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Abstract

The use of multi-antenna systems with multiple-input multiple-output (MIMO)
technology will play a key role in providing high spectrum efficiency for next
generation mobile communication systems. This thesis offers valuable insights
on the design of compact multi-antennas for efficient MIMO communications.
In the course of the thesis work, several novel six-port antenna designs have
been proposed to simultaneously exploit all six possible degrees-of-freedom
(DOFs) by means of various antenna diversity mechanisms (Paper I & II).
Moreover, the thesis also examines the potential of using uncoupled match-
ing networks to adaptively optimize compact multi-antenna systems to their
dynamic usage environments (Paper III). Furthermore, a simple and intuitive
metric is proposed for evaluating the performance of MIMO antennas when
operating in the spatial multiplexing mode (Paper IV). Last but not least, co-
operation among multi-antenna systems at all three sectors of a given cellular
base station is shown to deliver significant benefit at sector edges (Paper V).
The thesis with the five included research papers extend the understanding of
MIMO systems from an antenna and propagation perspective. It provides im-
portant guidelines in designing compact and efficient MIMO antennas in their
usage environments.

In Paper I, a fundamental question on the number of effective DOFs in a
wireless channel is explored using two co-located six-port antenna arrays. The
antenna elements of both arrays closely reproduce the desired characteristics of
fundamental electric and magnetic dipoles, which can efficiently extract angle
and polarization diversities from wireless channels. In particular, one of the two
array designs is by far the most electrically compact six-port antenna structure
in the literature. Analysis of measured channel eigenvalues in a rich multi-path
scattering environment shows that six eigenchannels are successfully attained
for the purpose of spatial multiplexing.

To study the potential of implementing different diversity mechanisms on a
practical multi-port antenna, Paper II builds on an existing dielectric resonator
antenna (DRA) to provide a compact six-port DRA array that jointly utilizes
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vi Abstract

space, polarization and angle diversities. In order to fully substantiate the
practicality of the DRA array for indoor MIMO applications, the compact
DRA array together with two reference but much larger arrays were evaluated
in an office scenario. The use of the compact DRA array at the receiver is
shown to achieve comparable performance to that of the reference monopole
array due to the DRA array’s rich diversity characteristics.

In Paper III, the study of uncoupled matching networks to counteract mu-
tual coupling effects in multi-antenna systems is extended by allowing for un-
balanced matching impedances. Numerical studies suggest that unbalanced
matching is especially effective for array topologies whose effective apertures
can vary significantly with respect to the propagation channel. Moreover, it is
also demonstrated that unbalanced matching is capable of adapting the radia-
tion patterns of the array elements to the dynamic propagation environment.

Paper IV introduces multiplexing efficiency as a performance metric which
defines the loss of efficiency in decibel when using a multi-antenna prototype
under test to achieve the same multiplexing performance as that of an ideal
array in the same propagation environment. Its unique features are both its
simplicity and the valuable insights it offers with respect to the performance
impacts of different antenna impairments in multi-antenna systems.

In Paper V, intrasite cooperation among three 120◦-sector, each with a
cross-polarized antenna pair, is investigated in a measured urban macrocellular
environment. The single-user capacity improvement is found to exceed 40% at
the sector edges, where improvements are most needed. In addition, a simple
simulation model is developed to analyze the respective impact of antennas and
specific propagation mechanisms on the measured cooperative gain.



Preface

After completing the course work component of my Master of Science degree
program, which concerns digital communication systems and technologies, a
thesis work on radio channel modeling brought me into the world of MIMO.
To my understanding, MIMO has been one of the hottest research topics in
radio communications over the past decade. When I finished my master’s
thesis project, I felt that I had learned something about MIMO and wondered
if there were still exciting opportunities left in this research field. As it turned
out, despite extensive research in MIMO technology, surprisingly little effort
has been directed towards assessing and mitigating the impacts of different
antenna impairments on the performance of MIMO systems in their realistic
usage conditions. In this context, the overarching question that this thesis tries
to answer is: how should we design and evaluate compact multi-antennas that
can deliver efficient MIMO communications?

The thesis is a compilation of an introduction to the research field and a
summary of my contributions, together with five research papers that present
the main results achieved during my graduate study. It extends the under-
standing of MIMO systems from an antenna and propagation perspective, and
offers valuable insights on the design of compact yet efficient multi-antennas.
The included papers are:

[1] R. Tian and B. K. Lau, “Experimental verification of degrees of freedom for
co-located antennas in wireless channels,” submitted to IEEE Transactions
on Antennas and Propagation, Jun. 2011 (revised Oct. 2011).

[2] R. Tian, V. Plicanic, B. K. Lau, and Z. Ying, “A compact six-port dielec-
tric resonator antenna array: MIMO channel measurements and perfor-
mance analysis,” IEEE Transactions on Antennas and Propagation, vol.
58, no. 4, pp. 1369 – 1379, Apr. 2010.

[3] R. Tian and B. K. Lau, “Uncoupled antenna matching for performance op-
timization in compact MIMO systems using unbalanced load impedance,”
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in Proc. IEEE Vehicular Technology Conference (VTC Spring 2008), pp.
299 – 303, Singapore, May 11 – 14, 2008.

[4] R. Tian, B. K. Lau, and Z. Ying, “Multiplexing efficiency of MIMO anten-
nas,” IEEE Antennas and Wireless Propagation Letters, vol. 10, pp. 183
– 186, 2011.

[5] R. Tian, B. Wu, B. K. Lau, and J. Medbo, “On MIMO performance
enhancement with multi-sector cooperation in a measured urban environ-
ment,” submitted to Electronics Letters, 2011.

During my graduate study, I have also contributed to the following publications,
that are not included in the thesis:

[6] R. Tian, B. K. Lau, and Z. Ying, “Multiplexing efficiency of MIMO an-
tennas in arbitrary propagation scenarios,” submitted to 6th European
Conference on Antennas and Propagation (EuCAP), Mar. 2012.

[7] R. Tian, B. K. Lau, and J. Medbo, “Impact of Rician fading and cross-
polarization ratio on the orthogonality of dual-polarized wireless chan-
nels,” submitted to 6th European Conference on Antennas and Propaga-
tion (EuCAP), Mar. 2012.

[8] V. Plicanic, I. Vasilev, R. Tian, and B. K. Lau, “On capacity maximisa-
tion of a handheld MIMO terminal with adaptive matching in an indoor
environment,” Electronics Letters, vol. 47, no. 16, pp. 900 – 901, 2011.

[9] R. Tian and B. K. Lau, “Degree-of-freedom evaluation of six-port antenna
arrays in a rich scattering environment,” in Proc. IEEE International Sym-
posium on Antennas and Propagation, vol. 1, pp. 51 – 54, Spokane, USA,
Jul. 2011.

[10] R. Tian and B. K. Lau, “Simple and improved approach of estimating
MIMO capacity from antenna magnitude patterns,” in Proc. 3rd Euro-
pean Conference on Antennas and Propagation (EuCAP), Berlin, Ger-
many, Mar. 2009.

[11] R. Tian, V. Plicanic, B. K. Lau, J. L̊angbacka, and Z. Ying, “MIMO
performance of diversity-rich compact six-port dielectric resonator an-
tenna arrays in measured indoor environments at 2.65 GHz,” in Proc.
2nd COST2100 Workshop - Multiple Antenna Systems on Small Termi-
nals (Small and Smart), Valencia, Spain, May 2009.



ix

[12] B. K. Lau and R. Tian, “Antenna matching for performance optimization
in compact MIMO systems,” in Proc. Microwave Workshops and Exhibi-
tion (MWE), Japan, Nov. 2007.

The research results throughout my graduate study have also been presented
as temporary documents (TDs) in the European Cooperation in Science and
Technology (COST) Action 2100 and IC1004:

[13] R. Tian, B. K. Lau, and Z. Ying, “Multiplexing efficiency of multiple
antenna systems,” in COST IC1004, TD(11)01025, Lund, Sweden, Jun.
2011.
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COST2100, TD(09)727, Braunschweig, Germany, Feb. 2009.

[16] R. Tian and B. K. Lau, “On prediction of MIMO capacity performance
with antenna magnitude patterns,” in COST2100, TD(08)651, Lille,
France, Oct. 2008.

[17] R. Tian and B. K. Lau, “On compact MIMO antenna systems with opti-
mized uncoupled impedance matching,” in COST2100, TD(08)438, Wro-
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Chapter 1

Introduction

The evolution of technology for transmitting and receiving information by
means of electromagnetic wave propagation has gone a long way. The author of
this thesis does not intend to describe every advancement along the road map
since Guglielmo Marconi’s pioneering experiment. Instead, the scope of this
introduction is mainly focused on a core technology, multiple-input multiple-
output (MIMO) wireless communication, which is an integral part of both new
and upcoming mobile communication systems.

The desire of higher data transmission rates has been the driving force
behind major advancements in wireless technology. However, the maximum
possible data rate of a communication system is fundamentally limited by the
Shannon capacity of the communication channel [1]. In order to achieve not
only higher peak data rates but also higher rates over entire coverage area,
the research and development of next generation mobile systems known as the
International Mobile Telecommunication (IMT)-Advanced systems is under-
way worldwide [2]. Multi-antenna systems with MIMO technology will play
a key role in providing the target data rate of 1 Gbps with high spectrum
efficiency. From arguably the very first known multi-antenna system, in the
form of Guglielmo Marconi employing a physically massive four-element circu-
lar antenna array for his transatlantic radio transmissions in 1901 [3], MIMO
technology has come a long way. This introduction will briefly discuss why
MIMO has become known as “a key to gigabit wireless” [4] and the key is-
sues to be addressed from an antenna and propagation perspective to enable
efficient MIMO communications.
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4 Overview of the Research Field

(a) SISO

(b) MIMO

Figure 1.1: Block diagram of SISO and MIMO systems.

1.1 MIMO Wireless Communications

In a conventional radio system, one transmit (TX) antenna and one receive
(RX) antenna is used for transmission of information over a communication
channel, which is why it is known as a single-input single-output (SISO) system.
The block diagram of such a SISO system is given in Figure 1.1(a). The
channel response in this case can be represented by h(t, τ), at delay bin τ and
time instant t. If the channel can be simplified as being time and frequency
invariant, the dependence of t and τ is dropped such that the channel is simply
denoted by a scalar h. This is the case for narrow band systems operating in a
static environment. The sampled scalar signal model is given as

y = hx + n, (1.1)

where y is the received signal, x is the transmitted signal, and n is characterized
by additive white Gaussian noise (AWGN) with zero mean and variance σ2

n. In a
noise-limited scenario, the spectrum efficiency of a channel is upper bounded by
the Shannon capacity expressed in terms of bits per second per Hertz (bps/Hz),
as

C = log2

(

1 +
PT

σ2
n

|h|2
)

, (1.2)

where PT denotes the transmit power, and |h|2 denotes the power gain of
the scalar channel. The expression in (1.2) indicates that channel capacity
only increases logarithmically with an increase in transmit power, e.g., at high
signal-to-noise ratios (SNRs) or PT ≫ σ2

n, a 3 dB increase (or doubling) of the
power would only yield 1 extra bps/Hz. This indicates that the performance of a
wireless communication system is constrained by either power-limited operation
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or bandwidth-limited operation. Given a frequency bandwidth, the use of
multiple antennas can improve the spectrum efficiency of the system.

As sketched in Figure 1.1(b), a MIMO system makes use of multiple antenna
elements at both TX and RX ends. The channel response is now denoted by a
channel matrix H, whose (k, l)-th element hk,l denotes the scalar SISO channel
between the k-th RX antenna and the l-th TX antenna. In this case, the
sampled vector signal model is given as

y = Hx + n, (1.3)

where y is the received signal vector at the MR receive antennas, x is the
transmitted signal vector for the MT transmit antennas, and n is the AWGN
vector at the MR receive antennas. The study of such a system has been the
subject of several pioneering works [5–7]. The capacity of an instantaneous
MIMO channel can be calculated as

C = log2 det

(

IMR
+

PT

MTσ2
n

HHH

)

, (1.4)

where IMR
is a MR × MR identity matrix, det(•) is the determinant opera-

tor, and (•)H denotes the conjugate transpose (or Hermitian) operator. In
this expression, the transmit power PT is assumed to be equally allocated over
the MT transmit antennas, corresponding to the case of no channel state in-
formation (CSI) at the transmitter. Power allocation can be optimized using
a waterfilling algorithm, if the CSI is available at the transmitter. Assuming
that the channels for all pairs of RX and TX antennas are mutually uncorre-
lated independent and identically distributed (IID) complex Gaussian random
variables, the mathematical formulation in [7] shows that the MIMO channel
offers a min(MR, MT)-fold increase in capacity comparing to that of the SISO
channel, where the operator min(MR, MT) picks the smaller value between the
number of TX/RX antennas.

This increase is significant since the spectrum efficiency becomes linearly
proportional to the number of antennas. In Figure 1.2, the impact of MIMO
systems on spectrum efficiency is illustrated with the tradeoff between the re-
quired bandwidth (BW ) and the number of antennas in achieving a target
date rate of 1 Gbps. For example, if we assume a 20 dB SNR in a SISO sys-
tem as denoted by ρ = PT/σ2

n, one needs to occupy a frequency bandwidth
of BW = 150 MHz. Therefore, this requirement constrains the system perfor-
mance in bandwidth-limited operations. On the other hand, for the same SNR,
assuming a MIMO system of MR = MT = 6, the occupied bandwidth can the-
oretically be reduced to 30 MHz, if the aforementioned IID channel is assumed.
This simple example demonstrates the effectiveness of MIMO technology in
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Figure 1.2: Tradeoff in required bandwidth BW and number of anten-
nas (M) in achieving 1 Gbps for a M × M MIMO channel with 20 dB
SNR.

drastically improving spectrum efficiency, which is especially beneficial due to
the frequency spectrum being a scarce and expensive resource today. However,
real wireless propagations are often more complicated than what the IID model
predicts. For example, Figure 1.2 also shows that if there are some correlations
among the channel coefficients, the occupied frequency bandwidth is now in-
creased to 42 MHz for the six-antenna case. The rationale behind introducing
channel correlation and choosing of six transmit and receive antennas in this
simple example will be revealed in the following parts of this thesis.

1.1.1 Propagation Channel

As mentioned above, the ability to unleash the full potential of MIMO systems
relies on the properties of the overall propagation channel H, which includes the
impacts of the TX and RX multi-antenna systems. Characteristics of MIMO
channels will be addressed here, following which some useful channel models
will be summarized.
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Multi-path Propagation

In free space, electromagnetic waves that are launched from the TX antenna
reach the RX antenna along the line-of-sight (LOS) propagation path. However,
in mobile communications, the key propagation mechanism is non-LOS (NLOS)
multi-path propagation [8]. This is mainly caused by the interaction of radio
waves with different types of scattering objects in the radio channel. For ex-
ample, the transmitted radio waves can be shadowed by large objects, reflected
from smooth surfaces, scattered from rough surfaces, and diffracted at the edges
of these scatterers. The received signal is therefore a summation of multiple
copies of the transmitted signal that travel through these different propagation
paths, known as multi-path components (MPCs). These MPCs add construc-
tively and destructively, causing the multi-path fading phenomenon. In a SISO
system, one needs to design dedicated transceiver algorithms (e.g., equaliza-
tion) in order to combat performance degradation due to multi-path fading.
However, multi-path fading turns out to be the key for utilizing multi-antenna
techniques. For instance, there is a significantly smaller probability that all the
signals across spatially separated antennas experience deep fade simultaneously,
as compared to it occurring in the signal from one antenna. The approaches
that exploit this aspect of multi-antenna systems are known as space diversity
techniques.

NLOS/LOS

In a NLOS scenario, there are a large number of scatterers that cause multi-
path propagation, but there is no dominant path. In a SISO channel, the
complex-valued baseband representation [9] of the channel response h can be
modeled as a zero mean complex Gaussian variable with variance σ2

0 , i.e.,

h ∼ CN (0, σ2
0). (1.5)

Equivalently, Re{h} and Im{h} are IID variables of the real-valued Gaussian
(or normal) distribution N (0, σ2

0/2), where Re{h} and Im{h} denote the real
and imaginary parts of h. In this case, the amplitude |h| is Rayleigh distributed
and the phase ϕ is uniformly distributed between 0 and 2π [8].

On the other hand, when a dominant path of amplitude A0 exists among
the MPCs, the fading channel is best modeled using a Rician distribution. The
scenario is commonly referred to as LOS, although the dominant component
does not necessarily propagate along the line-of-sight path. In order to char-
acterize the significance of the dominant component, the Rician K-factor is
defined as the ratio of the power in the dominant component to the power in
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the scattered components [8], i.e.,

K =
A2

0

2σ2
0

. (1.6)

If the dominant component does not exist, i.e., K → 0, the Rician distribution
reduces to the Rayleigh distribution. Other distributions, which can better de-
scribe some scenarios, are also found in the literature [10]. The IID Gaussian
model used in the mathematical formulation of [7] assumes that each element
of the channel matrix H is an IID variable of CN (0, σ2

0). Therefore, such a H
matrix is referred to as the IID Rayleigh MIMO channel. The rows or columns
of such a channel matrix are linearly independent, which ensures that the chan-
nel matrix is full rank. The full rank condition of the channel in NLOS scenario
is favorable for MIMO systems. On the other hand, the dominant component
in the LOS scenario can impair this condition by causing the condition number
of H to increase, due to large amount of power being available to only one
subchannel (i.e., the dominant path).

Correlation

Although it has not yet been discussed in great detail as to why the IID Rayleigh
MIMO channel is desirable, the author would like to point out at this point that
in reality, correlations do often exist among the elements of the channel matrix
H. The following example investigates the correlation among the received
signals from spatially separated antennas in random propagation channels.

An antenna is characterized by its far-field radiation pattern, with the gain
pattern denoted by

Gθ,φ(Ω) = |Eθ,φ(Ω)|2, (1.7)

where Eθ,φ(Ω) = Eθ(Ω)θ̂ + Eφ(Ω)φ̂ includes both θ- and φ-polarization com-
ponents of the complex-valued electric far-field pattern at the solid angle Ω.
On the other hand, the propagation channel is characterized by the incident
field of the RX antenna system. This can be described by a distribution of the
angular power spectrum (APS)

Pθ,φ(Ω) = Pθ(Ω)θ̂ + Pφ(Ω)φ̂, (1.8)

where Pθ(Ω) and Pφ(Ω) denote the θ- and φ-polarization components of the
incident field, respectively. The power ratio between the two polarizations is
denoted as cross-polarization discrimination (XPD), i.e.,

χ =
PT,θ

PT,φ
, (1.9)
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Figure 1.3: Correlation of two isotropic antenna elements separated
by distance d in uniform 3D and Gaussian 3D APS centered at (θ0 =
60◦, φ0 = 0◦) with σθ = σφ = σ.

where PT,θ and PT,φ denote the total power of θ- and φ-polarized fields, re-
spectively. Given a propagation scenario specified by Pθ,φ(Ω), the complex
correlation between the k-th and l-th antenna elements can be calculated with
the following expression using their radiation patterns as [10]

rk,l =

∫ (
χ

1+χEθ,k(Ω)E∗

θ,l(Ω)Pθ(Ω) + 1
1+χEφ,k(Ω)E∗

φ,l(Ω)Pφ(Ω)
)

dΩ
√

Ge,k

√
Ge,l

, (1.10)

where Eθ,k(Ω) and Eφ,k(Ω) denote θ- and φ-polarization components of the far-
field pattern for the k-th antenna, and the normalization factor Ge denotes the
mean effective gain (MEG) of the antenna [11]. The MEG is used to evaluate
the effective gain of the antenna system averaged over a given propagation
scenario. For the k-th antenna, it is obtained as

Ge,k =

∫ (
χ

1 + χ
Gθ,k(Ω)Pθ(Ω) +

1

1 + χ
Gφ,k(Ω)Pφ(Ω)

)

dΩ. (1.11)

In this example, only isotropic antennas are considered, i.e.,

Gθ,k(Ω) = Gφ,k(Ω) = 1/2. (1.12)
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For a two-element array, where the antennas are separated by a distance d
along the x-axis of the coordinate system, ignoring mutual coupling between
the antenna elements, the relative array response is obtained using the array
factor [12], i.e.,

E2(θ, φ) = E1(θ, φ) exp

[

j2π
d

λc
sin θ cosφ

]

, (1.13)

where λc denotes the wavelength of the operating frequency fc, θ and φ denote
the elevation and azimuth angles, respectively. In order to study the correla-
tion of such a two-element antenna system, two different distributions of APS
are considered in this example. First, as a reference scenario, a uniform 3D
distribution is used to model a completely random environment, where

PUniform
θ,φ (Ω) ∝ 1. (1.14)

The second case considers a (truncated) Gaussian distribution, which is a sta-
tistically appealing form for APS [10], given by

PGaussian
θ,φ (θ, φ) ∝ exp

[

−
(

(θ − θ0)
2

2σ2
θ

+
(φ − φ0)

2

2σ2
φ

)]

, (1.15)

where the mean angle-of-arrival (AOA) is denoted as (θ0, φ0), and the standard
deviation of the angular spread is given by (σθ, σφ). The discussion can easily
be extended to the use of a Laplacian distribution, which is found to be a better
model of the APS in some scenarios [10].

For the completely random uniform 3D environment described by PUniform
θ,φ ,

the correlation coefficient is given by a sinc function as

r(d) = sinc(kcd) =
sin(kcd)

kcd
, (1.16)

where the wavenumber kc = 2π/λc. The first zero-crossing point is obtained
with the antenna separation of d = λc/2 as shown in Figure 1.3. In other
words, two antennas need to be separated by half a wavelength in order to
obtain full decorrelation. For the Gaussian distributed APS, a closed form
expression for calculating the correlation coefficient is obtained in [13] for the
azimuth-only 2D scenario. The correlation for the more general 3D case can
be evaluated numerically using (1.10). For example, Figure 1.3 also evaluates
the magnitude of the correlation coefficient |r| of the two-element isotropic
antenna array denoted by (1.13) under the Gaussian APS with different angular
spreads. The APS is centered at the AOA direction of (θ0 = 60◦, φ0 = 0◦),
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which is an elevated angle in the end-fire direction of the array [12]. For APS
with smaller angular spreads, it can be seen that larger separation distances
are required in order to obtain reasonably low correlation of |r| < 0.7, which is
roughly equivalent to the envelope correlation of less than 0.5. The performance
converges to that of the uniform 3D distribution when the angular spread is
large enough.

The study illustrates that a multi-antenna system can be exposed to severe
spatial correlation if the interaction between the antennas and the propagation
channel is not properly exploited. It also suggests the need of other techniques
for obtaining linearly independent channels, since it is not always possible to
accommodate large spatial separation among antennas in some applications,
especially where the size of the overall antenna system is constrained.

Polarization

It has been known that the two polarization states of plane waves can be used
to provide two independent communication channels [14, 15]. This mechanism
has become particularly interesting since it offers the benefit of allowing two
antennas to be closely placed, which is desirable for miniaturizing an antenna
system. Recent attempts to measure and model polarized propagation channels
are reported in a number of research articles, including [16–21]. In most of
these studies, the focus is to model the coupling between co-polarized and
cross-polarized radio waves.

Considering dual-polarized antennas at both the TX and RX ends, the 2×2
channel matrix H is formulated as

H =

[
hVV hVH

hHV hHH

]

, (1.17)

where hVH denotes the channel transfer function between the horizontally (H)
polarized TX antenna and the vertically (V) polarized RX antenna. Simi-
lar notations are applicable to all other TX-RX antenna pairs. One common
parameter in characterizing dual-polarized channels is to model the channel’s
cross-polarization coupling capability. This can be described by the cross-
polarization ratio (XPR) as

χV =
E{|hHV|2}
E{|hVV|2}

, χH =
E{|hVH|2}
E{|hHH|2}

, (1.18)

where E{•} denotes the expectation operator. χV is defined as the power ratio
between the cross-polarized coupling from the V-polarized TX antenna to the
H-polarized RX antenna and the co-polarized coupling of the V-polarized TX
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Figure 1.4: The CDFs of co- and cross-polarization ratios for an urban
macrocellular dual-polarized channel.

and RX antennas. Similarly, χH denotes the XPR for the H-polarized TX
antenna. The co-polarization ratio (CPR) is also defined in a similar manner,
and it describes the power ratio between the co-polarized V-to-V (hVV) and
H-to-H (hHH) channels, as

χC =
E{|hVV|2}
E{|hHH|2}

. (1.19)

The cumulative distribution functions (CDFs) of the co- and cross-
polarization ratios obtained from a channel sounding measurement in an
urban macrocellular propagation scenario is shown in Figure 1.4. At median
probability (50%), the CPR is found to be 0 dB, which indicates the quasi
equivalent ability of the propagation channel in co-polarization coupling of V-
and H-polarized waves. On the other hand, the XPR is found to be lower than
−5 dB. Similar to other studies, the result indicates that cross-polarization
coupling in such an environment is 5 − 6 dB weaker than co-polarization
coupling.

Analytical Channel Model

Modeling electromagnetic wave propagation in a multi-path environment is a
complex problem. However, it is always desired to have accurate yet tractable
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channel models. Accurate channel models are crucial for MIMO systems, since
the channel matrix H plays the key role in determining the upper bound of
channel capacity as given in (1.4). According to the survey study in [22],
different channel models can be classified into analytical and physical models.
This thesis focuses on the stochastic approach in studying these two classes of
channel models.

The analytical approach models the channel without considering the under-
lying physical aspects. The simplest and most important channel model is the
IID Rayleigh MIMO channel that has been discussed previously. Denoting it as
HIID, the matrix elements hk,l = [HIID]k,l are IID complex Gaussian random
variables with unit variance CN (0, 1), i.e.,

E{hk,l} = 0, E{|hk,l|2} = 1, E{hk,lh
∗

m,n} = 0, (1.20)

where {•}∗ denotes the complex conjugate operator. The squared Frobenius
norm of HIID is therefore given by

E
{
||HIID||2F

}
= E

{
MR∑

k=1

MT∑

l=1

|hk,l|2
}

= MRMT. (1.21)

The quantity ||H||2F represents the total power gain of the channel matrix. Since
the MIMO channel capacity depends on the SNR and as well as the channel
gain, the channel matrix is usually normalized according to (1.21) in order to
interpret the results correctly [23]. ||H||2F can also be expressed as

||H||2F = Tr
(
HHH

)
=

κ∑

k=1

λk, (1.22)

where {Tr(•)} denotes the trace operator, λk (k = 1, 2, . . . , κ) are the non-zero
eigenvalues of HHH , and κ denotes the rank of the matrix. The eigenvalues
can be obtained using eigenvalue decomposition, i.e.,

HHH = QΛQH , (1.23)

where Λ = diag [λ1, λ2, . . . , λMR
] in the case of a full rank matrix with κ = MR.

In order to include spatial correlation properties into the channel model,
the Kronecker model is proposed to introduce the correlation at the TX and
RX ends separately. The composed channel matrix is given by [24]

HK = R
1/2
RXHIID(R

1/2
TX)T , (1.24)

where (•)T denotes the transpose operator, RRX and RTX denotes the correla-
tion matrix of the RX and TX arrays, respectively. The underlying assumption
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made in this model is that the local APS caused by clusters of scatterers ex-
ist at the two ends of the channel individually, with no direct link interacting
between the two local scattering environments. Although the model has been
validated in measurements [25], it is also known that the Kronecker model fails
to predict the performance of channels where strong correlation exists between
the respective local APS at the TX and RX ends [26].

Either HIID or HK can be used to represent NLOS scenarios. For LOS
scenarios, the Rician K-factor is used to introduce the dominant component,
which results in the following LOS channel [24]

HLOS =

√

K

1 + K
H +

√

1

1 + K
HIID, (1.25)

where the dominant component is deterministic and can be described by H =
E {HLOS}. The Rician K-factor represents the ratio between the power of the
dominant component and the power of the scattered components as defined
in (1.6). With K → 0, the channel matrix becomes the IID Rayleigh channel
HIID. On the other hand, when K → ∞, the channel is fully deterministic,
i.e., no fading. Therefore, the performance of the channel under large K values
largely depends on the structure of H.

In LOS scenario, the structure of H is such that high correlation is often
obtained for spatially separated antennas, similar to the cases of narrow angular
spreads in Figure 1.3. However, two independent channels can still be exploited
using polarization diversity. If dual-polarized antennas are employed at both
the TX and RX ends, the eigenvalues of H can become equal, which is a
particularly favorable situation for the MIMO technique to be discussed in
Section 1.1.2.

Physical Channel Model

In order to account for the physical behavior of multi-path propagation,
stochastic channel models can also be studied using a physical approach based
on the parameters of MPCs, such as attenuation, delay, polarization, AOA and
angle-of-departure (AOD). Utilizing directional information, the radio channel
can be separated from the antennas using the double-directional channel con-
cept [27]. The model is described by the statistical distribution of the MPCs
parameters based on rays and clusters of rays (of plane waves). An alternative
approach makes use of spherical vector waves to model the MPCs, which
allows the interaction between the channel and the antennas to be studied in
the spherical wave mode domain [28, 29].

Figure 1.5 illustrates the concept of random scattering channel model, which
is similar to the double-bounce stochastic model discussed in [30]. stk (k =
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Figure 1.5: Random scattering channel model.

1, 2, . . . , MST) represent a number of local clusters of scatterers in the scattering
medium surrounding the TX antennas, and srl (l = 1, 2, . . . , MSR) represent a
number of local clusters of scatterers surrounding the RX antennas. The local
scattering matrix of the TX and RX antenna is represented by ST and SR, of
size MST × MT and MR × MSR, respectively. The scattering matrix linking
the two local scatterers is denoted by SH, which is of size MSR × MST. The
scatterers follow the statistical distribution of the local APS, obtained from
either measurements or analytical models. If a completely random scattering
environment is considered for SH, the model is then equivalent to the Kronecker
channel model. On the other hand, if only one link exists in SH, it leads to the
degenerated keyhole channel [31].

1.1.2 Space-Time Processing

Advantages of using multiple antennas, either on one end or on both ends
of a communication channel, can be seen from several aspects. How these
advantages are exploited depends on the applied space-time processing tech-
nique [24,32]. For example, directional radiation patterns can be formed using
antenna arrays for spatially-selective transmission and/or reception of signals,
which lead to array gain and improved link quality. In a multi-user cellular
system, it can also contribute to the mitigation of interference, e.g., the base
station (BS) antenna array can form a null in the array pattern towards the
direction of the interfering user. Another common space-time processing tech-
nique is antenna diversity. In the case of RX diversity, the received signal from
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Figure 1.6: Eigenchannel representation of spatial multiplexing scheme.

different multiple antennas may be fading independently. Given the knowledge
of the channel, the received signals can be combined constructively. Diversity
can also be exploited at the TX side in the absence of channel knowledge by
means of space-time coding. Antenna diversity techniques have been stud-
ied over several decades, and one current focus is on their implementation in
compact user terminals [33].

In this thesis, the discussion of MIMO systems focuses on the spatial mul-
tiplexing technique, which offers the potential of parallel information trans-
mission to achieve a capacity that is linearly proportional to the number of
antennas.

Spatial Multiplexing

In the spatial multiplexing technique, multiple streams of information can be
transmitted in parallel between multiple TX and RX antennas. A transceiver
architecture that applies the spatial multiplexing scheme is proposed in [34].
In order to show that the spatial multiplexing technique can achieve a MIMO
capacity that is linearly proportional to the number of antennas, the channel
matrix H plays the key role. Applying the eigenvalue decomposition of HHH

defined in (1.23), the channel capacity in (1.4) becomes

C =

κ∑

k=1

log2

(

1 +
PT

MTσ2
n

λk

)

=

κ∑

k=1

log2(1 + γk). (1.26)

The expression shows that the capacity of the MIMO channel is the sum ca-
pacity of κ scalar eigenchannels. As illustrated in Figure 1.6, each eigenchannel
is characterized by its effective channel gain γk, which is proportional to the
corresponding eigenvalue λk, i.e.,

γk =
PT

MTσ2
n

λk =
ρ

MT
λk, k = 1, 2, . . . , κ, (1.27)
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where as before ρ = PT/σ2
n is the SNR. In order to access the parallel eigen-

channels, the knowledge of H needs to be available at both the TX and RX
ends. Applying singular value decomposition to H together with appropriate
pre- and post-processing of the transmitted and received signals, the sampled
vector channel model of MIMO system in (1.3) can be shown to become a set
of κ parallel scalar SISO channels [24], given as

ỹk =
√

λkx̃k + ñk, k = 1, 2, . . . , κ. (1.28)

Each of the parallel channels is characterized by its associated eigenvalue.
Considering the special case with a square channel matrix of full rank, with
κ = M = MR = MT and having identical eigenvalues, if the channel matrix
has been normalized according to (1.21), using (1.22), the eigenvalues are given
as

λk = M, k = 1, 2, . . . , M. (1.29)

The effective eigenchannel gain γk defined in (1.27) is then equal to the SISO
SNR ρ. Therefore, the channel capacity in (1.26) becomes exactly M -fold of
the SISO channel capacity, i.e.,

C = M log2(1 + ρ). (1.30)

As is explained above, identical eigenvalues are desired. In fact, it can be
shown that, given a fixed total channel gain (1.22), the distribution of eigenval-
ues which maximizes capacity corresponds to equal gain across the eigenvalues.
One way to characterize the departure from this ideal behavior is to evaluate
the “flatness” or dispersion across the eigenvalues, which is calculated as the
ratio between the geometric mean and the arithmetic mean of eigenvalues, i.e.,

(
∏κ

k=1 λk)1/κ

1
κ

∑κ
k=1 λk

. (1.31)

This metric is also known as ellipticity statistics. In [35], it is demonstrated
that a higher eigenvalue dispersion of the measured channel can be interpreted
as a degradation in SNR.

However, from the viewpoint of the propagation channel, having identical
channel eigenvalues is only possible in very specific channels [36]. For example,
this is the case in LOS scenario when both V- and H-polarized waves are
exploited in the 2 × 2 MIMO channel matrix, i.e., H ∝ I2 and K → ∞ in
(1.25). In more general cases, although the sum of all eigenvalues is bounded
as in (1.22), the strengths of each individual eigenvalues are spread over a range
of values. For the IID Rayleigh MIMO channel with many antenna elements, a
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Figure 1.7: Effective eigenchannel gain γk of the 6 × 6 MIMO channel
with 20 dB SNR.

statistical distribution of all the eigenvalues can be obtained using the random
matrix theory [37].

In this thesis, the discussion is mainly focused on 6× 6 MIMO systems. In
Figure 1.7, the mean values of the effective eigenchannel gains γk of the 6×6 IID
Rayleigh MIMO channels with 20 dB SNR are shown. As can be seen, the gains
are spread over the eigenchannels, with the strongest and weakest channel gains
differing by 20 dB. For the given SNR, six parallel channels can be supported
using spatial multiplexing, since the weakest channel still yields a modest gain
(or in effect, SNR) of just under 5 dB. If channel knowledge is available at
the transmitter, the waterfilling algorithm can be applied here to improve the
capacity. However, in a correlated channel where a correlation coefficient of
|r| = 0.7 is assumed between all pairs of TX and RX antennas, the weakest
channel gain is found to be lower than 0 dB (see Figure 1.7). This indicates
that not all eigenchannels can be efficiently utilized in parallel. The concept of
effective degrees-of-freedom (EDOF) is proposed in [38] to quantify the number
of eigenchannels that can be efficiently exploited for spatial multiplexing. For
a given SNR ρ, the EDOF, denoted as NDOF, is defined as

NDOF =
d

dδ
C(2δρ)|δ=0. (1.32)
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If the capacity is obtained using (1.26), the EDOF can be calculated as

NDOF =

κ∑

k=1

1

1 + MT/(ρλk)
=

κ∑

k=1

1

1 + 1/γk
. (1.33)

In Figure 1.8, the EDOF performance of the 6×6 MIMO channel is shown.
With a reference SNR of 20 dB, nearly six DOFs are obtained with the IID
Rayleigh channel. However, only less than five eigenchannels can be supported
in the case of the correlated channel.

1.2 Multi-antenna Systems

From the discussion above, the central role of the propagation channel in study-
ing MIMO systems has been described. The potential of MIMO systems is
therefore limited by the propagation channel, and its interaction with the multi-
element antennas. This interaction has been briefly addressed in Section 1.1.1
where the correlation across the RX antenna elements is obtained given differ-
ent distributions of the incident field. This aspect is further investigated in the
following sections.
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Figure 1.9: The use of three field components of the electric field in
the presence of a scatterer [40].

1.2.1 Degree-of-Freedom

A multi-antenna system has the best performance when the correlation among
the signals on different antenna branches is low (assuming equal average branch
power). In conventional configurations, antenna elements are usually spatially
separated. It has been shown above (e.g., Figure 1.3) that a separation distance
of at least d = λc/2 is typically required in order to achieve full decorrelation.
Even though a reasonably low correlation of |r| < 0.7 is considered enough to
ensure promising results, it still requires about λc/4 separation in a uniform
3D propagation scenario.

On the other hand, low signal correlation can also be obtained by utilizing
polarization diversity, which has the benefit that the antenna elements may be
placed very close to one another. In [14], a two-branch polarization diversity
system is proposed for the reception of vertically (V) and horizontally (H)
polarized electromagnetic waves. The use of two polarization states of the plane
waves has been known to introduce two DOFs to a wireless communication
channel. This is the case in LOS scenarios, where the transverse propagation
of electromagnetic waves are perpendicular to the longitudinal direction of the
propagation [39].

For multi-path propagation with scattering object(s), all three components
of the electric field may be utilized. This is illustrated in Figure 1.9 [40], where
the LOS propagation is along the positive y direction. In this case, three
orthogonal electric dipole antennas are assumed for the excitation of the three
electric field components, denoted as Ex, Ey and Ez . Without the scatterer,
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Figure 1.10: Six co-located orthogonally polarized dipoles, where Jx,
Jy and Jz denote the electric dipole currents and Mx, My and Mz denote
the magnetic dipole currents [10].

only Ex and Ez that are perpendicular to the LOS propagation direction can
be used. Conventionally, these components are often denoted as H- and V-
polarizations, respectively. The third field component Ey that is parallel to
the longitudinal direction of the propagation cannot be exploited. With the
presence of a scatterer, on the other hand, the radio waves can propagate
along a different path. This will lead to a non-zero contribution to Ey . In
this way, all three field components are exploited in this two-path propagation
environment. This discussion is further addressed in [40] by considering a total
of six electric and magnetic field components, i.e., Ex, Ey, Ez , Hx, Hy and
Hz . Each component can be excited and received using electric and magnetic
dipoles of the corresponding polarization states.

In [40], an array of six co-located and orthogonally polarized electric and
magnetic dipole antennas are proposed to transmit and receive six distinguish-
able field components, each of which can convey information through an in-
dependent channel in a rich multi-path scattering environment. The proposed
six-element array of electric and magnetic dipole antennas is illustrated in Fig-
ure 1.10.

In the context of MIMO systems, an additional three-fold increase in chan-
nel capacity can be achieved in addition to the conventional use of two polar-
izations. In other words, a total number of six DOFs can be exploited. This
has attracted considerable interest and sparked further investigation on the
number of DOFs that is theoretically available in a wireless channel [28,41–45].
However, the claim regarding the dependence between electric and magnetic
fields also leads to some misunderstandings. In fact, as pointed out in [42], the
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Figure 1.11: Correlation using S-parameter representation.

availability of the six DOFs is better explained in terms of polarization and
angle diversities of the multi-element antenna patterns. This is the subject
of [46, 47], which are the included Papers I and II in this thesis. The work is
further expanded in Chapter 2.

1.2.2 Antenna-Channel Matching

When multiple antenna elements are closely placed with one another, there
are strong electromagnetic interactions among the antenna elements. This
phenomenon is known as mutual coupling, whose impact on the performance
of antenna systems is commonly ignored by many studies. This is especially
the case in communication and signal processing communities, which favor
simpler models of the array elements. However, since strong coupling can lead
to not only high correlation but also severe loss in efficiency of multi-antenna
systems, it is important to properly account for coupling in the multi-antenna
model [33,48,49]. The study of mutual coupling is usually performed using the
scattering (S) parameters in a network representation [50–52]. Considering a
uniform 3D propagation environment, the correlation of a two-antenna system
can be obtained using the two-port S parameter representation as [53, 54]

r = − S11S
∗

12 + S21S
∗

22
√

(1 − |S11|2 − |S21|2)(1 − |S22|2 − |S12|2)
. (1.34)
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The correlation coefficient calculated using (1.34) is studied in Figure 1.11,
where S11 = S22 denotes the reflection coefficients and S12 = S21 denotes the
coupling coefficients of the two-port network. It is clear from Figure 1.11 that
higher coupling coefficients lead to higher magnitudes of correlation, although
in general the antenna efficiencies also play a key role in determining the cor-
relation. For example, the same level of the coupling coefficient leads to higher
correlation in the case of higher mismatch loss. In the above discussion, the
radiation efficiencies of the antennas are assumed to be 100%, i.e., the antennas
are lossless. Detailed discussions on the significance of the radiation efficiency
can be found in [54].

Recent work has shown that impedance matching networks can be used
to counteract the negative impacts of mutual coupling. For example, optimal
performance on signal correlation [55], diversity [50] and capacity [51] can be
achieved at the cost of narrower bandwidth [52], if a sophisticated multi-port
matching network is utilized. In order to study the impact of matching networks
on the performance of multi-antenna systems, we can employ the following sys-
tem model that is based on the Z-parameter representation. The system model
for the RX subsystem is illustrated in Figure 1.12. It consists of the coupled RX
antennas, a coupled matching network, and load impedances (or termination).
It is noted that this simple model does not take into account noise coupling,
which can have a significant impact on the system performance [56, 57]. In
Figure 1.12, ZRR is a M × M antenna impedance matrix whose diagonal and
off-diagonal elements represent self and mutual impedances, respectively. ZLm

(m = 1, 2, . . . , M) are the load impedances for the m-th port. The matching
network is denoted by ZM, which represents a 2M ×2M network of the matrix
structure

ZM =

[
Z11 Z12

Z21 Z22

]

. (1.35)

In the RX subsystem above, the excitation sources are the open-circuit
voltages V oc = [Voc1, . . . , VocM ]

T
. The currents induced at the input of the

matching networks IL = [IL1, . . . , ILM ]
T

can be obtained as

IL = (ZRR + ZThL)−1V oc, (1.36)

where ZThL denotes the Thevenin equivalent load impedance as seen by the
antenna ports, and it is given by

ZThL = Z11 − Z12(ZL + Z22)
−1Z21. (1.37)

The output voltages over the load impedances are then found as

V
′

L = ZLI
′

L = ZL(Z22 + ZL)−1Z21IL. (1.38)
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Figure 1.12: Block diagram of a M -antenna RX subsystem.

Substituting (1.36) into (1.38) gives the transfer function between the open-
circuit voltages and the output voltages,

V
′

L = ZL(Z22 + ZL)−1Z21(ZRR + ZThL)−1V oc. (1.39)

The relationship between the open-circuit voltages at the RX antenna system
and the excitation current at the TX antenna system can be characterized by
a trans-impedance channel function, which can be formulated using a path-
based channel model [51]. A similar derivation applies in getting the excitation
currents across the TX antennas from the signal sources. Thus, a complete
system model including the matching network at the RX end can be derived.

The system model above can be applied to optimize the impedance match-
ing networks of multi-antenna systems. Several different matching conditions
have been discussed extensively in [50–52, 55], including the characteristic
impedance match, self impedance match, input impedance match and multi-
port conjugate match. Among these configurations, the uncoupled input
impedance matching network exhibits a good balance between performance
and complexity, provided that the antenna spacing is not too small (e.g., below
0.05λc).

In practice, the optimal matching solution should not only account for the
antennas, but also the user in proximity and the propagation channel, i.e., the
matching should optimize the antenna-channel interaction. In [58], a method is
proposed for determining antenna radiation characteristics that maximize the
diversity gain, given the propagation channel, though no user interaction is con-
sidered. Practical implementations of adaptive impedance matching networks
in realistic multi-antenna terminals is currently an active research topic, see
e.g., [59]. In [60, 61], it is found out that the optimized uncoupled impedance
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matching networks adapt the array patterns according to the prevailing prop-
agation environment. Depending on the antenna array configuration and the
propagation channel, the difference in optimal performance can be significant.
This is the subject of [61], which is the included Paper III in this thesis.

1.3 MIMO Cellular Systems

So far, the thesis has only introduced point-to-point MIMO systems, i.e., single-
user scenario. In cellular systems, multi-user scenario should be addressed. For
example, the downlink case of the cellular system can be studied by considering
multiple RX antennas that are spatially distributed over a large geographical
area, each of which represents one user with one RX antenna.

Space division multiple access (SDMA) has been known as a radio access
network technology that uses multi-antenna systems to allow more than one
user in a cell to communicate with the BS on the same frequency and the same
time slot [8]. This is because the multi-antenna system used at the BS can
distinguish among the users by means of their individual spatial signatures. It
can also form a beam for a dedicated user in order to improve link quality,
as well as a null to other users in order to suppress co-channel interference.
Therefore, the aforementioned space-time processing techniques such as beam-
forming, diversity and spatial multiplexing can also be exploited to efficiently
improve end user performance. In the multiple access channel (MAC), i.e., the
uplink case, the capacity region with either independent or joint decoding at
the receiver (i.e., the BS) is similar in form to point-to-point capacity with no
channel knowledge at the transmitter. This is due to cooperation being pos-
sible at the receiver end. However, in this case, the sum rates for all possible
combinations of the users (together with their corresponding MAC channels)
must be calculated in order to fully define the capacity region. For example, in
a two-user case, the capacity region is defined by the individual rates of users
1 and 2 (i.e., R1 and R2) as well as the sum rate of the two users, R1 + R2. In
addition, the SNR of each user depends on its own available transmit power,
and no sharing of transmit power can occur among the users. In the broadcast
channel (BC), a precoding technique known as dirty paper coding (DPC) [62] is
recently found to achieve the downlink capacity. There also exists an interesting
duality between the uplink and the downlink capacity performances [32].

Along with the evolution of cellular systems, it is becoming increasingly
important to not only achieve higher peak data rate, but also higher rates
over the entire coverage area. Particularly, for the LTE-Advanced standard,
an important goal is to further improve throughput performance at cell edges.
In this context, the concept of cooperative MIMO has been proposed, where
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antennas of the serving sector/cell as well as the neighboring sectors/cells can
work collaboratively. This concept, popularly known as coordinated multi-
point (CoMP) transmission and reception, has in fact been introduced as a
candidate technique in LTE-Advanced to improve system efficiency and cov-
erage. The CoMP system can be implemented among several BSs (intersite)
or within several sectors of a single BS (intrasite) [63]. Using advanced space-
time processing techniques, the multi-antenna systems of multiple sectors/cells
can cooperate to mitigate the interference and further improve the spectrum
efficiency. Thus far, intersite cooperative MIMO has received significant at-
tention in the literature [64–66]. Using largely separated distributed antenna
systems (DASs), improved capacity performance has been achieved with inter-
site CoMP due to reduced correlation, increased SNR because of more frequent
LOS scenarios, and shadowing diversity. Intersite cooperation is also known
to enhance the rank of the compound channel matrix, hence offering a better
capacity performance.

On the other hand, intrasite multi-sector cooperation requires less complex-
ity due to different multi-antenna systems being located within a single BS site.
However, the potential performance enhancement using intrasite CoMP is not
well explored. A recent study in [63] shows that the cooperation performance
can be underestimated using an existing channel model. In [67], the MIMO
capacity improvement that can be provided by the intrasite multi-sector co-
operation is studied in a measured urban environment. The results show that
higher than 40% capacity improvement is achieved at the sector edge region,
relative to that of the single-sector link with no cooperation. This work is
included as Paper V in this thesis.
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Six-port MIMO Antennas

It has been discussed in Section 1.2.1 that six DOFs can be theoretically
exploited in a wireless channel with rich multi-path scattering by using six-
element arrays of co-located electric and magnetic dipoles [40]. In this chapter,
this topic is discussed in more details. Section 2.1 is dedicated to an analytical
study where the results are obtained by simulations. The experimental imple-
mentation of the six-element arrays that are able to realize the full six DOFs
is discussed in Section 2.2.

2.1 Analytical Study

In [40], the proposed multi-antenna system with six co-located, orthogonally
polarized, ideal electric and magnetic (E/M) dipoles has been postulated to
be capable of achieving six eigenchannels in the context of MIMO systems. A
sketch of the array configuration was provided earlier in Figure 1.10, where
Jx, Jy and Jz denote the electric dipole currents and Mx, My and Mz denote
the magnetic dipole currents for exciting (or sampling) the six electromagnetic
field components, Ex, Ey, Ez and Hx, Hy, Hz, respectively. Each magnetic
dipole is realized using a loop with uniform current distribution. Similarly, the
electric dipoles are ideally infinitesimal dipoles and hence the current is uniform
along the length of the dipole. The elements in this array configuration are also
known as electromagnetic energy density sensors [10]. Their electric far-field
patterns are summarized in Table 2.1.

The analytical study in [42] shows that the array is capable of achieving
the ultimate six communication modes in a propagation channel with uniform
3D APS. The availability of six DOFs is explained in terms of polarization and
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Table 2.1: Far-field patterns of the electromagnetic energy density sensors [10].

Dipole
current

Field
component

Electric far-field patterns

Eθ(θ, φ) Eφ(θ, φ)

Jx Ex cos θ cosφ − sin φ

Jy Ey cos θ sin φ cosφ

Jz Ez − sin θ 0

Mx Hx sin φ cos θ cosφ

My Hy cosφ cos θ sinφ

Mz Hz 0 sin θ

angle diversities of these mutually orthogonal antenna patterns. To illustrate
the inherent polarization and angle diversities in the six-element E/M dipole
array, the radiation patterns of its elements are shown in Figures 2.1 and 2.2 for
the φ- and θ-polarized fields, respectively. On the one hand, the orthogonality
in the patterns can be seen from the viewpoint of angle diversity. The patterns
of the array cover the whole sphere with each antenna element having its peak
gain at distinct directions for a given polarization. On the other hand, the or-
thogonality can also be seen in terms of polarization diversity, where different
antennas exhibit distinct polarization behaviors. The φ- and θ-polarized com-
ponents of the patterns interchange between the electric and magnetic dipoles.
For instance, the φ-polarized patterns of the electric dipoles in Figures 2.1(a),
2.1(c) and 2.1(e) become the θ-polarized patterns of the magnetic dipoles in
Figures 2.2(b), 2.2(d) and 2.2(f). In other words, similar antenna patterns only
occur for orthogonally polarized field components.

Throughout the analysis above, the co-located six-element E/M dipole array
as sketched in Figure 1.10 is shown to offer good diversity characteristics. The
correlation properties of the array are studied according to the discussion in Sec-
tion 1.1.1, where the complex correlation coefficient between any two antenna
elements rk,l of the correlation matrix R can be calculated using (1.10). In a
uniform 3D propagation environment, the correlation matrix of R = I6 (i.e.,
6 × 6 identity matrix) is obtained. In this case, full decorrelation is obtained,
despite the six antennas being co-located. However, correlation can arise when
the APS is of limited angular spreads. This is shown in Figure 2.3(a), where
the maximum correlation, i.e., the largest off-diagonal element of R is plotted
with respect to different angular spreads in the Gaussian APS defined in (1.15).
With larger angular spreads, the correlation becomes much smaller. However,
the correlation increases with narrower angular spreads, which in turn leads to
a reduced number of effective eigenchannels.
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(a) Jx (b) Mx

(c) Jy (d) My

(e) Jz (f) Mz

Figure 2.1: Eφ(θ, φ) patterns of the six-element E/M dipole array in
Figure 1.10.

The impact of angular spread on eigenchannels can be studied by investi-
gating the eigenvalues of the MIMO channel matrix H. Considering correlation
at only one link end, the channel matrix can be obtained using the Kronecker
channel model (1.24) with the correlation matrices RRX = R and RTX = I6.
In Figure 2.3(b), the average eigenvalue flatness is illustrated for different an-
gular spreads. As defined in (1.31), the flatness metric quantifies the dispersion
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(a) Jx (b) Mx

(c) Jy (d) My

(e) Jz (f) Mz

Figure 2.2: Eθ(θ, φ) patterns of the six-element E/M dipole array in
Figure 1.10.

of the eigenvalues, and a higher dispersion can be interpreted as a degradation
in SNR [35]. Here, two types of six-element arrays are considered. In addi-
tion to the antenna array of co-located electric and magnetic dipoles, i.e., the
E/M dipole array as shown in Figure 1.10, a uniform linear array (ULA) of
vertically polarized electric dipoles with inter-element separation of d = λc/4
is also studied for comparison. According to Figure 2.3(b), the dispersion of
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Figure 2.3: Performance of the six-element array with the Gaussian
APS centered at (θ0 = 60◦, φ0 = 0◦) with angular spreads σθ = σφ = σ.

the eigenvalues is reduced with larger angular spreads, such that it is possible
to exploit more eigenchannels. Using the E/M dipole array, the performance
converges to that of the IID Rayleigh channel as the angular distribution ap-
proaches the uniform 3D case. Therefore, six eignechannels are only achievable
using the E/M dipole array if the propagation channel is of rich multi-path
scattering. However, the eigenvalue dispersion for the case of the ULA array is
significant even with large angular spreads. This is because the ULA array with
closely-spaced elements can only exploit space diversity to a limited extent.
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Figure 2.4: EDOF of the simulated channel.

To further study the behavior of the six-element E/M dipole array, the ran-
dom scattering channel model discussed in Section 1.1.1 is used for simulation.
The sketch of the simulated channel is given previously in Figure 1.5. In the
simulation, 103 channel realizations are simulated, each of which consists of
102 randomly generated scatterers. In the NLOS scenario, the scatterers are
uniformly generated with XPD χ = 1. In the LOS scenario, however, the domi-
nant scatterer is randomly assigned with the Rician K-factor of 20 dB. Similar
to the study above, the same two six-element arrays are considered. In one
case, the six-element E/M dipole array is used at both the TX and RX ends of
the channel. In the other case, the ULA is employed at both ends.

The concept of EDOF has been defined in (1.32) to quantify the number
of eigenchannels that can be efficiently utilized for spatial multiplexing. In
Figure 2.4, the EDOF performance of the simulated channel using the two six-
element arrays is shown. In the NLOS scenario, the E/M dipole array achieves
similar performance as that of the IID Rayleigh channels. With high enough
SNR, nearly six eigenchannels can be effectively exploited. However, this is
not the case for the ULA which exploits space diversity to a limited extent.
As a result, only four eigenchannels are obtained. On the other hand, with
the dominant scatterer in the LOS scenario, only polarization diversity can be
effectively exploited for providing the conventional two DOFs. This can be
seen in Figure 2.4 that two eigenchannels are obtained using the E/M dipole
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array. However, the ULA manages to attain merely one eigenchannel due to
the use of single-polarized antennas.

Another approach to study this problem is to consider the MIMO cube
concept proposed in [30]. The MIMO cube consists of 12 electric dipoles as its
12 edges. For a very compact cube with side length of 0.05λc, six eigenchannels
are obtained theoretically from simulations using a random scattering channel
model. The result can be understood by considering that the four dipoles
along each face of the cube can be thought of as a current loop. However, the
first results are obtained by neglecting the mutual coupling effects among the
antennas. If mutual coupling is considered in the simulation, the study in [68]
shows that the six-eigenchannel results will no longer hold when the the side
length of the cube is as small as 0.05λc. In fact, the side length of the cube
needs to be increased to about 0.2λc in order to obtain six DOFs using the
12-element MIMO cube. This observation sheds some light on the impact of
mutual coupling in realizing physically compact arrays that can effectively offer
six eigenchannels.

2.2 Experimental Implementation

Although it has been shown that the six-element E/M dipole array as sketched
in Figure 1.10 can theoretically extract six DOFs from wireless channels with
rich multi-path scattering, this interesting result has not been verified experi-
mentally. The experiments performed in [40] manage to demonstrate only three
DOFs by means of tri-polarized half-wave sleeve dipoles, rather than the pos-
tulated six-fold capacity increase. Moreover, the study of [42] also concludes
that the use of half-wave dipoles and full-wave loops fails to attain six DOFs.
This is because a current loop can only be considered as a magnetic dipole if
the size of the loop is electrically small [12]. Otherwise, the orthogonality in the
radiation patterns among the array elements cannot be maintained. However,
electrically small antennas have fundamental limitations and they are difficult
to implement [69, 70]. For instance, it is difficult to achieve good impedance
matching to obtain reasonable antenna efficiency and operating bandwidth.
Moreover, when multiple antennas are closely placed, mutual coupling effects
need to be carefully accounted for. Otherwise, not only will the efficiencies of
the antennas be impaired, but also the orthogonality in their patterns cannot
be maintained. To the best of the author’s knowledge, no six-element array
as the one in Figure 1.10 has yet been implemented to successfully verify the
availability of six DOFs in experiments. Instead, several attempts have been
made in order to take advantage of this concept.

In [71,72], two DOFs are demonstrated by the use of co-located, co-polarized
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(a) TX Array (b) RX Array

Figure 2.5: Two six-element antenna arrays studied in [46].

electric and magnetic dipoles, where the magnetic dipole antenna is realized
by a Kandoian loop [73] and an Alford loop [74], respectively. The design
principle of these loop antennas is to maintain a uniform current distribution
along the circumference of the loop while keeping the antenna at a reasonable
size for good matching. Three-port arrays of orthogonally polarized dipoles or
slots are designed in [75] and [76]. In [77], a four-port prototype is designed by
combining tri-polarized dipoles with a loop antenna, where the loop is realized
by means of four sectors that are fed in phase at their corners. This is also to
maintain a uniform current distribution along the circumference of the loop in
order to attain the desired characteristics of a magnetic dipole. While these
experiments are performed successfully, however, they cannot conclusively show
the possibility of extracting six DOFs from wireless channels with compact
arrays of co-located elements. Therefore, the practical design and measurement
of such an array remains an interesting challenge. In [78–80], conceptual six-
element E/M dipole array prototypes similar to that of Figure 1.10 are proposed
analytically and studied only by simulations. In addition, other multi-port
arrays with more practical antennas have been also suggested. In [81], a six-
port cube antenna of size (0.43λc)

3 is designed by combining tri-polarized patch
and slot antennas. Furthermore, prototypes of the MIMO cube with 24 and 36
ports are designed in [82] using slot antennas.

One of the goals of this thesis is the experimental implementation of com-
pact and co-located six-element MIMO arrays that can take full advantage of
the DOFs in a wireless channel. In [46], two six-port antenna arrays are de-
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Figure 2.6: Eigenvalue flatness of the TX and RX arrays with the
Gaussian APS centered at (θ0 = 60◦, φ0 = 0◦) with angular spreads
σθ = σφ = σ.

signed for this purpose. The fabricated prototypes are shown in Figure 2.5.
The antenna elements of both prototypes are designed to yield the desired
characteristics of fundamental electric and magnetic dipoles. In particular, one
array (RX) is made compact with all antenna elements enclosed in a small spa-
tial volume of (0.24λc)

3. The three electric dipoles are essentially co-located
at the center of the array, whereas the magnetic dipoles are placed at about
0.1λc away from the array center. The achieved compactness is a substantial
improvement in comparison to existing implemented designs in the literature.
In fact, the achieved size approaches the analytical limit obtained from [68],
where the 12-element MIMO cube needs to be about (0.2λc)

3 in order to obtain
six DOFs, if the mutual coupling is taken into account.

The performance of the two fabricated six-port antenna arrays is compared
to that of the ideal E/M dipole array. Using the measured radiation patterns
of the antenna elements, the correlation matrices RTX and RRX of the TX
and RX arrays are obtained using (1.10). In a uniform 3D APS scenario, the
correlation coefficients of the TX and RX arrays are found to be lower than
0.13 and 0.32, respectively. To isolate the performance impact of the non-ideal
TX and RX arrays over different angular spreads, we calculate the average
eigenvalue flatness separately for these arrays. In particular, the channel for
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Figure 2.7: EDOF of the simulated channel using the random scatter-
ing model with the TX/RX arrays.

the TX array assumes the receive correlation RRX = I6, whereas the channel
for the RX array assumes RTX = I6. For the case of the Gaussian APS
scenario, the average eigenvalue flatness obtained from the channel matrix is
illustrated in Figure 2.6. According to the result, the performance of both
arrays converges to that of the IID Rayleigh channel for large enough angular
spreads. It is noted that the TX array achieves better performance than the
ideal E/M dipole array for the case of narrow angular spreads. This is because
of the TX array’s significantly larger size, i.e., it is confined within a cube of
(0.75λc)

3. In that case, space diversity is exploited to a certain extent, which
contributes to improve the performance as angle diversity becomes less effective
with narrowly distributed APS. However, this is not the case for the compact
RX array, which shares a similar performance as that of the ideal E/M dipole
array. This result indicates that space diversity is limited in the RX array, such
that the achieved performance is mainly attributed to polarization and angle
diversities.

The two arrays are further investigated using the random scattering model
in Figure 1.5. The EDOF performance of the simulated channel using the
TX/RX arrays is shown in Figure 2.7. The figure shows that the use of the two
arrays achieves similar performance as that of the IID Rayleigh channels in the
NLOS scenario. With high enough SNR, six eigenchannels can be effectively
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exploited for spatial multiplexing. On the other hand, only two DOFs can be
utilized in the LOS scenario. Details of the antenna design and its experimental
evaluation can be found in the included Paper I of the thesis.

Further, in order to study the potential of implementing different diversity
mechanisms on a practical multi-port antenna, a compact six-port dielectric
resonator antenna (DRA) array is investigated in [47]. The DRA is based on a
suitably shaped dielectric material, which has been shown by many early stud-
ies [83–85] as electrical resonators for high frequency oscillations. More recently,
their application as antenna elements has also been demonstrated [86–88]. One
interesting feature of the DRA is that the antenna can be electrically small
when dielectric material with high permittivity is used. This makes it attrac-
tive for compact implementations in wireless communication applications. The
six-port DRA array proposed in [47] is based on an existing rectangular DRA
element [89] which supports two fundamental transverse electric (TE) modes
that radiate like magnetic dipoles. A monopole antenna is inserted into the
center of the element to introduce a third mode without disturbing the radiat-
ing modes of the dielectric resonator. Two such compact DRA elements of size
0.16λc × 0.16λc × 0.12λc are placed on a large ground plane with a separation
distance of 0.44λc. The six-port array simultaneously utilizes space, polariza-
tion and angle diversities such that it exploits all available DOFs. Good spatial
multiplexing performance is achieved with the DRA array in an office environ-
ment at 2.65 GHz, which mimics a typical wireless LAN scenario. The array
design and evaluation are discussed in details as Paper II.
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Chapter 3

Multi-antenna System

Characterization

Designing antennas for mobile terminal devices is a challenging task. Along
with the worldwide evolution of wireless systems, the required number of fre-
quency bands at which the antennas should be operating has been constantly
increasing. However, the space dedicated for the multi-band antennas has been
limited due to the compactness of the chassis. Moreover, the problem of near-
field disturbances from the user can severely degrade link quality, as has been
the case recently for one of the most popular mobile terminal devices.

Recently, MIMO technology has been adopted in all major wireless stan-
dards. This requirement of multiple co-band antennas further complicates the
antenna design problem. In particular, if we consider the LTE system operating
at 700 MHz, the required separation distance of λc/4 for achieving reasonably
low correlation of 0.7 is about 10 cm. This distance is around the size of the
latest smart phones with 4.3 inch touch screens. Moreover, significant mutual
coupling also arises in closely spaced multi-antenna systems. As discussed in
Section 1.2.2, mutual coupling can lead to not only high correlation but also
severe loss in efficiency of the antenna system. In addition, it has been found
that the characteristic modes of the antenna chassis also need to be accounted
for in order to obtain the optimal radiation performance of the antennas [90].

Whereas antennas have been known to play a major role in determining the
performance of a wireless system, it is the propagation channel that imposes
the fundamental limitation on MIMO performance (given the optimal antenna
system for the channel). Therefore, the interaction between the antennas and
the channel should be appropriately characterized. These considerations render

39
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the design of multi-antenna systems a very challenging task.

3.1 Single-antenna Performance

Conventionally, antennas are mainly characterized by their frequency band-
width and radiation performance. The operating bandwidth is defined from
the reflection coefficient of the antenna as measured using a vector network
analyzer (VNA). The radiation performance of the antenna is characterized
by either a passive or an active measurement performed in a radio anechoic
chamber. In the passive measurement, the antenna is connected directly to
the feed cable and its far-field radiation pattern is obtained. The measured
pattern is then used to determine the radiation efficiency, directivity and gain
of the antenna. The active measurement characterizes the over-the-air (OTA)
performance of the antenna using power based metrics such as total radiated
power (TRP) and total isotropic sensitivity (TIS), which are measured in deci-
bel. Active measurements are performed with the device activated and without
external cable connections, which ensure that the actual performance of the de-
vice is obtained. It is worth noting that TRP and TIS can also be obtained with
a reverberation chamber [91]. Typically, the desired characteristics of single-
antenna systems include multiple frequency bands coverage, high efficiency and
omni-directional radiation pattern.

The impact of the environment surrounding the antenna system is further
considered in more advanced methods for antenna characterization. The user
of the device is known to introduce near-field interferences, which can have a
significant impact on the antenna performance [33, 92, 93]. The interaction of
an antenna with a propagation channel can be characterized using the concept
of MEG (1.11) as discussed in Section 1.1.1. In addition, the double-directional
concept of the physical channel models provides a way for separate modeling
of the antenna system and the channel [27]. Using this approach, the propaga-
tion characteristics can be modeled based on measurements performed using a
channel sounder and a calibrated multi-antenna system. The radiation charac-
teristics of the antennas can be combined with the double-directional channel
models in post-processing, allowing a realistic evaluation of the antenna perfor-
mance. This approach can be further extended by considering the user as an
integral part of the antenna, forming a super-antenna concept [93]. For further
verifications, the antenna system can be evaluated directly in its actual usage
conditions through field tests using a network analyzer or a channel sounder.
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3.2 Multi-antenna Performance

When it comes to performance characterization of multi-antenna systems,
the single-antenna metrics and approaches remain meaningful and important.
However, more issues should be addressed. For example, as discussed pre-
viously, correlation between antenna elements has a strong impact on the
performance of different space-time processing techniques. Given the radiation
patterns of the antennas and the statistical distribution of the propagation
channel, the correlation can be evaluated using (1.10). Following that, channel
matrix can be composed using one of the analytical models for further evalu-
ation. Channel matrices can also be composed using physical channel models
together with the radiation patterns of the multi-element antennas.

The above way of characterizing multi-antenna systems relies on accurate
measurements of radiation patterns for all antenna elements. However, a so-
phisticated measurement system is required in order to obtain both magnitude
and phase patterns. Moreover, the phase information is usually not available
in active measurements of mobile terminals. The effects of using phaseless pat-
terns are evaluated in [94, 95], showing that unacceptable underestimation of
MIMO performance is obtained. Simple and improved approaches have been
proposed in [95] to reduce the performance estimation errors.

Another challenge in characterizing multi-antenna performance is that
many parameters are important in determining the overall performance, and
these include efficiency, correlation, power imbalance, etc. In the course of
this thesis work, it has been found that existing performance metrics do not
adequately isolate the impact of different antenna impairments on the perfor-
mance of MIMO systems or give a definitive measure of performance difference
between efficient and less efficient multi-antennas. When diversity techniques
are applied to mitigate multi-path fading, the performance gain is typically
expressed as diversity gain in terms of power advantage. Such a measure
is convenient for antenna design, since the improvement is translated into a
tangible power gain, or equivalently, an increase in coverage area. On the
other hand, when spatial multiplexing schemes are applied, the information
theoretic capacity has been the performance measure of choice. Different
multi-antenna systems are usually evaluated and compared by their differences
in terms of channel capacity. However, capacity is a system level metric that
is less intuitive to antenna designers, who would benefit more from a power
related measure, such as the diversity gain.

In response, multiplexing efficiency is proposed in [96] as a performance
metric for the design and evaluation of multi-antenna systems. Multiplexing
efficiency ηmux measures the loss of efficiency in power when using a real multi-
antenna prototype to achieve the same multiplexing performance as that of an
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ideal array in the same propagation channel. For the case of a two-element
MIMO system with a uniform 3D channel, ηmux is given by a simple and
intuitive expression as

ηmux =
√

η1η2(1 − |r|2), (3.1)

where η1 and η2 are the total efficiencies of antennas 1 and 2, respectively.
The expression consists of a term of

√
η1η2, which is the geometric mean of

the total efficiencies of the two antennas. This term quantifies the average
efficiency of the antennas (in dB), as well as the efficiency imbalance, since the
geometric mean describes the flatness of the branch power. The remain term
describes the loss of efficiency as induced by the antenna correlation r. The
usage of this metric can be generalized to random propagation environments
in a straightforward manner, as the MEG and the correlation can be evaluated
for a channel with an arbitrary APS according to what has been discussed in
Section 1.1.1.

The multiplexing efficiency metric is derived in detail in Paper IV of this
thesis. The numerical study on practical multi-antenna prototypes highlights
the effectiveness of the metric in identifying and addressing critical design pa-
rameters of multi-antenna systems.



Chapter 4

Contributions and

Conclusions

In this chapter, the contributions of this thesis to the research field are sum-
marized. Section 4.1 provides a summary for each of the five included research
papers. It also specifies my contributions to each of the papers. Some general
conclusions and suggestions on future work are discussed in Section 4.2.

4.1 Research Contributions

4.1.1 Paper I: “Experimental Verification of Degrees

of Freedom for Co-located Antennas in Wireless

Channels”

One of the challenges in designing multi-antenna systems is to efficiently exploit
as many eigenchannels as are available in the propagation channel. Conven-
tional systems with spatially separated antenna elements perform best when
spatial correlations among signals on different antenna branches are low. This
typically requires the antenna elements to be separated by one half of a wave-
length (0.5λc), which is not always feasible in some applications. On the other
hand, the use of the two polarization states of plane waves has been known to
introduce two DOFs. This so called polarization diversity has the benefit that
low correlation can be achieved using co-located antennas. Furthermore, in a
rich multi-path scattering environment, it has been claimed that six distinguish-
able electric and magnetic field components are able to introduce six DOFs.
It is further postulated that six co-located orthogonally polarized electric and
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magnetic dipoles can offer six DOFs and hence a six-fold capacity increase in
the context of MIMO systems, relative to conventional SISO systems. How-
ever, due to the complexity of designing and measuring such a six-port antenna
array, there has been no successful experimental verification of this theoretical
hypothesis.

In this paper, the six DOFs hypothesis is experimentally verified at
300 MHz. The experiment involves the design and fabrication of two six-
port arrays. The antenna elements of both prototypes are designed to yield
the desired characteristics of fundamental electric and magnetic dipoles. In
particular, one array is made compact with all antenna elements enclosed
within a small spatial volume of (0.24λc)

3. The three electric dipoles are co-
located at the center of the array, whereas the magnetic dipoles are placed at
about 0.1λc away from the array center. The implemented array is significantly
smaller than existing compact six-port array designs in the literature. Using
the two arrays, MIMO channel measurements are performed in a RF shielded
laboratory in order to obtain a rich multi-path scattering environment. Analy-
sis on measured channel eigenvalues shows that six eigenchannels are attained,
and they closely resemble those offered by the IID Rayleigh channels, with
only a small degradation. Using the Kronecker model, the investigation also
reveals that the small performance degradation obtained from the measure-
ments can be mainly attributed to practical constraints in achieving perfect
six-port antenna arrays.

I am the main contributor to this paper. I have been involved in all parts of
the scientific work, including antenna design, fabrication and characterization,
channel measurement and its planning, data analysis and manuscript writing.

4.1.2 Paper II: “A Compact Six-port Dielectric Res-

onator Antenna Array: MIMO Channel Measure-

ments and Performance Analysis”

To further study the potential of implementing different diversity mechanisms
on a practical compact multi-port antenna, this paper develops another six-port
antenna array. The proposed array consists of two three-port DRA elements,
which jointly utilizes space, polarization and angle diversities. One interesting
feature of the DRA is that the antenna can be made very compact when dielec-
tric material with high permittivity is used. This makes the DRA an attractive
solution for compact implementations in wireless devices. Two compact DRA
elements of size 0.16λc × 0.16λc × 0.12λc are placed on a ground plane with a
separation distance of 0.44λc.

In order to fully substantiate the practicality of the DRA array in its usage
environment, a measurement campaign was conducted at 2.65 GHz in indoor
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office scenarios with four different 6× 6 multi-antenna systems. In addition to
the compact DRA array, two common types of six-port antenna arrays were
also measured for the purpose of comparison: a single-polarized monopole array
that exploits only space diversity, and a dual-polarized patch array that exploits
both space and polarization diversities.

Several performance metrics are evaluated, including power efficiency,
branch imbalance and channel capacity. When compared to the reference
system of monopole arrays which only exploits space diversity, the use of
dual-polarized patch antennas at the transmitter enriches the DOF of the
channel in the NLOS scenario. Replacing the monopole array at the receiver
with the DRA array that has a 95% smaller ground plane, the 10% outage
capacity evaluated at 10 dB SNR is the same as that of the reference system.
The effective miniaturization of the array is possible due to the DRA’s rich
diversity characteristics. In the LOS scenario, the DRA array gives a higher
DOF than the monopole array as the receive counterpart to the transmit patch
array. However, the outage capacity is 1.5 bps/Hz lower, due to the lower
antenna gain of the DRA array.

This work has been carried out in cooperation with Sony Ericsson and
the evaluated compact DRA array is derived from their patent application on
the single DRA element. The paper focuses on the performance evaluation of
the DRA array in real office environments. I am the main contributor to this
paper. I have been involved in all parts of the scientific work, including channel
measurement and its planning, data analysis and manuscript writing.

4.1.3 Paper III: “Uncoupled Antenna Matching for Per-

formance Optimization in Compact MIMO Systems

using Unbalanced Load Impedance”

Some applications of multi-antenna systems require antenna elements to be
closely spaced. This leads to high electromagnetic interactions among the an-
tenna elements, known as mutual coupling. Mutual coupling is a key concern
for MIMO systems since strong coupling can lead to not only high correlation
but also severe loss of efficiency in the antenna system.

To counteract the effects of mutual coupling, recent work has shown that
impedance matching networks can be utilized. For example, the optimal per-
formance can be achieved if a sophisticated multi-port matching network is
utilized. Interestingly, the optimal multi-port network is simply an extension
of the single-antenna conjugate match to the multi-port case. However, such
a coupled matching network is difficult to construct, and can be quite lossy
in general. As a result, a simple uncoupled (or individual port) impedance
matching network is adopted in this paper. It has been shown that the un-
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coupled matching networks could be optimized against a given performance
metric with the constraint of having the same matching (or equivalent load)
impedance value for all antennas, i.e., balanced matching.

In this paper, we extend the study of uncoupled matching in several ways.
First, we increase the DOFs in the uncoupled matching network by introduc-
ing unbalanced networks, where different antenna ports may be terminated
by arbitrary matching impedances. Second, we investigate the performance
optimization in terms of received power as well as mean capacity with both
balanced and unbalanced matching impedances, under the scenarios of uni-
form and Laplacian APS. Moreover, we study the effects of having different
array sizes and topologies.

Numerical studies suggest that the achieved improvement with unbalanced
matching varies with the array topology and the propagation environment,
when compared to balanced matching. For example, we can improve the total
mean received power by up to 1.6 dB and the channel capacity by up to 23%
when matching a three-dipole ULA to propagation environments that are asym-
metrical about the array broadside, whereas the symmetrical environments do
not benefit as much from unbalanced matching. We conclude that unbalanced
matching is especially effective for arrays with effective apertures that can vary
significantly with respect to the propagation environment. Moreover, it is also
demonstrated that the unbalanced matching is capable of adapting (or beam-
forming) the radiation patterns of the array elements to the dynamic directional
propagation environment.

I am the main contributor to this paper. I have been involved in all parts
of the scientific work, including model derivation and simulation, numerical
analysis and manuscript writing.

4.1.4 Paper IV: “Multiplexing Efficiency of MIMO An-

tennas”

With the recent adoption of MIMO technology in major wireless communi-
cation standards, performance characterization of multi-antenna systems on
wireless terminals is a subject of current interest. However, it has been found
that existing performance metrics do not adequately isolate the impact of dif-
ferent antenna impairments on the performance of MIMO systems or give a
definitive measure of performance difference between efficient and less efficient
multi-antennas. In response, we propose a simple and intuitive metric that
fully meets these requirements.

This paper introduces multiplexing efficiency as a power related metric for
characterizing the multiplexing capability of MIMO antennas. It is defined as
the loss of efficiency in decibel when using a multi-antenna prototype under test
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to achieve the same capacity as that of an ideal array in the same propagation
channel. A closed form expression is derived for the case of a channel with
uniform 3D APS. The unique features of the expression are both its simplicity
and the valuable insights it offers with respect to the performance impact of
non-ideal behaviors on the multi-antenna systems. As an example, the metric is
applied to demonstrate its effectiveness in distinguishing between two realistic
mobile terminal prototypes. One prototype is found to be 3 dB more efficient in
multiplexing efficiency than the other. Numerically, the higher average antenna
efficiency contributes to a gain of 1 dB in the better terminal, whereas the high
correlation of 0.8 in the worse terminal causes a further 2 dB loss in multiplexing
efficiency with respect to the better terminal that has a low correlation of 0.2

This work has been carried out in cooperation with Sony Ericsson using
their antenna prototypes. I am the main contributor to this paper. I have
been involved in all parts of the scientific work, including model derivation
and simulation, numerical analysis, experimental evaluation and manuscript
writing.

4.1.5 Paper V: “On MIMO Performance Enhancement

with Multi-sector Cooperation in a Measured Ur-

ban Environment”

This paper extends the discussion of multi-antenna systems to their usage in
cellular systems. In order to further improve the average system throughput
particularly in cell edge regions, more advanced MIMO techniques involving
cooperation among antennas at different geographical locations are being con-
sidered.

In this paper, the single-user capacity improvement of intrasite multi-sector
cooperation involving three 120◦-sectors of a single BS site is investigated in a
measured urban macrocellular environment. The results show that the mean
capacity gain exceeds 40% in as much as 1/4 of the coverage area, relative to
single-sector links with no cooperation. The improvement is most significant at
the sector edges, where it is most needed. In addition, to analyze the impact of
BS antennas and specific propagation mechanisms on the measured cooperative
gain, a simple simulation model is developed based on a “one-ring” channel
model and measured antenna patterns. The model exhibits good accuracy,
as the simulated cooperative gain is mostly within one standard deviation of
the measured gain. The discrepancies between the simulated and measured
cooperative gains can be attributed to propagation mechanisms that are not
accounted for in the model.

This work was carried out in cooperation with Ericsson Research in Kista
using their measurement data. I am the main contributor to this paper. I have
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been involved in all parts of the scientific work, including derivation of theo-
retical model and simulation, measurement analysis and manuscript writing.

4.2 Conclusions and Outlook

The overarching question that this thesis tries to answer is: how to design
compact yet efficient multi-antennas to deliver a MIMO system with high per-
formance? This thesis provides an overview of the state of the art, and extends
the understanding of MIMO systems from an antenna and propagation per-
spective.

Designing compact yet efficient MIMO antennas is a very challenging task.
Although antennas are known to be a vital part of the overall radio system,
they are usually simplified in system-related studies. As a result, at least
on the user terminal side of a SISO system, an antenna with high efficiency
and omni-direction radiation is considered good enough. In fact, both of the
two above merits are still highly desirable when it comes to designing MIMO
antennas. High efficiency is important since the power loss due to antennas with
low efficiencies cannot be compensated even with advanced baseband signal
processing techniques. The omni-direction radiation pattern is also favored by
the dynamic environment in which the user will experience in reality.

However, these guidelines are not sufficient for designing efficient MIMO
antennas. For instance, in the case of spatial multiplexing schemes, space-time
processing facilitates parallel transmission of data streams. Correspondingly,
efficient MIMO antennas should be able to offer the system the capability for
accessing these orthogonal eigenchannels. One basic requirement is that the
correlation among the different TX-RX channels should be kept reasonably
low. The propagation channel is determined by the local scattering environ-
ment, whereas the antennas will determine how the channel is sampled from
the viewpoint of the system. Given a large angular spread of the incident field,
co-polarized multi-antennas that have omni-direction radiation patterns will
still require significant spatial separation to exploit space diversity and reduce
correlation. If the antennas need to be closely spaced due to the constraint
imposed by the application in question, it becomes an inefficient MIMO an-
tenna. Furthermore, mutual coupling also becomes significant and needs to be
properly addressed in such a design. However, if the pattern of each antenna
element is designed to cover a distinct angular region, they can be placed closer,
and at the same time achieve orthogonal eigenchannels by means of angle diver-
sity. On the other hand, angle diversity becomes less effective if the scattering
environment has narrow angular spreads. Some eigenchannels cannot be ex-
ploited because not all antennas are matched to the propagation channel. The
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remedy for this case is to exploit polarization diversity.
The major part of the thesis is dedicated to offer valuable insights on the

design of compact multi-antennas for efficient MIMO communications. In the
course of the thesis work, several multi-port antennas have been designed,
fabricated and evaluated. The fundamental question on the number of DOFs
that can be efficiently exploited in a multi-path propagation channel is explored
with a comprehensive measurement campaign. As a result, six eigenchannels
are attained using co-located antenna arrays of orthogonally polarized electric
and magnetic dipoles. This array has achieved by far the most compact six-
port antenna structure which offers a performance closely resembling that of
the theoretical limit. Another more practical MIMO antenna is also designed
as a compact six-port DRA array. The evaluation of the six-port DRA array
in realistic usage scenario shows that the compact array can offer equivalent
MIMO performance as that of a much larger array due to its simultaneous
utilization of space, angle and polarization diversities.

To further support the development of MIMO antennas for compact device
applications, the thesis also examines the potential of adaptively optimizing
the impedance matching network of the antenna system to its dynamic usage
environments. The study illustrates that the approach is especially effective
for array topology whose effective aperture can vary significantly with respect
to the propagation channel. Furthermore, a simple and intuitive metric is
proposed which clearly isolates the impact of different antenna impairments
and gives a definitive measure of the performance difference between efficient
and less efficient MIMO antennas. Finally, cooperation among multi-sector BS
MIMO antennas is investigated in a cellular system. Significant performance
benefit is achieved at sector edges, where the improvement is most needed.

For future work, the method proposed in [58] is of great interest, since it
provides a framework for determining the optimal antenna radiation charac-
teristics, given the propagation channel, i.e., optimal sampling of the incident
field. It will be interesting to study if this method can also be taken into ac-
count in exploiting available DOFs. A possible approach to achieve this is to
apply the importance sampling method for statistical modeling of the antenna
and the propagation channel. Another future aspect is to investigate cooper-
ative MIMO with distributed antenna systems, e.g., in sensor networks. The
research in Paper V can be extended by considering cooperation of antennas
located at different BS and MS locations, formulating a distributed-input and
distributed-output system. Time variance, interference modeling and resource
allocation are of interest in this problem. Last but not least, it would be in-
teresting to apply more aspects of electromagnetic theory in MIMO research,
since both these topics exploit the physics of space and time.
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