. A well known method for channel impulse response ex-
traction [72] was used, including a method for estimating noise and subtracting its contribution
from mutual information. The final portion of this chapter was dedicated to determining the
appropriate subset of channel metrics suitable for characterising performance of a mobile radio
channel, i.e., V-BLAST and orthogonal STBC using QPSK modulation.

Chapter 4 described the outdoor measurement campaign in Ottawa, measurement setup,
and presented a detailed description for each location.

Chapter 5 presented the parameterisation of all routes using the metrics given in Chapter 3,
and discussed the trends associated with the mobile position in the local environment.

Chapter 6 described the method used to determine which metrics are suited to predict
BER performance using measured data, i.e. eigenvalues preferred over mutual information.
The possible candidates were subjected to a fitness test to determine the best and weak BER
predictors for V-BLAST and STBC. Contrary to statements made in [2, 27, 32, 78] mutual

information is not the strongest MIMO performance predictor.

7.2 MIMO Technique Conclusions

There are a few general conclusions about MIMO techniques that were observed based on the

results from Chapter 6. They are as follows:

Channel Model A double scattering channel model is a useful tool for simulating outdoor

conditions in the mobile radio channel.

Performance Not all MIMO techniques are suited to a particular location. It was observed
that V-BLAST and STBC performance depended on amount of correlation present in

the channel. It was observed in Chapter 2 that V-BLAST performance degrades with
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correlation and STBC improves with it. With block coding, correlation improved the
effective SNR, while the code structure exploited temporal diversity to main performance

in low rank conditions. The same is not true for V-BLAST due to high spatial correlation.

Mobile position Using the metrics and simulated BER resuits, it is possible to estimate the

mobile position in the channel using diversity or correlation [58].

The performance of MIMO transmission is linked to the channel behaviour. It was reported
in [41] that the channel characteristics impact the eigenvalue distribution of the channel’s au-
tocorrelation matrix, thus affecting mutual information and the performance of V-BLAST and

STBCs.

7.3 Location Conclusions

There are a number of location conclusions which can be drawn:

LOS and non-LOS Depending on the placement of the transmitter in an environment, a strong
specular component may exist which can impact performance. In the urban case, a strong
dominant component was observed where diversity was low which coincided with the

mobile position being inline with the transmitter.

Multipath effects In an urban street corridor, multipath tunneling affects system performance.
A strong signal propagates down the street, multipath components reflected off buildings
are attenuated, resulting in a dominant component along the street. Thus, high correla-

tion is observed.

Mobile position In an urban center, it was found that diversity may be used to extrapolate

position. The opposite is true for correlation and suburban environments.
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Correlation For the urban case, there is a high amount of scatterers at an intersection includ-
ing buildings. However, in suburban areas, there are fewer scatterers present leading
to higher correlation. The small angular spread in urban corridors gives rise to high

correlation.

7.4 Channel Metric Conclusions

In MIMO communication systems, there exist many different channel parameterisations to
quantify channel behaviour over time. However, only a few of these parameters can be used to

describe BER performance. Three classes of predictors are: poor, weak and strong.

Poor predictors Channel metrics such as diversity and correlation are poor indicators in pre-
dicting values for BER performance of different MIMO techniques. However, they are
linked to the position of the mobile in the channel. Effective rank is not suitable for
prediction of BER performance due to the resulting distribution observed in this thesis,

ie. R={1,234}.

Weak predictors Normalised parallel channel gain and normalised parallel channel capacity
are weak predictors. A small trend was observed in the BER comparison for the MIMO
techniques however the goodness of fit measures indicated that these metrics rated poorly

when fitted by regression.

Strong predictors Mutual information, average signal strength and the channel eigenvalues

were good metrics for performing BER prediction.

The best predictors are discussed next in least to best ability to predict performance of a given

MIMO technique.



Conclusions 102

Mutual information The amount of mutual information available in the channel proved to
be a good predictor of BER performance. The results from fitness testing showed that
its ability to predict a trend in the channel was good. However, results showed that its

usefulness for a given technique was limited at high and low SNRs.

Smallest eigenvalue The smallest eigenvalue was found to have an impact on V-BLAST
BER performance, linked to the minimum distance between received signal vectors. V-
BLAST performance relies on the channel links being uncorrelated and a certain value
of A could guarantee this [28]. It was seen that performance could be predicted but

only with a high SNR.

Largest eigenvalue The largest eigenvalue was found to have an impact on STBC BER per-
formance. Correlation increases the largest eigenvalue which raises the average SNR of

the received signal and thus improves STBC performance.

Although effective rank and normalised averaged mutual information are insensitive to path
loss, it was found after then removing the effects of path-loss, both performed poorly as pre-
dictors. Also, high received signal power does not guarantee good performance, as observed
with MQ30 and AB20. The best BER prediction so far has been demonstrated using the eigen-
value decomposition of the spatial correlation matrix over available mutual information. This
prediction was also independent of the location of the mobile in the environment. Performance
of V-BLAST was linked to the smallest eigenvalue, A,,;,, while STBC performance was linked

to the largest eigenvalue, A,z
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7.5 Future Work

In this thesis we have looked at the characterisation of a 4 x 4 wireless MIMO channel in a
variety of outdoor locations. There exists the possibility of extending the scope of this work
to a 8 x 8 system as described in [40]. Many other research topics can be carried out as an

extension of this research, such as the following:

Future analysis A more sophisticated evaluation needs to be carried out, i.e. taking a combi-

nation of channel metrics to get a better prediction.

Higher order metric analysis A second order linear regression analysis could reveal other

valuable metrics for channel characterisation.

More testing Further testing of the predictions could be carried out in other environments to

see if the results found in this research are reliable.

MIMO techniques Spatial multiplexing and STBC are not the only types of MIMO tech-
niques that exist [61]. Eigenbeamforming, for example, is another type of technique [41,

48] that could be explored using the results in this thesis.

Perhaps comparing the trade-off between diversity and spatial-multiplexing could be explored.
The MIMO techniques V-BLAST and STBC were kept separate in this thesis. However, re-
search in [61] looked at combining spatial multiplexing and STBC using correlated fading
channels. The research presented in this thesis could be applied to predict performance of a

new and possibly better MIMO technique.



Appendix A

Route Maps

This appendix provides satellite maps for the routes used in this thesis. Some of these images

are available online via the Google Maps portal interface.

Figure A.1: Transmitter range of view from Minto Place.

104



Appendix 105

Figure A.2: Satellite map for suburban Ottawa; Transmitter indicated in red and measurement
points of interested in blue. (© Google, NAVTEQ Imagery, 2005.

Figure A.3: Satellite map for rural Ottawa; Route indicated by red arrow and transmitter indi-
cated by circle. © Google, NAVTEQ Imagery, 2005.
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V-BLAST Performance Prediction Results
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Figure B.1: V-BLAST performance prediction of MQ30.
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Figure B.3: V-BLAST performance prediction of CC25.
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STBC Performance Prediction Results
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Figure C.1: STBC performance prediction of MQ30.
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Figure C.3: STBC performance prediction of CC25.
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