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Student: Jui-Ting Chuang Advisor: Dr. Fu-Chiarng Chen

Department of Communication Engineering
National Chiao Tung University

Abstract

In the thesis, we focus on two electromagnetic analysis strategies to evaluate the
performance of multiple antenna systems. The first is composite analysis of radiation
efficiency. The second is a new calculation method of antenna spatial correlation. All case
studies are simulated using dipole antennas.

First a composite analysis on total active reflection coefficient (TARC) and radiation
efficiency are conducted.They can be described as the eigenvalues combination of antenna
reflection power matrix utilizing eigenvalue decomposition (EVD).We not only evaluate the
maximum and minimum value of TARC and radiation efficiency,but also their changes in
characteristics when the antenna ports excite signals with different phases.Furthermore the
investigations on how antenna termination networks influence TARC and radiation efficiency
are also analyzed .

We further propose two new approximate antenna spatial correlation formulations which
are suitable for arbitrary large angular spread angle of arrival (AoA) distribution. By using
these two formulations, we further calculate spatial correlation incorporating antenna mutual
coupling. Time complexity can be reduced and it still maintain good accuracy by utilizing the
calculating method based on these two approximate formulations.
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Chapter 1

Introduction

In recent years, there is a great progress of wireless communication technologies which
have great contributions on the whole communication industry. Wireless communication
actually has changed the way we live. Standards such as the second-generation (2G) mobile
communication, bluetooth and wireless local area network (WLAN) have been widely
implemented since a decade ago. Moreover, some technologies like the third-generation (3G)
systems, ultra-wideband (UWB), and worldwide interoperability for microwave access
(WiMAX) have been suggested recently. Such these new technologies blossom on the
standard platform of the wireless.communication. Telecom and datacom have come to aim at
higher transmission speed and lower transmission-error. Mainly owning to the variety of the
wireless standards, it has become an essential issue to make the best use of the limited
frequency spectrum efficiently and achieve high performance on the whole communication

system.

1.1 Motivation

The concept of multiple antenna technology has offered a solution scheme which can
reach the goal of high-quality communications. From a theoretical perspective, multiple
antenna transmission and reception techniques are well known in communication engineering
[1] and envisioned as the solution for next generation broadband communication systems. It is
acknowledged for the potential benefits for increasing the coverage, capacity, and data rates

of the wireless communication systems.



Incorporating multiple antenna technology into portable wireless devices means that
multiple antennas are set in the limited spacing of small devices and impacts system
performance. At transmitting end, antenna radiation efficiency is an important topic when
referring to the performance of multiple antenna systems. Realizing multiple antenna systems
at transmitting end becomes challenging because of the unavoidable mutual coupling effect
between multiple antennas. Mutual coupling effect has great impact on how much power can
radiate resulting from the power absorption by adjacent antenna elements without reflection.

At receiving end, the spatial propagating channel and the characteristics of antennas are
considered two key factors which actually impact system performance, and antenna spatial
correlation is the composite representation of these two factors for evaluating the performance
of the multiple antenna system. In previous work, antenna spatial correlation is defined as the
Hermitian product of the far-field patterns:of two antenna elements. This kind of definition
may moreover take the probability distribution function (PDF) of angle-of-arrival (AoA) into

consideration for the evaluation of'the antenna spatial correlation coefficient.

1.2 Purpose

In the thesis, we propose two new electromagnetic analysis strategies to evaluate the
performance of multiple antenna systems. The first is a new analysis strategy of antenna
radiation efficiency. This research is especially more valuable for transmitting end of
communication system. The new analysis strategy can not only evaluate how the radiation
efficiency may change when the antenna ports excite signals with different phases but also
estimate the minimum and maximum values of radiation efficiency quickly when the number
of antennas increases. The second are two new approximate formulations of antenna spatial
correlation. These two new approximate formulations not only reduce computation

complexity of correlation calculation but also maintain good accuracy. It can also apply for
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the calculation of 2-D and 3-D parameterized spatial correlation formulation taking antenna

mutual coupling effect into account.

1.3 Organization

This work will be organized as follows: In Chapter 2, the overview of multiple antenna
systems is introduced, and the two analysis strategies of multiple antenna systems including
radiation efficiency and spatial correlation are reviewed for the further investigation in the
following chapters. In Chapter 3, the newly-defined eigenvalue based reflection coefficient
and eigenvalue based radiation efficiency are first proposed, and then the investigations on the
impact of termination networks are further presented in the following sections of this chapter.
Chapter 4 first describes two new approximate formulations of antenna spatial correlation
without mutual coupling, and then applies them for the calculation of parameterized spatial
correlation formulations incorporating antenna mutual coupling, both for 2-D and 3-D cases,

respectively.

Chapter 2

Fundamental Theory of Multiple Antenna



Systems

Wireless communication systems are becoming more important in our daily lives. The
need for more data rates, wider signal coverage, larger channel capacity are several challenges
in communication technologies .Multiple antenna systems have great potential in extending
the signal coverage of wireless networks, increasing channel capacity, and reaching high
information throughput by exploiting the spatial domain. In this chapter, we will first review
the multiple antenna systems and especially focus on the detailed classification of different
multiple antenna system schemes. Based on these classifications of multiple antenna systems,
we further introduce two parameters which 'have great importance on the performance
judgments of multiple antenna systems. The first one is the antenna radiation efficiency where
the general definitions of single antenna and dual antennas cases will be discussed and shown
why it plays an important role in multiple antenna systems. The second parameter is the
antenna spatial correlation where we will.review several definitions of antenna spatial
correlations. Finally, because the studies we provide in the whole thesis are simulated using

dipole antenna, the theory of dipole antenna is briefly introduced as well.

2.1 Overview of Multiple Antenna Systems

The multiple antenna technologies have been researched and developed for more than a
decade which is considered substantially beneficial for the wireless communication systems.
Multiple antenna systems have been implemented by several strategies, and we will introduce
all of them briefly and summarize their benefits respectively as follow:

- Beamforming: Beamforming strategies originate from phased array system. The total

radiation pattern of the phased antenna array system can be controlled by feeding signals with
4



different phase delays and antenna element spacing [2]. With a specific feeding network, the
total pattern of the array can be directed to the desired direction. Recent researches focus on
adaptive beamforming strategies more because it can be implemented simply by using
intelligent algorithm method to steer beams toward desired signals and nulls toward
interfering signals [3].0ne of the adaptive beamforming method is called optimal
beamforming method. Current research about this topic not only takes all electromagnetic
characteristics like mutual coupling into account but also minimizes the total power radiated
by the antenna array using optimization method while the response in a desired direction is
maintained [4]. Beamforming offers interference rejection and antenna gain which have the
equivalent effects of improving signal-interference-noise ratio (SINR) as well.

- Diversity: In telecommunications; a diversity scheme refers to a method for improving
the reliability of a message signal by wutilizing two or more communication channels with
different characteristics. Multiple antenna systems are proposed to create the diversified
channels including polarization, spatial and pattern diversity. Polarization diversity combines
pairs of antenna with orthogonal polarizations: By pairing two complementary polarizations,
this scheme can immunize a system from polarization mismatches that would cause signal
fading. Spatial diversity systems are designed such that the signals at the different antennas of
the receiver have low cross correlation with maximum gain achieved for uncorrelated signals.
Antenna pattern diversity consists of two or more co-located antennas with different radiation
patterns. This type of diversity makes use of directive antennas that are physically separated
by some short distance. Collectively they are capable of discriminating a large portion of
angle space and can provide a higher gain versus a single omnidirectional radiator.

- Spatial Multiplexing: Spatial multiplexing is a transmission technique in MIMO
wireless communication to transmit independent and separately encoded data signals, so

called streams, from each of the multiple transmit antennas. Therefore, the space dimension is



reused, or multiplexed, more than one time. Spatial multiplexing can reach the goal of higher
data rate compared to the single-antenna communication systems and it is considered very
powerful for increasing channel capacity.

The above three multiple antenna strategies can be called the family of multiple-input
multiple-output (MIMO) antenna technologies and sometimes have the same characteristics
of multiple antennas. Furthermore, a combination of MIMO with orthogonal frequency
division multiplexing (OFDM) is promising to use the spectrum much more efficiently by
spacing the channels much closer together, which is achieved by making all the carriers
orthogonal to one another, preventing interference between the closely spaced carriers.

No matter what kind of MIMO technology is implemented, antenna radiation efficiency
and spatial correlation have always been two- very important parameters for MIMO systems.
For a multi-polarization antenna system, radiation efficiency is an important issue because
how much power will radiate with respect to different polarization states are concerned topics
on this kind of system. Antenna spatial cotrelation is another issue we want to take care. For
beamfoming technology, we always want to design the spatial correlation as high as possible,
while for diversity and spatial multiplexing techniques demand low correlation antenna setup.

In the following two sections, we will review the definitions of these two parameters.

2.2 Radiation Efficiency

For single antenna case, the radiation efficiency is defined and computed by
implementing the equivalent circuit shown in Figure 2.1[2].We can see that input impedance
is composed of real part and imaginary parts:

Z,=R, +X, (2.1

The input resistance R represents dissipation, which occurs in two ways. Power that leaves



the antenna and never returns (i.e.,radiation) is a form of dissipation. There is also ohmic loss
associated with heating on the antenna structure. The input reactance X represents the power

stored in the near field of the antenna.

| [ I

RA

Z0

r ZA XA

| —

Figure 2.1 The equivalent circuit of single antenna in transmitting mode.

The average power dissipated in an antenna is:

1
W = ERA |[A |2 (2.2)

where I, is the current at input terminals. Separating the dissipated power into radiative and

ohmic losses gives:

f)in P B)hmic
[ |2 ( )

ohmic |* A

1 1 1
SR, 11, = SR, 1, +—R

The radiation efficiency is defined as the ratio of total radiated power to the net power accept

by the antenna, so

P P R
e,, = = = . (2.4)
P P+ P R +R

in ohmic

ohmic

The total radiation efficiency must take input mismatch effect into account. Therefore, the full

expression of radiation efficiency on single antenna case is:

eradl = ereﬂleoh (25)

ZA 'Zo

2
and € el =1—|r| and F:Z ~
A+ 0

(2.6)

where [ is the voltage reflection coefficient and Z is the characteristic impedance of the



transmission line.
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» d
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Figure 2.2 The equivalent circuit of an antenna pair in transmitting mode.

We further introduce the general definition of radiation efficiency in multiple antenna
systems [5]. The radiation efficiency is defined mostly convenient in the transmit mode as the
equivalent circuit shown in Figure 2.2. The voltage source V and source impedance Zs; show
the excitation of the antenna port 1, and the load impedance Z;, is the termination at the
second antenna port. Z;» is the mutual impedance which can describe the mutual coupling
effect between two antennas. For simplicity this equivalent circuit is constructed based on the
antenna pair with identical structure, which means that Z,1=2,; and Z,=2,;.

The equivalent circuit in Figure 2.2 can be used to calculate the input impedance Z;,,
which can further calculate the voltage reflection coefficient I';,. We can determine the input
impedance Zi, as

Z,=72,+ Z;Iz 2.7)

1

Equation (2.7) can be further expressed using the circuit loop theory which represents the

relation between /; and I, as:



_le

=——1 (2.8)
’ ZZZ + ZL2 ]
As a result, we can finally determine the input impedance Zi, as:
ZZ
Z,=2, - > (2.9)
ZZZ + ZL2

The total power leaving antenna 1 is shown as Pzi;=(1/2)Real{Z;,}|I;>, and the power which
will be absorbed by Z;, via mutual coupling effect and cause reduction of radiation power is
Pz=(1/2)Real{Z>}|L*. The difference between P, and Py, is called the radiation power P,

1.e., P/= Pziy- Pz,. Therefore, the radiation efficiency e,q can be derived as

€raa = ereﬂ eZL2 (2.10)
where
L =7
e SN |E[ vand P =Sui=s 2.11)
Zl'n +Zsl

2
Mo Real{ZLz}‘]Z‘2 2.12)
Real{Z, }|1 |

ZL2

The radiation efficiency is the composite power efficiency representation for it includes not
only the reflection caused by input mismatch of the excitation port but also the power

absorption resulting from the termination at the other unexcited antenna branch.

2.3 Antenna Spatial Correlation

Under multiple scattering environments, signal fading is the dominant impairment
existing in the wireless communication. To overcome this problem multiple antennas are
typically employed to provide diversity and the performance of the multiple antennas is
determined by the spatial correlation between the antennas [6]. Antenna spatial correlation

was first proposed by W. C. Jakes [7]. If a signal of interest arriving at an array can be



described by the summation of plane waves arriving from azimuth angle @ relative to the

normal between two sources a distance d apart, the spatial correlation can be determined as

p(d) = [ expj27 S sin@))p, 9)ds 213

where A is the wavelength and po(®) is the azimuth angular probability distribution function.
The most special case is when po(®)=1/21 which is called the Clarke’s model [8] and the
antenna spatial correlation has a closed form well-known as the Bessel function. Based on
equation (2.13), several works on spatial correlation has relied on numerical integration or
series expansion to evaluate the correlation coefficient between two sources based on
different azimuth angular probability distribution functions [9-11]. The author in [12]
especially discussed and derived a simple formula for spatial correlation and showed that it
provided a good approximation for spatial correlation of small angular spread angular
distributions.

The above definitions of antenna spatial correlation only take the signal phase and the
angular PDF of the incoming waves in azimuth plane. Therefore, the antenna spatial
correlation including full antenna patterns ‘and mutual coupling effect was further proposed in
the literatures. There were two main formulations proposed for the antenna spatial correlation
including antenna patterns and mutual coupling effect. The first is direct Hermitian product of
the far-field patterns between two antenna elements. The second is parameterized correlation
formulation described by scattering matrix.

- Pattern Multiplication: This is the most direct but also the most complex definition. R.

G. Vaughan and J. B. Andersen proposed in [6] that the spatial correlation is given by

[[[F(9.0) ¢ F, (4.0)}a2

P 2 2 (2.14)
[l o.or aaf] .01

where < denotes the Hermitian product and F' means the normalize antenna pattern.
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- Parameterized Formulation: The authors in [13] proposed exact representation of antenna
envelope correlation in terms of scattering parameter description under the assumption of
uniformly incoming waves. The approach has the advantage that it is not necessary to known
the radiation pattern of the antenna system and that the explicit influence of mutual coupling

and input match is revealed. The formulation is given by

2

SII*SIZ +S21*S22
—|S“|2 —|S12|211—|S22|2 _|S21|2)

Moreover, C. Waldschmidt and W. Wiesbeck further suggested a more general spatial

penv :|p12|2 = (1 (215)

correlation as [14]
O, =—F—— (2.16)

where

2 :rjzn XPR-E;(9,0) Ey,(9,0)- py(9,0)
PN | +E,1(9,0), B (9,0) p,(¢.0)

 x 2| XPRV|E, (,0)[ 4y (9,0)
o =]l

2
+|E, ($:0)[ " p,(4.0)
XPR is the cross polarization ratio, E is the far-field E antenna patterns, p(®,0) means the

sinfdOd¢ and

(2.17)
sin 0d0d¢

AoA distribution, and the subscript ®/0 denotes the field polarization for both AoA
distribution and antenna patterns.

Compared with the pattern multiplication and the correlation represented in S-parameter
manner, both of them do not take AoA distribution of arriving signals into account. Therefore,
the spatial correlation in equation (2.17) is considered the most complete and general

correlation formulation so far because it takes all the possible factors into consideration.

2.4 Dipole Antenna

11



All the case studies we provide in the whole thesis are simulated using two or more
half-wave dipole antennas. Therefore, the basic theory of half-wave dipole antenna is
introduced in this section. The half-wave dipole antenna is the most general antenna structure,
and the current distribution on the dipole usually assumes that the antenna is center-fed and
the current vanishes at the end points. Moreover, to reduce the mathematical complexities, the
diameter of the dipole is ideally much thinner than the wavelength of the operating frequency.

With the above assumptions, the current distribution is placed along the z-axis and for

the half-sine wave current on the half~-wave dipole. It is written as:

: A A
I(z)=1,sin {ﬂ (Z—|Z|ﬂ, |Z|SZ (2.18)

where 7, is the maximum current occurting at the center-fed point, and /3 is the phase constant
in the free space. After the cumbersome mathematical integration, the far-field Eg pattern is

shown below:

g | COS (ﬂ cos Hj
PI0N 2

2rr sin @ (2.19)

Ey=jn

In the similar manner, the total Hy component can be written as

T
_ipr COS(COSQ)
ke 2
"0 T | sing (2.20)
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[

(2) (b)

Figure 2.3 (a) The A/2 dipole andi(b) the Eg pattern in theta plane (®=0°).

The current distribution of the half-wavelength dipole and the theta-plane E-field pattern is
plotted in Figure 2.3, and Z;,=73+42j [2] :-We need to notice that we assume the diameter of
the dipole is much thinner than the wavelength of the operating frequency, and there exists
only Eg and Ho fields. However, in the chapter 4, E¢ and Hg fields also exist in the simulation
results since the diameter of the dipole is not thin enough compared to the wavelength of the

operating frequency.
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Chapter 3

Composite Analysis of Radiation Efficiency

Antenna arrays play a crucial role in wireless communication over multipath fading
channels. When using multiple antenna elements for implementation on small personal
communications devices, the resulting closely spaced antenna elements exhibits well-known
mutual coupling, which alters radiation pattern characteristics and is obviously impact the
performance of multiple antenna systems. Radiation efficiency is considered an important
factor to measure the performance of multiple antenna systems including mutual coupling. In
this chapter, the analysis of radiation efficiency is in transmitting mode. The general
definition of radiation efficiency for dual antenna systems has been introduced in Chapter 2
and we continue this concept for the further investigations on the composite analysis of
reflection coefficient and radiation efficieney. In-Section 3.1, the power representation using
microwave network theory and TARC are first introduced as well as the concept of [16] . The
composite analysis of how different kinds of termination network impact on the reflection

coefficient and radiation efficiency are conducted in Section 3.2.

3.1 Introduction of The Eigenvalue based TARC and
Radiation Efficiency
3.1.1 Multi-port Antennas and Total Active Reflection

Coefficient

14



Assume that the scattering matrix of passive n-port antennas is S. The input excitation
signals a; incident on each port i is denoted as the form of column vector a= [a;, az,...,an]T,
Similarly, the wave reflected from the antenna is denoted by the column vector b= [b;,
b,...,ba]" [15][16] , the relation between a and b is

b =Sa (3.1)

The total powers incident on the n-port network is given by
2 H N 2
Py =lal =a"a =2 || (3.2)
and the total power reflected from the n-port network is
2 H ul 2
P =[pl" =b"b =2 |5 (3.3)

The total input and reflected power can be represented as the summation of individual power
incident on and reflected from .the port i, respectively. . The multiport antennas discount
antenna ohmic loss for simplicity to analysis. First,-we give an alternative expression to total
reflected power and then we turn to calculate the radiated power. By substituting equation

(3.1) into equation (3.3), the total reflected power can be written as:
H
Preﬂ - (Sa) (Sa)
=a"S"Sa

—a"Ra

(3.4)

,where R we call it reflection power matrix . This expression relates total power generated by
excitations and the total reflected power. We now want to represent equation (3.4) in an
alternative way for convenience to later analysis. Since the reflection power matrix is a
Hermitian matrix, we can perform unitary similarity transformation [16] on R and U is unitary

(i.e, UU"=I ) as below

15



R =UDU" with Dg=diag{A,,,.K,A,}whereDg € R"" (3.5)

This transformation is also called eigenvalue decomposition (EVD). Substituting equation

(3.5) into equation (3.4), an alternative representation of total reflected power is shown as

P, =a" (UD,U")a
= (UHa)H D, (UHa) (3.6)
N
= Z qi ’ Si
i=1
where q=U"a or ¢, =u)'a (3.7)

The i th column vector of matrix U is denoted as U;. Note that Ujis also an eigenvector of
reflection power matrix .q; can be viewed as a transformed input signal at port i. Using the

fact of UUM=I, the total input power can also be derived as

(3.8)

The power radiated by the antenna neglecting antenna ohmic loss is the difference between Pj,
and P..q, further substitution yields as below like [16]

P

rad

=P

in

- P

refl
N N

- Z |ql' |2;tsi - Z |q1'|2 (1 - /lsi) (39
i=l i=1

The behavior of this microwave network is primarily defined by Asi. For a lossless network,

q,

N
=1

P:.¢=0 so that Asi=1 for all i. For a lossy network like multiport antennas, P.,¢>0 so that 0< Asi
<1 for all i. As a result, EVD for reflection power matrix facilitates analysis and provides a
useful interpretation of circuits’ fundamental behavior.

Now we turn to introduce the concept of TARC briefly. For a desired port excitation, the
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total active reflection coefficient (TARC) [17] is defined as the square root of the available

power generated from all excitations minus radiated power, divided by the available power as
I rire = = e (3.10)

For example, if an N-port antenna is excited at ith port and the other ports are connected to the

matched load, the TARC can be calculated as

N
Chpe =J1- P, = Z‘Sﬁ‘z i=1L....,N (3.11)
=

For multiport excitation, the TARC is therefore in the form of

N
. |nf
[ rirgysor——k (3.12)
n ‘a[|2
i=1
The TARC is a real number between zero to one. When the value of the TARC is equal to
zero, all the delivered power is radiated and when it is equal to one, all the power either
reflects back or goes to the other ports. This parameter is developed to describe the properties
of multi-port antennas like frequency bandwidth and radiation performance, while all ports
simultaneously excite signals with their own port impedances. In this manner, one is able to
assess the true bandwidth of the antenna for a desired port excitation. This bandwidth
information should give the multi-port antenna designer a much better understanding of the

antenna bandwidth.

3.1.2 Eigenvalue Representation of TARC and Radiation

Efficiency

A general definition of radiation efficiency in multiple antenna systems is introduced in
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Section 2.2.Now the alternative definition of radiation efficiency is discussed in [16]. Before
the derivation of radiation efficiency, we first give an alternative representation for TARC.
Substituting equation (3.6) and equation (3.8) into equation (3.12), a new representation of

TARC is defined as below

N
Z qi 2/1”_

_ i=1
1_‘TARC - N (313)

2
q,

i=1
Since this expression is based on the eigenvalues of the reflection power matrix, we redefine
it as eigenvalue based reflection coefficient (EVRC) for convenient to analysis and further
derive an alternative representation of radiation efficiency as below which is similar with

[16]and[20]
B\er )
N
2
2

We rename this radiation efficiency as eigenvalue based radiation efficiency (EVRE) for

q,

€rad = (1 _F?ZVRE) == (3.14)

q,

simplicity of the following writing. It is wondered what is the difference between equation
(3.14) and equation (2.10). Equation (2.10) is considered the composite power efficiency
representation. It includes not only the reflection caused by input mismatch of the excitation
port but also the power absorption resulting from the termination at the other unexcited
antenna branch. Based on this definition, we may find equation (2.10) is actually a special
case of equation (3.14). Taking a dual-antenna system for example, equation (2.10) will let
one branch of the dual antenna system excite signals and the other terminated with impedance
load. While in equation (3.14), two ports of the antenna system simultaneously excite signal

with their own port impedances. That exactly means if we determine the radiation efficiency
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using equation (3.14) but with one branch feeding signals of zero amplitude, the analysis
result will be the same as that using equation (2.10).

One of the advantages of the EVRE is it takes into account the effect when ports of the
multiple antennas system are fed with signals of different phases. EVRC (TARC) is originally
developed for signals with various phase delays for multi-polarization operations, and this
concept can be further extended to the multiple antennas system [18]. It is well known that
mutual coupling causes some portion of signal power within each element to be radiated and
absorbed by the other elements. The combination of each antenna port’s primary reflected
signal with the coupled signals can be constructive or destructive depending on the phase of
the component signals. EVRE of multiple antennas can therefore represent the effect of this
constructive or destructive signal combination.-Another way to show the effect of input excite
signal phase difference on EVRE is based on the perspective of mathematical formulation as
below: For dual antennas case and based on equation (3.13), the transformed input excitation

signal is shown as

=U"a

q](Q) u:] u; 1 ”1*1+”;€j9
= = = (3.15)

- * * i0 * _jO *
q, (9) w, Uy, || lg’ uye’” +uy,
, where 0 is the phase difference of input excitation signals and the more explicit EVRC and

EVRE are shown as

(9)=\/

012 . 2
* * _jO * _jO *
u, +u,e ‘ Ay +‘u226 +u,

)’SZ

r

EVRC 0 2 0 2

\/‘u”+uzlej ‘ +‘u2261 +u12‘

) (3.16)
(1-2,)

2

012 .
* * _jO * _jO *
u, +u,e ‘ (l—lsl)+‘uzze +u,

and e, (0)=

|2 .
* * _jO * _jO *
u, +u,e ‘ +‘uzze +u,

As aresult, it can be obviously viewed from equation (3.16) that EVRC and EVRE are indeed

a function of input excitation signal phase difference.
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The most important advantage of EVRC and EVRE are that they provide a simple way to
estimate the minimum and maximum values of reflection coefficient and radiation efficiency
quickly, no matter how many number of antennas will be gauged [16]. These advantages are

revealed by further deriving equation (3.13) as an inequality and it is shown below

's max (317)

It 1s interesting that the minimum and maximum values of EVRC are just the square root of
minimum and maximum eigenvalues of the reflection power matrix, respectively. The
significances of the minimum and maximum values of EVRC are that they represent lowest
reflection power and largest reflection power in the multiple antenna systems, respectively.

Moreover, there exist no input excitation signal components to reach the EVRC lower than

S

A or higher thany/4 . . Furthermore, based on equation (3.17) we can also derive an
inequality for EVRE and it is shown like [16] as below:
1_ﬂ’smax < erad < 1_ﬂ’smin (3-18)

Equation (3.18) means that the minimum or maximum EVRE occurs when maximum or
minimum EVRC takes place at the same time. This phenomenon makes sense since the higher
the reflection power occurs, the lower the power will radiate. Minimum and maximum values
of EVRE are also considered two important quantities to judge the performance of multiple
antenna systems.

What kinds of input excitation signal components will cause the maximum or minimum
radiation efficiency is the another important issue. Another important advantage of EVRC and
EVRE are that they both provide a convenient way to determine the input excitation signal

components which may cause the best or worst case reflection coefficient and the
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corresponding radiation efficiency, respectively. A mathematical proving is shown by further
deriving equation (3.4) and using the result of equation (3.8) as follow: When the ith input
excitation signal vector is the eigenvector of the reflection power matrix, the ith total
reflection power can be determined as
N N
i i H . \H . .12 212
P, = (a ) (Ra’ ) = (a’) (/lsla’ ) = ),S[Z |a}| = AS[Z |q;| (3.19)
j=1 j=1
,where a' is the ith input excitation signal vector and Asi is the corresponding eigenvelue.

Moreover, we further derive the ith EVRC and EVRE as below [16]

(3.20)

By comparing the results between equation (3.19) and equation (3.20), we can observe that
when the input excitation vector 18 the eigenvector of reflection power matrix, the minimum
or maximum EVRC has the chance to. be excited, and so does the corresponding EVRE. By
utilizing unitary similarity transformation on reflection power matrix, we can easily find the
corresponding input excitation signal components with the observation on the transformation
matrix U when minimum or maximum EVRC takes place, and so does the corresponding
EVRE. The applications and meanings of this powerful analysis strategy will be shown and

discussed in the next section.

3.1.3 Simulation Results and Discussions
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X
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Figure 3.1 HFSS simulation setup of'dual antennas configuration

Two parts of simulation results are provided in this section. First of all, we compare what is
difference between conventional radiation efficiency using equation (2.10) and EVRE using
equation (3.14), respectively. Secondly we offer a case study and show how the quantity of
antennas affects EVRE. Moreover, we'also discuss why EVRE provides powerful analysis for
multiple antenna systems. We implement the case study with EM simulation software
Ansoft® HFSS, while simulation programs are written in MATLAB® and run on PC with an
Intel® Pentium IV 3-GHz CPU.

For convenience, the simulation environment is set with multiple dipole antennas. Figure
(3.1) depicts the geometry for dual antennas. For the number of antennas is more than two, the
setup of multiple antennas follows the same way as Figure (3.1), which is in symmetrical and
parallel configuration. The radius of the dipole antenna is A/100 and the dipole length is tuned
at 0.44\ in order to make the dipole antenna resonant at the desired central frequency. In this

work the central frequency is 2.45 GHz and the port impedance is set to be 50 Ohm.
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Figure 3.2 Conventional radiation efficiency analysis using equation (2.10).
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Figure 3.3 EVRE analysis using equation (3.14)
Figure 3.2 and Figure 3.3 represent the conventional radiation efficiency analysis using
equation (2.10) and EVRE analysis using equation (3.14), respectively. We assume port 1 is

excited with 0.707 amplitude signal and port 2 is excited with 0.707*exp(jxn/180°) where
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x={0°,10°, 20°, ...,180°}. One reason we let both the amplitudes of the input signals to be
0.707 is that we want to maintain the summations of all input excitations power unity and
both ports have equal power. This set up contains a range of excitations with same amplitude
but different phase offset distribution. By comparing these two figures, we observe that the
phase difference between two antenna elements deeply affects the radiation performance and
the newly-defined EVRE has the ability to show this effect. From Figure 3.3, we can observe
that the performance of EVRE gets worse when the phase difference becomes large. The best
radiation performance takes place when the two input signals are in phase, while the worst
performance occurs when the two excitations are out of phase.
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Figure 3.4 Three elements max. and min. radiation efficiency analysis using equation (3.16)
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Figure 3.5 Four elements max..and min. radiation efficiency analysis using equation (3.16)
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Figure 3.6 Five elements max. and min. radiation efficiency analysis using equation (3.16)
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Finding the best or worst performance of EVRE for the number of multiple antennas more
than two becomes cumbersome if we use the same way as dual antennas case presented before.
However, it becomes easily and quickly to obtain the maximum and minimum values of
EVRE by utilizing equation (3.16), which can be easily derived from equation (3.14) or
equation (3.15). Figure 3.4 to Figure 3.6 represent the results when the number of antenna
becomes three to five. We first define a parameter called Maximum Efficiency Ratio (MER),
which means the ratio in dB between the maximum and the minimum EVRE to facilitate
analysis. An observation from Figure 3.4 to Figure 3.6 is if the antenna elements are in close
proximity, the radiation efficiency will have larger MER which means the performance may
be very good or very bad at a given close antenna element spacing. The MER will become
smaller as the antenna element spacing increas¢,” which means the performance becomes

better and more stable as mutual coupling between antenna elements is less strong.

45 5 5 5
(K —6— Two elements
40 —6— Three elements [ |
\ —6€— Four elements
35 —©—Five elements |
< \

10 \Qs‘\
% N
0 ‘

0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Element Spacing (wavelength)

Figure 3.7 Maximum Efficiency Ratio for two to five elements
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As the number of antenna elements increases, the maximum EVRE maintains almost the
same while the minimum EVRE decreases a lot at fixed element spacing. The MER therefore
becomes larger as shown in Figure 3.7 and a comparison table is shown as in TABLE
3.1.Take 0.1A inter-element spacing as an example, the MER increases from 3.8 dB to 42 dB
while the number of antenna increases from two to five which show the same tendency as the
diagram depicted in [16]. The reason for this fact may due to higher mutual coupling and it
results in more input mismatch effects at the central elements of these symmetrical multiple
antenna sets when the number of antennas increase. As a result, there exists a set of input

excitation signal components which cause the minimum EVRE worse.

TABLE 3.1 COMPARISON TABLE OF MER FOR DIFFERENT NUMBER OF

ANTENNAS.
Antenna Number Maximum Efficiency Ratio(MER)
at 0.1 A
2 3.83 dB
3 17.64 dB
4 30.93 dB
5 41.75 dB

Finding the corresponding input excitation signal components when the best or the worst
performance of multiple antenna systems (Maximum EVRE or Minimum EVRE) takes place
by trying an error is nearly impossible when the number of antennas is more than two. By
utilizing the eigenvalue decomposition shown in equation (3.17) to equation (3.19), these
input excitation signal components are easily determined simply by solving the eigenvectors

of reflection power matrix. The results are shown in Table 3.2 and Table 3.3 taking
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0.1 X inter-element spacing as an example. One thing to be mentioned is that the summation

of the power from every port is equal to unity.

TABLE 3.2 MAX. EVRE AND CORRESPONDING INPUT EXCITATION

SIGNAL COMPONENTS.
Antenna Number |Max. EVRE at 0.1 A | Input Excitation Signal Components
T —
2 -0.96 dB [0.707.£0°,0.707.£0°
3 -1.17dB [0.70340",0.013486",0.70341 80"]
4 0 0 0
-0.72dB 0.654.180°,0.2692—-164°,0.269.£16
,0.65420°
5 0 _1<70
-1.01dB 0:589/180°,0.391£-153°,0
,0.391227°,0.589£0°

TABLE 3.3 MIN. EVRE AND.CORRESPONDING INPUT EXCITATION SIGNAL

COMPONENTS.
Antenna Number | Min. EVRE at 0.1 A | Input Excitation Signal Components
T —
2 -4.79 dB [0.7074180",0.70740"]
3 -18.81dB [0.46340",0.7564 - 158",0.46340"]
4 0 0 0
31.65dB 0.275180°,0.657£17°,0.651 £ —164
,0.263£0°
5 0 0 0
42.76dB 0.1552180°,0.488£12°,0.69£-165
,0.488412°,0.1552180°
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An observation from Table 3.2 is that the power and phase of the input excitation signal at
each port should be properly distributed and adjusted in order to reach the best performance.
However, Table 3.3 gives us information that we should avoid exciting such input excitation
signal components which will cause the worst performance. The eigenvalue representations of
TARC and radiation efficiency in [16] provide us a quickly way to determine the best and
worst radiation efficiencies and their corresponding input excitation signal components.Based

on [16] we do further analysis on its characteristics in the following chapter.

3.2 Composite analysis of Termination Networks on TARC

and Radiation Efficiency

It has been shown that different. kinds of termination networks may have great impact on
conventional radiation efficiency [5]. In this section, the impact of termination networks
including 50-Ohm, self-impedance and input impedance termination networks on EVRC and
EVRE are investigated accordingly. A thoroughly comparisons about the performances of

these three termination networks are also conducted in this section.

— .
5 AN R

]
)
§

ralbe (711
o o
[——1 [~——
il v

Figure 3.8 Dual antenna systems setup with load impedance and source impedance
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3.2.1 50-Ohm Termination Network

The simulation setup is shown as in Figure 3.8 and both the antennas are identical and have
the same conditions as the previous section. It means that Z;;(=Zs; when port 2 excitation)
and Z;(=Zs; when port 1 excitation).Zs;=Zs,=50 Ohm first comes as the first case study. It is
the most common topology for its wideband characteristic and easier implementation. Figure
3.9 and Figure 3.10 respectively show the maximum and minimum values of EVRC and
EVRE using equation (3.15) and equation (3.16). Note that the reflection swing range here is
defined as the difference between maximum and minimum EVRC, where the radiation swing
range is defined as the difference between maximum and minimum EVRE.

0.9

(\ —6— Max-EVRC
0.8 \ Min-EVRC [

0.7 \
0.6

SR
0.4 \‘\
0.3 \
0.2 N ;\a\"\

N O

0.1 \ //

T~

0
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Element Spacing (wavelength)

T

Eigenvalue based Reflection Coefficient

Figure 3.9 Max. and min. EVRC of 50-Ohm termination network
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Figure 3.10 Max. and min. EVRE of 50-Ohm termination network

3.2.2 Self-Impedance Termination Network

The termination network such as Zgsi=Zgs,=7;,* 1S known as the self-impedance source
matching (termination) network, which is also known as complex conjugate match and it
facilitates maximum power transfer to the load when there is no mutual coupling. The
goodness of the match depends on the behavior of the mutual impedance which is not taken
into account. What can be mentioned in this simulation procedure is we do not need to
re-simulate the dual antenna systems which use 50-Ohm port termination in the previous

section to solve the new scattering matrix. However, by using the formulation as below

[S.1=[2Z,,, +UI'ZZ,,, - U] (3.21)

new port
where Z is the impedance matrix, Zyo 1S the diagonal matrix with diagonal terms(=Zs; and

Zs;), and U is the unitary matrix, the new scattering matrix Spe,, can thus be computed and

used in the calculation of EVRC and EVRE. Figure 3.11 and Figure 3.12 respectively show
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the maximum and minimum value of EVRC and EVRE using equation (3.15) and equation

(3.16).
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Figure 3.11 Max. and min. EVRC of Z; * termination network
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Figure 3.12 Max. and min. EVRE of Z;;* termination network
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3.2.3 Input-Impedance Termination Network

Input-impedance matching termination is considered more complete for it takes into
account not only the reflection from the single antenna element but also the mutual coupling
effect which results from the adjacent antenna element. It refers to maximum power transfer
from the single excited source into the corresponding antenna port, which gives no
consideration to power coupled into adjacent antenna. Because Zg; is the function of Z,

and vice versa, we may finally derive Zg;, based on equation (2.9) and Zs,=Z;,*, as

R> X’ | R.X
ZSIZ\/Rlzl_R122+X122_%+][%_X11j (3.22)

11 11

where R;; and X, are the real and imaginary part of self impedance, R;, and X, are the real
and imaginary part of mutual impedance. Moreover, the new scattering matrix with Z;,* port
termination can also be computed and used in calculation of EVRC and EVRE by equation
(3.15) and equation (3.16). Figure 3.13 and Figure 3.14 respectively show the maximum and

minimum value of EVRC and EVRE using equation (3.15) and equation (3.16).
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Figure 3.13 Max. and min. EVRC of Z;,* termination network
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Figure 3.14 Max. and min. EVRE of Z;,* termination network

3.2.4 Analysis and Discussion

EVRC for three termination cases are shown in Figure 3.9, Figure 3.11 and Figure 3.13.
EVRE for three termination cases are shown in Figure 3.10, Figure 3.12 and Figure 3.14. For
a dual antenna systems case, the input excitation signals for portl and port 2 have equal power
in order to reach the best or worst performance as shown in TABLE 3.2 and TABLE
3.3.Therefore, the radiation swing range depends only on the phase difference of two input
excitation signals. Larger radiation swing range means that EVRE is more sensitive to the
phase variation of input signals, and on the contrary smaller radiation swing range means that
EVRE is less sensitive to the phase variation of input signals. EVRC is also an important
parameter for the performance judgment of multiple antenna systems. For examples, lower or

higher EVRC means higher or lower EVRE, respectively. Larger reflection swing range or
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lower reflection swing range for EVRC means larger radiation swing range or lower radiation
swing range for EVRE, respectively.

The largest reflection swing range of EVRC and the largest radiation swing range of
EVRE happens when antenna element spacing is 0.1 A for the first two matching cases. For
50-Ohm case, the largest swing ranges for EVRC and EVRE are about 0.39 and 0.5,
respectively. For Z;;* case, the largest swing ranges for EVRC and EVRE are about 0.55 and
0.66, respectively. For Zi,* case, we can observe that there exist no swing range for both
EVRC and EVRE. The reason for this phenomenon results from that Z;,* not only takes into
account the self-impedance of the antenna but also mutual coupling effect. It will cause very
low S;; and thus results in no swing range for both EVRC and EVRE. Furthermore, we can
observe that the swing range for both EVRC and EVRE would be greatly reduced as element
spacing becomes larger. It can be interpreted as when the mutual coupling effect is reduced,
the EVRC and EVRE both become much less sensitive to the phase variation of input signal.

Another interesting phenomenon observed from EVRC (Figure 3.9 and Figure 3.12) and
EVRE (Figure 3.10 and Figure 3.13) for the first two matching cases is that there exist some
element spacings which are nearly immune from the variation of different phases. For
50-Ohm and Z;* case the first crossing points both occur at element spaces=0.4 A. It is an
important parameter provided for the design of multiple antenna systems since we can find
the best element spacing which will not be seriously impacted by the unpredicable variation
of signal exciation phases between two ports. A comparison table is shown as in TABLE 3.4.
From the comparison we find although the first crossing points of 50-Ohm case is at 0.4\, the
corresponding EVRC and EVRE are 0.33 and 0.9, respectively while for Z;;* case the
corresponding EVRC and EVRE are about 0.27 and 0.93, respectively. It means less than 10
% of the incident power either reflects back or is absorbed by the load of the adjacent antenna

element. As a result, 0.4\ is a good candidate for the design of multiple antenna systems for
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the first two matching cases. For Zi,* case it can be immune from phase variation of input
signals so how much power will radiate is what we may concern more. At 0.1 A ,the EVRC
and EVRE are 0.68 and 0.53, respectively. It means more than 47 % of the incident power
either reflects back or is absorbed by the load of the adjacent antenna element. That means,
although the Z;,* case can be immune from phase variation of input signals at the very close
element spacing, it is not a good solution in the desire of high radiation efficiency.

TABLE 3.4 COMPARISON ANALYSIS TABLE FOR THREE TERMINATION

NETWORKS

Termination Type | First Crossing Point | EVRC | EVRE

50-Ohm Case 04 A 0.33 0.9
Z11* Case 04 A 0.27 0.93
Zi¥Case 0.1 A 0.68 0.53
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Chapter 4

New Spatial Correlation Formulations under
Arbitrary AoA Scenarios

Signal fading due to multipath is the dominant impairment in mobile radio systems. To
overcome this problem multiple antennas are employed to provide diversity. The performance
of antenna arrays is evaluated by the spatial correlation between antennas. In this chapter, we
will discuss antenna spatial correlation including AoA distributions of the spatial channel and
how mutual coupling affect this parameter. We. first introduce the 2-D approximate spatial
correlation formulation and our proposed approximate spatial correlation formulation under
arbitrary AoA scenarios in Section 4.1. In Section 4.2, we further combine our proposed
formulation with the 2-D and 3-D spatial correlations taking antenna mutual coupling effect
into consideration in the parameterized manner as presented in [19] and [20], respectively.
The proposed antenna spatial correlation formulations not only reduce time complexity but
also maintain good accuracy in correlation calculation. Furthermore, all the simulation results

are provided using the setup like Figure 3.1 in Chapter 3 as the benchmark.

4.1 2-D Approximate Spatial Correlation Formulation
under Arbitrary AoA Scenarios
4.1.1 Spatial Correlation under Small Angular Spread

AO0A Scenarios

A channel model that simultaneously characterizes the AoAs of multipath components is
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called the spatial channel model and different phi-plane AoA PDFs have been proposed in
[21].Spatial correlation which incorporate AoA PDF at receiving end will show the
characteristics of channel and antenna array. In [12], the author presented the approximate
spatial correlation which is suitable for small angular-spread AoA distribution. If a signal of
interest arriving at an array can be described by the summation of plane waves arriving from
angles with AoA distribution pe(®), then the spatial correlation between two points a distance

d apart can be determined as [7]

o) = [ ext25 % o @)p, P “n

where @ is defined relative to the normal, A is the wavelength and pe(®) is the azimuth
angular PDF. If the angular energy is a raised-cosine. distribution, AoA distribution po(P) can

be represented as

1 7/
Lo PO g A <pg <A
¢(¢) =124, A (4.2)
0, for g >A-or = <—A
where 2As is the range of angles about the mean angle ®¢. Another common assumption for

angular energy distribution is a Laplacian distribution and it is defined as

1 V2|p-¢,
E(¢) ‘Ee"p(@} (43)

where o is the standard deviation of the distribution and @ is the mean angle of AoA.
Substituting equation (4.2) into equation (4.1) and making a change of variables, the spatial

correlation is given by

p(d) :%J‘_ll exp{j27r%sin(Asz+¢0)}{l+cos(7zz)} = (4.4)

Under the assumption of small AsZ over the integration range, equation (4.4) can be

38



approximated as

p(d) = %exp(ﬂﬂ%sm ¢0){2 sin c(2%AS cos¢,)

J J (4.5)
+sin c(2;AS cos@, —1)+sin c(2EAS cos @, + 1)}

Similarly substitute equation (4.3) into equation (4.1) and the spatial correlation based on

Laplacian energy distribution can be approximated as

2

~d .
p(d)= exp(]27rzsm¢0) (4.6)

2H 2rd cos o)’
A

equation (4.5) and equation (4.6) have provided a simple formula for spatial correlation
calculation. The advantage of equation (4.5).and equation (4.6) is that they have reduced the
computation time where the calculation of the spatial correlation originally relies on
numerical integration or infinite series expansion. Howeyver, based on the discussion as shown
in [12], equation (4.5) and equation (4.6).cannot approximate well when the angular spread of
AoA distribution becomes larger. It is therefore not practical because the angular spread of the
AoA distribution may become larger in the multiple scattering-rich environment, especially in
the indoor environment. As a result, we will further propose the spatial correlation
formulation which is suitable for large angular-spread AoA distribution and even arbitrary

AOA scenarios.

4.1.2 Spatial Correlation under Arbitrary AoA Scenarios
The approximate spatial correlation formulations are presented based on raised-cosine
and Laplacian distributions which are suitable for small angular spread AoA distribution in

the previous section. However, the approximation may be distorted when the angular spread
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becomes large and that is the reason why we would like to propose a good approximate
spatial correlation formulation under large angular spread AoA scenarios.
Uniform distribution is suitable to describe large angular spread AoA in multiple

scattering rich environments and its probability density function is presented as

p¢(¢)=ﬂ ¢ —A<P<g +A (4.7)

,where @, is the mean of the given uniform distribution and 2A is the range of angles referred
to @g. If 2A is equal to 2m, the spatial correlation has a closed form and is well-known as the
Bessel function; however, for the case that 2A is smaller than 2x, the spatial correlation is not
a closed form formula and thus the time-consuming numerical integration is needed. Based on
equation (4.2) and equation (4.3), we further propose two new approximate AoA distributions

for the uniform distribution and they are shown below

1 Z 1+cos| ——= 9=, Jor -A <¢—¢ <A,
]?b(¢) ZNA n=l Ay (4.8)
0, for p—¢ >A o = <-A,
and
N 20—
P _XA Yl
\/—NG D exp - (4.9)

where N is the number of sampling raised-cosine and Laplacian distribution, @, is the n-th
sampling mean AoA. 2As is the range of angle about sampling mean AoA @, of raised-cosine
distribution and o is the AoA angular spread of Laplacian distribution. Both these
approximate AoA distributions use the combination of many small angular spread
raised-cosine and Laplacian distributions to fit a given large angular spread uniform
distribution as shown in Figure 4.1(a), respectively. Since both raised-cosine and Laplacian

distributions are general distributions to describe small angular spread AoA scenario and each
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of them has a generalized approximate formulation like equation (4.5) and equation (4.6),
they are suitable candidates as a fitting function of uniform distribution.

By substituting equation (4.8) and equation (4.9) into equation (4.1), we represent these
two spatial correlations as

P )——Zj oxp(j2r sm(@){lm{ il ¢)} W @

S

and

J2lp-,

)= 02 [ ep(j2n sines

n=1

d¢ (4.11)

Using the small angular-spread approximate spatial correlation as shown in equation (4.5) and

equation (4.6), we may finally respectively represent both of the spatial correlations as

p(d)= Zexp(JZﬂ ismqﬁ ){2smc(2 A, cosg,)
2N = A
p 3 (4.12)
+sin ¢(2 IAS cos¢, =1)+sine(2 = A cos¢, + 1)}
and
1 & R 2
d)zﬁZexp(ﬂﬂIsmgbn) 5d (4.13)
n=l 2+( N cos¢ o)’
APDF ~PDF
(.' '." (:,' \:‘. ........................ (:/ '.:‘ I {:,' \:"\ ¥
l ol Vel l o W N
T A A AoA — A A AoA

(a) (b)

Figure 4.1 AoA distribution of (a) uniform distribution over —A and A and (b)
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uniform-like distribution. The red dashed line and blue dashed line are the distribution curves

of raised-cosine and Laplacian distributions, respectively.

The advantage of this approximation is it can be extended to arbitrary AoA scenarios as
shown in Figure 4.1(b) as an example. For an AoA distribution which is very complex or
cannot be described by a mathematical formula easily, the discretized summation is needed
for correlation evaluation. The two approximate formulations we propose only samples
specific mean AoAs over the distribution. Computation time of correlation calculation can
thus be saved using these two proposed approximate formulations. The weighting coefficients
of the sampling raised-cosine or Laplacian distributions may not equal 1/N and should be
modified according to the AoA scenario. Equation (4.12) and equation (4.13) should be

modified as below

N
p(d) zizan exp(j27r%sin¢n){2sinc(2%AS cos¢@, )+

2N n=1
d Jd (4.14)
sin c(2IAS cos¢,—1)+smn C(ZIAS cos¢, + 1)}
and
p(d) 1 ﬁﬂ exp(j27zdsin¢) 2
=—=2. b —-sing, (4.15)
N = A 2—1—(27;61 cos¢ o)’

,where on and Pn are the weighting coefficients which may modified according to the

corresponding arbitrary AoA scenario.

4.1.3 Simulation Results and Discussions

We first show the performance of 2-D envelope correlation between two ideal sources by
the conventional numerical integrating method, conventional discretized summation and our

approximate formulations based on two different basis functions. The envelope correlation
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can be represented as the absolute square of spatial correlation and it is shown below

Py =|p(d)

, which is described as the receive power correlation coefficient on the two branches.

2
‘ (4.16)
Simulation programs are written in MATLAB® and run on PC with an Intel® Pentium IV
3-GHz CPU. A uniformly-distributed AoA scenario over [-150°, 150°] with mean angle 0° is
chosen as the benchmark to evaluate the envelope correlation. The computation result of the
numerical integration is chosen as the closed-form solution and is regarded as the benchmark
for accuracy comparison
The sampling small angular spread raised-cosine and Laplacian distributions sample their
mean angles every 10° with 5° standard deviations for both our approximation schemes.

Moreover, for raised-cosine AoA distribution as shown in equation (4.8), the relation between

/\s and its standard deviation ¢ is:shown-as
1
o =A, 1896 3 (4.17)

The correlations calculated by four different schemes in Figure 4.2 share similar curve trend
with little variation. Numerical integration costs more time than the other two schemes as
shown in Table 4.1; the main efficiency comparison is made between discretized summation
and our two approximate formulations, namely equation (4.12) and equation (4.13). We find
that the computation time of envelope correlation using equation (4.12) and equation (4.13) is
reduced 51 % and 76% compared to that of discreitized summation, respectively. We can also
observe that the envelope correlation using equation (4.13) is faster than that using equation
(4.12) and it is simply because there are fewer terms in equation (4.13) than in equation

(4.12).
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Figure 4.2 Envelope correlation of the given AoA scenario using different calculation
schemes.
The accuracies of envelope correlation using equation(4.12) and equation (4.13) are the same

under the same angular spread as shown in Table 4.2. The reason for this phenomenon is

can be approximated byz x" and sin(x) can be

- X n=0

discussed as below: It is known that

' o (_1)” x2n+]
approximated by Z—

2rd . ,
where X=——0c0s¢, Examining equation (4.12) and
e (2n + 1)! A

equation (4.13) using Taylor series expansion, we can find these two formulations are almost

the same and the approximate result is shown as

1dd 1(, d ’
p(d)zNZCXp(ﬂﬂISln(bn) 1_5(27[16“)5@) .The higher order terms of the

n=l
Taylor series are omitted since we assume the angular spreads of the two AoA distributions

are small(0=5°).By this carefully examination, we can know that equation (4.12) and equation
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(4.13) are almost the same. As a result, the RMS errors of envelope correlation have the same
values which match the results of Table 4.2. However, the calculation using these two
approximate formulations still maintains good accuracy compared to numerical integrating
method.

TABLE 4.1 EFFICIENCY COMPARISONS OF DIFFERENT SCHEMES IN FIGURE 4.2

Scheme Computation time
T EEELI—@—$—m§moonn—",
Numerical Integration 0.250 sec.
Discretized Summation 0.063 sec.

Approximation 4.12
PP 0.031 sec.

(raised-cosine)

Approximation 4.13
PP 0.015 sec.

(Laplacian)

TABLE 4.2 ACCURACY COMPARISONS OF DIFFERENT SCHEMES IN FIGURE 4.2

Scheme RMS Error

Approximation 4.12
PP 0.006

(raised-cosine)

Approximation 4.13
PP 0.006

(Laplacian)

4.2 Spatial Correlation Formulation Incorporating

Antenna Mutual Coupling

4.2.1 2-D Formulation Derivation Incorporating Antenna
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Mutual Coupling

In Section 4.1, we have introduced our proposed approximate spatial correlation
formulation under arbitrary AoA scenarios and it is shown that the computation time can be
greatly reduced. Besides AoA distribution, the characteristics of multiple antennas also play
an important role in the spatial correlation. One of the antenna characteristics like mutual
coupling effect is considered an important factor in multiple antennas technology. To apply
multiple antennas technology into devices of limited spacing results in high mutual coupling
effect and directly impact spatial correlation. In [19], the authors derived an analytical
expression for both the mean received power of each antenna and the spatial correlation
between antennas with antenna mutual coupling under small angular spread AoA distribution.
We want to combine our proposed approximate antenna spatial correlations with the
analytical spatial correlation expression which is proposed in [19] in order to reach a more
efficient calculation of the antenna spatial correlation under large angular spread AoA
scenario.

Based on the equivalent circuit network model for multi-antenna array in [22], the
extension version with incoming waves and load impedances are shown in Figure 4.3, where
Ziy,.....Z1~n are load impedances and Zay,....,Zan are antenna impedances. The incoming
waves impinged on the array are equivalent to N outside sources Vs;,....,Vsn connected to the
array elements, respectively. For closely spaced elements, mutual coupling needs to be
considered and can be achieved by introducing a mutual coupling matrix. Using circuit theory

the coupling matrix is given by
C=(z,+z,)(2, +Z)" (4.18)

where z; and za are the load impedance and antenna self impedance, and Z;, and Z are the

load impedance matrix and antenna impedance matrix respectively. One thing which should
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be mentioned is equation (4.18) is under the assumption that the multiple antenna systems is
composed of identical antenna elements and terminated with the same load impedances.

For a dual antenna system, the coupling matrix is defined as

_ab

o b a (4.19)

where a and b are called self coupling coefficient and mutual coupling coefticient respectively.
Consider there is no mutual coupling for the dual antenna system, and the received signal

vector is given by

Ve (9)=| g (d)e * g (p)e” w20)

where g(®) (x=1, 2) is the radiation pattern of the x-th element without mutual coupling,
1=2ndsin(P)/\ is the delay between two neighboring elements, d is the element spacing, A is
the wavelength and @ is the AoA. If taking mutual coupling into account, we may get the

received signal vector as

T
J=

c ne agl ¢ e_j;_l_bgz ¢ € ? I/lc ¢
Ve(¢)=C-V"(¢)= ) E ( )jz' - Vc§¢; 4.21)
ag2(¢)e > +ag, (¢)e ? ?
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Figure 4.3 Equivalent circuit of the multiple antenna system for receiving mode.

Given the azimuth AoA distribution p(®), the spatial correlation is therefore shown as

P> = fj. P ()p(4)dd (4.22)

where

NY

“( ‘ (¢)d¢ (4.23)

¢
For omnidirectional element patterns (g1(®P)= g>(P)=1) without mutual coupling, the spatial

correlation is denoted as
prmnne :I {]27r—sm ¢} (¢)d¢ =R, + le.mag (4.24)
¢

After the cumbersome deduction, the analytical correlation coefficient expression taking

mutual coupling effect into consideration is represented as

[2Re(c)+(1+|c| ) Rrea,+]( —|C| ) Rzmag:|
\/|:l+|c|2 +2Re(c) R,y | ~4[Im(c) Ry, |
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where c is the ratio of mutual coupling coefficient b to self coupling coefficient a.

Equation (4.25) separates the element factors, including antenna mutual coupling and
AOA scenarios, so that the spatial correlation can be dissected for a more detailed analysis.
Moreover, another advantage is that we can combine our proposed approximate antenna
spatial correlation with equation (4.25). That is to say, Ry and Rimae can be calculated in our
two proposed approximate formulations and substitute them into equation (4.25) to achieve a

more efficient calculation of the antenna spatial correlation.

4.2.2 3-D Formulation Derivation Incorporating Antenna

Mutual Coupling

Various definitions of antenna spatial ,correlation have been introduced in Chapter 2.
However, the above definitions have their limited merits. Equation (2.15) is derived under the
assumption of the isotropic AoA. distribution, but AoA. distribution should vary with the
environmental condition. Equation (4.25)._in the previous section is another proposal which
considers the 2-D antenna pattern and AoA. But the whole antenna pattern should be 3-D case
and the polarization is not included in the definition. equation (2.17) is the most general
definition of the spatial correlation; however, compared to equation (2.15) and equation (4.25)
which both represent spatial correlation in parameterized manner, equation (2.17) is more
computationally complex because 3-D antenna patterns need to be computed individually. In
[20] a parameterized antenna spatial correlation formulation is proposed which takes
individual 3-D antenna pattern and AoA scenarios into consideration .In this section we will
briefly introduced this 3-D parameterized antenna spatial correlation formulation and show
how it combines with our proposed approximate methods to reach a more efficient

calculation.
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Consider two antennas without mutual coupling, and the 3-D received signal vector of the

two-element array can be shown as

8o, (6» ¢)§+ 841 (6» ¢)€2

pre= . .
(g9,2<e,¢>e+g¢,z<e,¢>¢j-ef

(4.26)
where go(0,D) and ge(0,d) are the isolated antenna pattern in theta and phi polarization, and
1=2ndsin(®)sin(0)/A is the three-dimensional signal phase difference between two antenna
elements. We further incorporate equation (4.19) into equation (4.26), and the signal vector
can be rewritten as

agy, (0.9)e " +bg,, (6,9)e™"”
ag,, (0, ) o7 +bgg,1 (9’¢) oIt
(0:4)
(

O >

VC

¢
ag,, 0,¢ e’ +bg¢,2(6?,¢)e"1/2 gz
ag,, 9,¢)eﬁ/2 +bg¢,1((9,¢)e*ﬁ/2 (4.27)
Cu04) ), TCu09)]: [C(09)
Coa(OB)) G2 (0:4)] [ C.(6.9)
where a and b are the self-coupling and mutual coupling coefficient respectively. The spatial

correlation between two antennas is then defined as

R12 _
" JPP JPP

I

[ [ CO.0C;0.0)p,,0.9)sinbdgdd  (428)

where poo(0,®) is the 3-D AoA distribution in theta and phi polarization, and Ry, and P; (i=1,

2) are the covariance and the mean received power of the i-th antenna, where P; is defined as

C,(0,9) p9¢@9¢)mn9d¢d9 (4.29)

After a cumbersome derivation, the 3-D analytical correlation coefficient expression taking

mutual coupling effect into consideration is represented as
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i Re(c)( 4 +4) +(1+\42)(1gm1, SR o)
YA 2R R ) [ R 4R
. 1) BB (430)
(YA 2R B ) [ i) o R ]

where the lowercase ¢ is the coupling ratio whose value is equal to b/a. A is the mean received

power, Rrcaiand Rimag are the real and imaginary part of covariance for single antenna pattern
without mutual coupling, and the subscript 6 and ® are the value in theta and phi polarization

respectively. A, Rye, and Rimag are listed below

(gb 9)s1n9d9d¢ @31)

Rm,—Re(. 4 (6.0)8:(6.0)p(#.0)5n0d09) 3

Ry =im( [} [ 2 (s0)2 (9:0)p(.0)sin0a0d9) (a5,

What should be mentioned is the polarization of AoA distribution is defined as

1

Po (¢79) 1 YPR p9¢(¢ 9) (4.34)
XPR
2,(9.0)= T PR Dy (#,0) (4.35)

where XPR denotes the cross polarization ratio and in the later simulation setup we regard
B-polarization as the main polarization and ®-polarization as the cross polarization.

One advantage of equation (4.30) is that we only have to obtain an isolated 3-D antenna
pattern and the coupling matrix to compute the antenna spatial correlation. The

resource-consuming process which records the individual coupling antenna pattern can be
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avoided. The other advantage of equation (4.30) is that it can be combined with our proposed
approximate correlation formulations like equation (4.14) and equation (4.15) to perform a

more efficient correlation calculation.

4.2.3 Simulation Results and Discussions

According to the discussions in [20], equation (4.25) and equation (4.30) are both good
candidates for the calculation of 2-D and 3-D antenna spatial correlations incorporating
antenna mutual coupling, respectively. As a result, we will perform several calculation
schemes including Numerical integration, Discretized summation and our two proposed
approximation methods to calculate the envelope correlations using equation (4.25) and
equation (4.30). Numerical integration method. is chosen as the closed-form solution for the
benchmark of accuracy comparison.. Moreover, the HFESS simulation setup of the coupled
dipole pair is the same as shown.in Figure 3.1 in Chapter 3.The port impedance set to be
500hm and the Z-parameter is extracted from this setup, while simulation programs are
written in MATLAB® and run on PC with an Intel® Pentium IV 3-GHz CPU.

First we evaluate 2-D spatial correlation with antenna mutual coupling effect using
equation (4.25). A uniformly-distributed AoA scenario over [-150°, 150°] is chosen as the
benchmark to evaluate the spatial correlation. The sampling small angular spread
raised-cosine and Laplacian AoA distributions sample their mean angles every 10° with
5%tandard deviation for both our approximation schemes and they will calculate Ryey and
Rimag 1n equation (4.25).Moreover, the 2-D envelope correlation taking mutual coupling effect

omn-c | 2

into account is defined as| P12 . Figure 4.4 shows the envelope correlations both with
and without mutual coupling effect by performing different calculation schemes in equation

(4.25).
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Figure 4.4 2-D Envelope correlation of the given AoA scenario with and without mutual

coupling effect using different calculation schemes

TABLE 4.3 ACCURACY COMPARISONS OF DIFFERENT SCHEMES IN FIGURE 4.4

(COUPLING)

Scheme

RMS Error
T —
Approximation 4.12

0.0035
(raised-cosine)

Approximation 4.13

0.0035
(Laplacian)
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From the perspective of physical meaning in Figure 4.4, the mutual coupling effect can
effectively reduce the correlation at close antenna spacings just as the conclusion which [19]
suggested. For accuracy comparison as shown in Table 4.3, we can find that the two
approximation schemes have the same RMS errors compared to Numerical integration
method again. The reason has been discussed in the previous section. However, the two
proposed approximation methods still maintain good accuracy compared to Numerical
integration method.

We further evaluate 3-D envelope correlation with antenna mutual coupling effect between
two 2.45GHz dipole antennas using equation (4.30), while the 3-D envelope correlation is
defined as| p12°| ?. Different calculation schemes will also be performed in this parameterized
spatial correlation formulation. One thing should. be mentioned is that for closed-form
Numerical integration method, we choose theoretical® A /2 dipole pattern function for
calculation. The 3-D AoA scenario for this case study in Figure 4.5 is a 3-D normalized
distribution which is an arbitrarily-chosen Rayleigh-Gaussian-distributed PDF in phi plane
and a 5° standard deviation Gaussian distribution-with mean 90° in theta plane, this scenario is
practical in the indoor NLOS channel and similar to the scenario measured in [23] .XPR is
assumed to be 0 for this case. Moreover, we can exploit the modified approximate
formulations (equation (4.14) and equation (4.15)) in phi plane to approximate the
arbitrary-chosen AoA distribution by using the same antenna setup as 2-D case, while in theta

plane AoA distribution we choose discretized summation in order to maintain good accuracy.
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Figure 4.6 3-D Envelope correlation of the given AoA scenario with and without mutual

coupling effect using different calculation schemes
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TABLE 4.4 EFFICIENCY COMPARISONS OF DIFFERENT SCHEMES IN FIGURE 4.6

Scheme Computation time
T EEELI—@—$—m§moonn—",
Numerical Integration 21.8 sec.
Discretized Summation 4.5 sec.

Approximation 4.14
PP 3.2 sec.

(raised-cosine)

Approximation 4.15
1.7 sec.

(Laplacian)

TABLE 4.5 ACCURACY COMPARISONS OF DIFFERENT SCHEMES IN FIGURE 4.6

(COUPLING)

Scheme RMS Error

Approximation 4.14
PP 0.012

(raised-cosine)

Approximation 4.15
PP 0.012

(Laplacian)

The computation results of the envelope correlation are shown in Figure 4.6.The
efficiencies comparison for the four calculation schemes are shown in Table 4.4 and the
accuracies comparison for our two proposed approximate correlations are shown in Table 4.5.
We can observe that the computation times using two of our proposed approximate
formulations are greatly reduced (more than 28 %) compared to conventional discretized
summation method. Moreover, the accuracies still maintain good using our two proposed
methods. For a given AoA distribution, antenna spatial correlation tends to decrease with
some oscillation as element spacing increase. On the other hand, mutual coupling again

reduce the antenna correlation at very close element spacing.
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For MIMO operation, mobile devices such as PDA phone or smart phone may contain
more than two antennas [24].For this kind of antennas setup, spatial correlation matrix is used
to describe the correlation values between different antenna pairs. By combining equation
(4.14) and equation (4.15) with the equation (4.30), we can compute each entry in the
correlation matrix more efficient and the computation time for the calculation of whole spatial

correlation matrix can be significantly reduced.
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Chapter 5

Conclusions

In this thesis, we focus on two new electromagnetic analysis strategies to evaluate the
performance of multiple antenna systems. The first is an analysis strategy of radiation
efficiency, and the others are two new antenna spatial correlation formulations. All the
simulation results are provided using dipole antennas as the benchmark.

First, the discussion of analysis strategy utilizing EVD on reflection power matrix not
only evaluate how the radiation efficiency change when the antenna ports excitation signals
with different phases for dual antenna systems, but also provided a fast way to evaluate the
minimum and maximum values-of reflection coefficient or radiation efficiency and the
corresponding input excitation signals when the number of antennas is more than two. This
new analysis strategy is important when MIMO systems operate in transmitting mode.
Furthermore, the investigation of how termination networks on radiation efficiency are also
conducted based on dual dipoles system.

Secondly, the two new approximate spatial correlation formulations are further proposed
which are suitable for arbitrary large angular spread AoA distribution, both for 2-D and 3-D
Ao0A scenarios. These new approximate formulations are useful when MIMO systems operate
in receiving mode. Such these formulations can be combined with 2-D and 3-D parameterized
spatial correlation formulations taking antenna mutual coupling into consideration in order to
perform a more efficient calculation under arbitrary large AoA scenario.

These two new electromagnetic strategies are offered as the gauges to evaluate the

performances of multiple antenna systems. With the proposed analysis strategies, we can
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make the design of multiple antenna systems more efficient and persuasive before physical

hardware implementation.
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