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Abstract

Recent developments in wireless communications have shown that by using multiple
antenna elements at both transmitter and the receiver, it is possible to substantially
increase the capacity in a wireless communication system without increasing the
transmission power and bandwidth. This system with multiple antenna elements
at both link-ends is termed the MIMO (Multiple-Input Multiple-Output) system.
The design of multiple antennas for handheld devices is a challenging task as it is
very difficult to obtain a high degree of isolation between multiple antennas given
the increasingly small dimensions of modern wireless terminals. Therefore novel
antenna solutions need to be provided before MIMO technology can successfully
be implemented on compact terminals. This dissertation aims to provide novel

antenna solutions for the same.
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Chapter 1

Introduction

1.1 Background

In the next generation of mobile communication systems there is a need for higher
performance of the mobile ‘terminals, accomplished by higher data rates and bet— ‘
ter quality of service. Over the last two decades, the use of mobile communication
technology has experienced a significant growth from first-generation (1G) analog
voice-only communication to second-generation (2G) digital voice communication.
Currently, the third generation (3G) mobile communication technology not only pro-
vides digital voice services, but also provides video telephony, internet access and
download services. Further, the forthcoming standards like WiMAX , LTE etc aim
to provide even higher data rates and longer range to providé quality services to end
users. In order to achieve this, wireless communication technology has to be pushed
to the physical limits of the radio channels. A well known upper bound on the max-
imum achievable data rate for the ideal band-limited additive white Gaussian noise
(AWGN) channel is the Shannon-Nyquist criterion [8]. Having an available channel.

bandwidth, W and signal-to-noise ratio (SNR) over this bandwidth, the maximum

1




them. While coding and signal processing are key elements to successful implementa-
tion of a MIMO system, the propagation channel and antenna design represent major
parameters that ultimately impact system performance. As a result, considerable
research has been devoted recently to these two areas. MIMO systems perform best
when the correlation between signals on the different antennas is low [13]. Antenna
properties-such as pattern, polarization, array configuration, and mutual coupling
can impact this correlation. It is a very challenging task to accommodate multiple
antennas with low correlation given the small dimensions of mobile terminals: Con-
ventionally, low correlation can be achieved at the base stations by spacing the an-
tennas an appropriate distance apart, ideally half wavelength distance. This is called
spatial diversity. However, at mobile terminals, the space is very limited and the an-
tennas cannot be placed too far apart, this will result in high correlation which wduld
degrade MIMO performance. Pattern and polarization diversities are an elegant way
of obtaining uncorrelated signals in a multipath environment by utilizing -orthogonal
patterns and polarizations respectively. Therefore pattern and polarization diversity
based MIMO systems are suitable for implementation on a compact wireless terminal.
This dissertation aims to design and analyze some compact designs utilizing pattern

diversity for MIMO wireless communications on a compact terminal.

L
‘B

1.3 Problem Statement

This dissertation aims to propose novel compact planar microstrip antenna solutions
utilizing pattern diversity concept for MIMO applications. Using higher order res-

onating modes of an antenna for obtaining uncorrelated patterns is an attractive



detailed literature review of pattern diversity based antennas is done with emphasis
on multir_node- antennas. In Chapter 3 a two port square ring patch antenna is de-
signed and related theory is given. Further a detailed analysis in terms of capacity,
correlation and mean effective gain of designed antenna is performed. MIMO An-
tenna Design Suife 1(1 is developed which is set of MATLAB programs for computing
the necessary parameters for evaluating MIMO Antennas. In chapter 4 the antenna
designed chapter 3 is modified for operation at a different set of modes which leads to
overall size_reduction'. Further the concept of orthogonal polarization diversity is used
to extend the design to accommodate an extra port, leading to a three port compact
antenna design. Further. a detailed MIMO analysis is done using method described

in chapter 3. Chapter 5 concludes the dissertation.



2.2 MIMO Systems

In a conventional radio system, there is only one antenna between transmitter and
receiver. This system is called a Single Input Single Output (SISO) System. The
capacity of such systems is Iimited by Shannon-Nyquist CrAiterion (8]. As mentioned
in Chapter 1, future wireless mobile services demand much higher data bit-rate trans-
mission. In order to increase the capacity of the SISO systems to meet such demand,
the bandwidth and transmission power have to be increased significantly. Recent
developments have shown that using MIMO (Multiple-Input Multiple-Output) sys-
tems could substantially increase the capacity in wireless communication without
increasing the transmission power and bandwidth [10],[11]. Rayleigh fading caused
by multipath has beén-/a source of problem for conventional wireless systems. However
MIMO systems exploit multipath instead of mitigating it. MIMO wireless systems
have demonstrated the potential for increased capacity in rich multipath environ-
ments. Such systems operate by exploiting the spatial properties of the multipath
channel, thereby offering a new dimension which can be used to enable enhanced
communication performance. A typical MIMO system is shown in Figure 2.1

The performance imprbvements resulting from the use of MIMO systems are due
to 'a_rray gain, diversity gain,r spatial multiplexing gain, and interference reduction [9].

A brief description of these is given ﬂbeilow:

2.2.1 Array Gain

Array gain can be made available through processing at the transmitter and the
receiver and results in an increase in average receive SNR due to a coherent combining

effect [9).




2.2.4 Interference Reduction

When multiple antennas are used, the differentiation between the spatial signatures
of the desired signal and interference signals can be exploited to reduce interfer-
ence. Interference reduction requires knowledge of the desired signal’s channel. Exact

knowledge of the interferer’s channel may not be necessary [9].

2.3 Channel Capacity

Figure 2.1 shows a MIMO system with N7 transmit antennas and Np receive anten-
nas. For a narrowband channel, _the complex transmission coefficient between element
k€[l,..,Nr]at the_tfansmitter and element j € [1,., Ng] at the receiver at time t is
represented by #;x(). A matrix containing all channel coefficients (channel coefficient

matrix, H(t)) can be shown as:

hia(t). hip(t) -0 hane(2)
H(t) = h2,%(t) h2,?(t) h2,1\{7-(t) (2.3.1)
hnga(t) hnga(t) <o Bwg e (t)
Hence, a system fransmitting- t;:e’signal vector z(t) = [z1(t), z2(t), ., N (E))F,

where zj(t) is the signal transmitted from the k** antenna would result in the signal
vector y(t) = [y1(t), y2(t), -., yng (t)]T being received, where y;(¢) is the signal received

by the 5% antenna, and ,

y(t) = HO)z(t) + n(t) (2.3.2)
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the Sha.xinon channel capacity will be
C = logx(1 + p) (2.3.5)

~ Where p is the receiver SNR. If the transmit power is instead equally divided
among the lines, the capacity becomes [13]:

T .
Co = loga(1+p/Q) = Qlogz(1+ p/Q) (2.3.6)

g=1
Where equal receiver noise is assumed. For a transmit vector whose elements are
complex Gaussian-distributed random variables, the expression for channel capacity
is [13]: '

C = max loga (I

" HR_HH
Rx:Tr(Rz)<P,

2

a (2.3.7)

Where R, = E(zz™) is the transmit covariance matrix. The diagonal elements of
R, represent transmit power from each antenna and hence the constraint Tr(R,) < P,
where P; is the total transmit power. Determining the capacity involves identifying
the covariance matrix R, that maximizes Eqn. 2.3.7. However when the transmitter
does not know H, it can equally divide the power among the transmit antennas to
form Nr independent streams or R, = (Pr/Nrt)}l. Thus the uninformed transmit
capacity is given by [13],

PrHHE

2.3.
Nro? (2:3.8)

Cyr = logs |I +

which may be decomposed as [9]:

T P )\i ) o ’
Cor = tog (14 422%) (2.9)

7=

Where r is the rank of H and /\,: (i==1 to r) are the positive eigenvalues of HHY.

It can be seen from Egn. 2.3.9 that multiple scalar spatial data pipes (also known
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Figure 2.2: A 2x2 MIMO system with a spatial multiplexing scheme [1]

that the receiver has knowledge of the channel, it can differentiate between the co-
_ cha.nnél signals and extract both signals. After demodulating the received signals,
the original sub streams can be combined to yield the original bit stream of data.
Therefore, spatial multiplexing leads to increase in the channel capacity with the
number of transmit-receiver antenna pairs.. This concept can be extended to more

general MIMO channels.

The maximum number of parallel channels that can be achieved in an ideal MIMO
system is min(Nz, Ng). Shannon’s capacity formula for SISO system indicates that in
the high SNR regime, a 3dB increase in SNR will approximately increase capacity by
1 bii: /s/Hz. However, in the MIMO systems, the capacity in the high SNR regime will
increase by min(Nrt, Ng) bits/s/Hz with every increment of 3dB in SNR. However,
SM does not work well in low SNR environments as it is more difficult for the receiver

to identify the uncorrelated signal paths [1].
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linearly with the number of transmit/receive elements used. However, it maximizes
the wireless range and coverage by improving the quality of the transmission. In order
to improve both range and capacity, a MIMO implementation requires to support both
the SM and space-time coding schemes. Exampies of diversity coding techniques are

the Alamouti scheme and delay diversity.

2.5 Antenna Diversity

Multipath propagation had historically been regarded as an impairment because it
causes signal fadi-ng. In order to mitigate this problem, diversity techniques were

developed. The basic principle of diversity is that the receiver should have more than

one version of the transmitted signal available, where each version is received through

a different uncorrelated channel. These versions of transmitted signal are combined

appropriately to give signal with higher mean SNR at the output compared to a single

branch resulting in a diversity gain. ‘

Fig. 2.4 shows that a dual-élement diversity antenna at a receiver can receive two
different versions of transmitted signals and combine them with a combiner circuit.
There are three kinds of diversity combining techniques (i) Selection diversity chooses
the path with the highest SNR, an(;i?;,p,evrforms detection based bn the signal from
the selected path.(ii) Maximal ratio combining (MRC) makes decisions based on an
optimal linear combination of the p’athvsignalsf. (iif) Equal gain combining (EGC)
simply adds the path signals after they have been co-phased [14].

MIMO systems exploit the channel spatial degrees of freedom to increase commu-
nication performance. In traditional antenna diversity, these resources are used to

transmit and/or receive duplicate copies of a single information stream to increase
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techniques can be applied to obtain uncorrelated signals and therefore can be used to
design MIMO antennas. The following subsections describe these antenna diversities

in detail.

2.5.1 ° Spatial Diversity

In spatial divérsity more than one antenna are employed which are sufficiently sepa-~
rated from each other so that the relative phases of the multipath contributions are
significantly different at the two antennas. When large phase differences are present,

they give rise to a low correlation between the signals at the antennas.

By assuming a two dimensional scenario wherein angular density function is taken
to be uniform in azimuth of the mobile environment and no angular density function
in elevation, the correlation coefficient for a distance separation d can be obtained

from the zeroth order Bessel function, J,(z) [1].

L4

pr12 = Jo(Bd) . (2.5.1)

Where 8 is the phase cc;nstant. The first null of is Jo(Bd) is at d = 0.4, as shown

in Fig. 2.5. As shown graphically in Fig. 2.5, the cbrrelation coefficient starts to
increase-after d = 0.4\. .I-Iowevei', in -suburban areas the measurements show that
the first null appears at about d = 0.8\ [1]. This may be due to a lack of ﬁniform
angular distribution of wave arrival. Generally, spaéing, d of 0.5\ is practically used

‘to obtain two uncorrelated signals at mobile terminals [1].
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correlation) [16]. Finding other antenna topologies that offer this orthogonality in a
compact form remains an area of active research. in this dissertation the concept
of multimode antennas has been explored to provide novel compact planar antenna

solutions for pattern diversity. '

2.5.3 Polarization Diversity

Recent work has suggested that in a rich multipath environment, sensing the three
Cartesian vector components of the electric and magnetic fields can provide six un-
correlated signals at the receiver. With the use of polarization diversity the size of the
antenna structure can be reduced significantly. Polarizatio_ﬁ diversity can potentially
lead to low correlation on at least two branches even when the channél is characterized .

by little or no multipath scattering [7].

To understand the fundvamentatls. of polarization diversity in MIMO systems, con-
sider two dipoles that are rotated by angle o against one another, are used at the
transmitter and at the receiver. Both transmit antennas radiate the same power. For
increasing o capacity increases, since the correlation among the channel coefficients
of H (the channel matrix) deCreases.mF‘orv(;z = 007, the capacity is maximum as two
different channels for two different polarizations exist. Those channels are coupled by

cross polarization coupling and are not necessarily orthogonal sub channels.

The correlation among the two signals is not only influenced by polarization di-
versity, but also by pattefn diversity. Polarization and pattern diversity are always

combined and can not be exploited separately [17].
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_ I7 T (XPR.Eo1(6, 8)Ef, (0, §) Po(0, 9) + Eg1(0, ) Ep(8, 6) Py (6, $)) sinfdepds

ofos

P12
(2.6.2)

Where o2 is the variance of branch n

vt P2 .
o2 = / / (XPR.Egn(6, $)E;, (0, $)Po(8, $)+ Eyn (8, 9) Eg,. (0, 0) Py(8, ¢))sinddeddd
o Jo
‘ (2.6.3)
Where XPR is the.ratio of time averaged vertical power to time average horizontal

power in the fading environment in linear form [1]:
XPR=— (2.6.4)

where Py is the average vertical. power and Py is the average horizontal power. XPR
is also referred to as the cross-polarization power ratio or cross-polar discrimination
(XPD). Both antennas in Eqn 2.6.2 have E-fields, Ej, and Ey,[Vm™]. Py(6,¢)
and Py(0,¢) are the angular density function of the vertical and horizontal plane
respectively. For reference, @ is the angle relative to tl;.e vertical axis z and ¢ is the
angle in the horizontal plane. .

The second type of correlation metric is the envelope correlation, p. which is the

correlation between two signal envelopes without considering the phase [1]:

s /RO — EG/EDIVREG) — B(/E)ds (26.5)
VIT R — BV dt [y (VEE® - B(V/RE) dt

Where R%(t) and R3(t) are the square envelope [V?] of v1(t) and wva(t) respectively

(ie. Jvi(2)]? and |vz(t))?) Envelope correlation ( p. ) is always real as the phase

is not defined. It is assumed that with independent Gaussian sources the envelope
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2.6.2 Mean Effective Gain (MEG)

As previously mentioﬁed the mean power levels in various branches must be similar
otherwise the weaker antenna méy not be useful even if it is less faded. This criterion
is mathematically expressed in terms of mean effective gain (MEG). Like correlation
coefficient, MEG is very much dependant on distribution of incoming wave and ori-
entation relative to radio environment. It is defined in [22] as the ratio between the
meaﬁ received power of the antenna and the total mean incident power. The MEG
is a figure of merit for the average performance of an antenna on a mobile terminal
taking into é,écount the incident radio wave distribution in the multipath environment
and the gain patterns of the antenna. This parameter determiﬁes how effective the
antenna will be in a multipath environment. The following equation has been derived

in [22] for MEG:

‘ r ( XPR 1 |
MBG = f / (XPR+ 1Go(0,9)Po(0,9) + 57 Go(6, 8) P4 (0, ¢)) sinfd¢dd
(2.6.8)

Where Gy(8,¢) and Gy4(8,¢) are the 8 and ¢ components of the antenna i)ower
gain patterns respectively. Fy(0, ¢) and Py(0, ) are the § and ¢ components of the

angular density functions respectively as used in Eqn. 2.6.2. In order to have similar

mean power levels, the ratio of MEG of two antennas must be close to unity i.e.

MEG:
MEG,

1 . (2.6.9)
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antenna operating band because TARC accounts for both coupling and random signal
combining. TARC is calculated as the square root of the incident power provided by
all excitations minus the radiated power and then dividing by the incident power [7].
The TARC at N port antenna can be described as [24]:

C Y ZE b |
=Y (2.6.11)

N
2 = |aif?

where a; is incident signal, and b; is reflected signal. In case of 2X2 antenna arrays,
the scattéring matrix can be described as : :
b Si1 S a
1) _ ( 11 12) ( 1) (2.6.12)
ba Sa1 Sa2 a2
It is assumed that signal will be randomly phased with independent and identically
distributed (i.i.d) Gaussian random variable because MIMO channels are assumed as
Gaussian and multi-path spread in the propaga,ﬁon channel. Since sum or subtrac-

tion of independent Gaussian random variable is also gaussian, reflected signals are

characterized as:
bl = Sual + Slgag = Snaoejgl + Slzaoejaz = a1(5’11 + Slzeja) ' (2613)
bz = 5'21a1 + ngaz = Szlaoejol -+ Szzaoej,az = ai (821 -+ Szzeje) ('2.6.]'.4)

;Therefore, TARC is described as follows;

= \/|;1 (Su + Slzeje)[z + |a1(S21 + Szzéjg)lz/\/élailz (2'6"15)
= \ﬂsn + 512690)|* + (Sz1 + S22e7)|*/V2 (2.6.16)

Using Eqn. 2.6.15 TARC for 2X2 antenna array can be directly calculated from
the scattering matrix. TARC can be used as-an alternative criterion to define the

multiport antenna operating band. Thus TARC should - ow in the operating band
. WTRAL {;
[25]. ce 8

..................
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a decoupling network in the receiver by splitting two orthogonal radiation modes. In
this way, good isolation between the sum and difference ports (the input ports of the
system) of the coupler is obtained which is critical to the MIMO system performance.

Introducing antenna arrays and parasitic elements at both the transmitter and
receiver will undoubtedly increase the cost of producing the terminals. Furthermore,
fitting several elements ont6 a small handset is not very feasible. An interesting
antenna solution, which appears well suited for MIMO systerﬁs, is the multimode
antenna. The multimode a'nte.nna.oﬁers characteristics similar to those of an antenna
array through multiple modes, but using only a single antenna element. The physical
mechanisr_n that yields different received signals is the fact that each mode has a
different radiatioﬁ pa.ttern- and two nearly orthogonal radiation patterns can behave
as two separate antennas. Thus, using a multimode antenna to achieve diversity can
be seen as a special kind of pattern diversity [16]. The topic of multimode antennas

would be discussed in a greater detail in the next section.

2.8 Multimode Antennas

A multimode antenna is an antenna where several modes are excited separately on
the same antenna structure. Essentially, different modes represent different solutions
to Maxwell’s equations that fulfill the boundary conditions for the given geometry.
Several modes or solutions can exist at the same time on the same structure. In fact,
it is possible to excite several modes at the same temporal frequency on one antenna
structure separately, and regard these as separate antenna ports. The concept of mul-
timode antennas for diversity appiications was first introduced in [2] where a two port

circular patch anténna is operated in higher order modes to extract pattern diversity.
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Where kj is the free space propagation constant, ¢y is the reference angle which

corresponds to peak magnetic current Vy and J,, = J,(koasinb).

For the mobile communications case, where the source région is omnidirectional,
any different-azimuthal modes n; and ny where n; # ng will have low correlation.
Furthermore, any nonzero azimuthal mode n when rotated by «/(2n) will be;_ orthog-
onal to its unrotated form. This means that the same mode can be used to provide
two radiafion patterns which are orthogonal; i.e., two-branch diversity is available
from the same azimuthal mode by exciting it as an orthogonal degenerate pair. The
farfield radiation patterns of n=3 deminant Iﬁode is shown in Fig 2.6. It can-be seen
from the ﬁgur.e that a rdtation by 30 degrees has resulted in an orthogonal pattern.
The radius of the central conductor can be used to change the resonant frequency of
n=0 mode so that it is well away from frequency of interest in order to reduce mutual

coupling between the two antenna ports.

Another example of multimode antenna is given in [3] where a compact short
circuited ring patch as shown in is utilized to obtain orthogonal radiation patterns.
The design is shown in Fig. 2.7. The design is a two-mode microstrip patch éntenna
made with a short-circuited ring patch opérated at T'Mo; mode and a circular patch
(CP) working at T'My; mode.TMm mode has its radiation maximum in the plane
containing the antenna with a rotati:)nal symmetry radiation pattern and d null in
the br;Jadside di'rectior'l whilst T'My; mode has alwayé a maximum in the broadside
direction. Consequently, these two modes can be considered orthogonal. T'Mjy; being
thé fundamental mode of a SCRP antenna its size is comparable to the CP operated

at T'M;; mode. Fig 2.8 shows the radiation patterns of two modes.

A wideband multimode antenna for pattern diversity based on four arm spiral
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Figure 2.9: Geometry of a spiral antenna with voltage sources between the single
arms of the spiral [4]

Figure 2.10: Geometry of a spiral antenna with voltage sources between the single
arms of the spiral [4] ‘
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SRS

Figure 2.11: Dual-mode antenna with its Rat-Race coupler [5]
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Figure 2.12: Current distributions of (a) T'"Ma2 mode with a comimon feeding and (b)
T'Mz; mode with a differential feeding [5] .



35

15 iy

s o 3
XPD (dB)

Figure 2.14: Variation of Envelope Correlation Coeflicient with XPR [6].
Novel antenna solutiéns need to be provided which are compact and planar.

A four port antenna based on square ring patch geometry has been studied in
[6] wherein a central patch antenna is excited in its fundamental T'M;y mode

and surrounding square ring is operated in T'M5; mode.

Since the radiation patterns of both modes are broadside therefore there is high
correlation (~ 0.3) under certain environmental conditions as shown in Fig.

2.14.

Therefore in this dissertation, the square ring patch antenna is studied in order

to improve the correlation properties using pattern diversity.
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Figure 3.1: Fundamental-mode electric-field configuration underneath a rectangular
patch [7]. '
a completely enclosed metallic cavity.

For a rectangular or squafe patch with relative dielectric constant ¢, , substrate
thickness h, and patch dimensions LXW | the total electric field in the cavity can be

expressed as the sum of the fields associated with each sinusoidal mode [30]:

E.(z,y) = %: Zﬂ: Cmn.cosc¥):;s.cos(%_)y (3.1.1)
where Ci, 1s a constant that depends on the feed loca-tion, L. and W dimensions.
Due to the vefy thin substrate, the fields are assumed to be z -directed only, with no
variation in the z —directioh. The dominant mode is the T'M,p mode, which could be
obtained if the dimension L is approximately Ag/2 (4 is the effective wavelength in
the dielectric). The field variation underneath the patch for this fundamentf;,l mode is
illustrated in Fig. 3.1, and the radiating fringing fields are shown in Fig. 3.2. These
figures indicate that, along the central line orthogonal to the résonant direction (x-
direction); it is a null field region underneath the patch.This is why one can place
shorting pins or additional feed probes along this central line without disturbing the
performance of the patch of the original feed. This is also why two orthogonally placed
feed probes can achieve dual-l'inear polarization without much mutual coupling,.
In Fig. 3.2, the left- and right-edge fringing fields do not coni.:ribute much to

far fields since they cancel each other in the far field. The top- and bottom-edge
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patch is operated in the fundamental mode i.e. T M;q (for reference x and y axis are
mentioned in Fig. 3.4). ‘

- Central patch’s E-field distribution is shown in Fig. 3:5(b). The surrounding ring
is op-erated in a higher order mode. The antenna is desighed to Operéte at center
frequency of 3.5 GHz. Both the square ring and patch should therefore resonate in
their respective modes at 3.5 GHz. Therefore the aim of the design process is to
converge the resonance frequencies of respective modes of both the square patch and
the square ring. Here the ring is chosen to be excited in T'M3; mode since its radiation
pattern is nearly orthogonal to fundamental mode of patch, such that low correlation
can result. Also the ring dimension'fm" T M mode is larger enough to accommodate
a ceﬂtral square patch. The E-field distribution of the surrounding square ring for
T M, mode is shown in Fig. 3.5(a) . Farfield radiation patterns shown in Fig. 36

indicate orthogonal channels.

3.3 Parametric Sweeps

3.3.1 Effect of patch length

Resonant frequency of fundamental mode of patch decreases with patch length. This
is because of increase of electrical size of the patch as described in cavity model in

previous section.

3.3.2 Effect of square ring length

Keeping width of square ring constant the length of square ring is varied to see its

effect on resbnant frequency of TMj; mode. As shown in Fig. 3.7 it is found that
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resonant frequency decreases with increase in length. This is because of increase
in electrical size of the antenna with increase in dimension. Note that the other
resonating modes just before and after 7'Ms; mode in terms of resonant frequency
have broadside patterns and therefore would not have led to appreciable diversity

gain.

3.3.3 Effect of ring width:keeping ring 'length constant

As seen &oﬁ Fig. 3.8 with increase in ring width réSonant frequehcy of T' My mode
decreases However as can be seen iiom the ﬁgure the mode frequenmes of T My and
T Ms; begin to converge w1th increase in Wldth Smce TM21 mode has a broadside
pattern it is desirable to not to allow these mode frequencies to converge so that

orthogonality with square pa,tchfs; pattern can be maintained.
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. Figure 3.9: Effect of substrate ¢, on resonant frequencies of various modes

3.3.4 Effect of prdbe position

The square ring is fed by a coaxial probe along the diégonal of the ring. The variable
" r_pr as shown in Fig. 3.4 is varied alonglthe diagonal to achieve matching to a 502
coaxial probe. It is seen that when feeding is done in thé above mentioned way all
the modes with frequencies below the T'My2 mode have return loss worse than -5dB
after optirrﬁz'mg the variable r_pr. The patch is also fed by a coaxial proBe and ifs.

position is varied along the central horizontal line to achieve matching.

3.3.5 Effect of substrate

~ As in a simple microstrip patch antenna resonant frequency of every mode decreases
with increase in dielectric constant of substrate. Also bandwidth is increased with
decrease in dielectric constant and increase in height [31]. Effect of dielectric constant _

of substrate on resonant frequencies of various modes is shown in Fig. 3.9
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3.5 Fabrication and rMeasurements

The fabrication has been performed using dry etching technique. There is a shift in
resonant frequency observed in both the ports. However this can be attributed to
fabrication €rTors. The Ineasured S parameters on’ a Vector Network Analyzer are
shown in Fig : 3.11. The fabr1cated antenna is shown in Flg 3 12 ﬂ_
Radlatlon pa.ttern is, measured m the anechoic chamber for both ports operatmg

at theu: respectwe frequencms Flg 3 13 shows the E plane and*H plane farﬁeld

-'»patterns of central patch at 1ts resonance frequency F1g 3 14 shows the fa.rﬁeld
- patterns of. TM22 rmg The patterns are taken in two perpend1cular planes XZ and
-YZ (Ax1s defmed 1n Flg d 4) ' ‘

.»

In this chapter the MIMO analys1s of’ the deSIgned antenna 1s performed Envelope

;Correlatmn Coeﬂic1ent (ECC) and Mean Effectlve Gam (\/IEG) 1s computed using

g farfield electnc field patterns Covarlance 1natr1x 1s computed and achlevable \/IIMO

capaclty usmg the des1gned antenna 1s calculated Comparlson 111 terms of capac1ty
1s made w1th a 2X1 patch array utlhzmg spat1a1 d1vers1ty MIMO Antenna Des1gn
Sulte (Vers10n 1) is developed WthD. 1s a set of MATLAB prograrns for obtammg the

necessary parameters for evaluatmg MIMO antenna

'3.6.1 Antenna Covariance

Covariance between i, and j;;, antennas is defined in Eqn.. 3.6.1 below:

Cov(s, j) = E{(V; — E[Vi)(V; — E[V;])"} ~ (3.6.1)
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Where K is a constant. XPR is the ratio of time averaged vertical power to time
average horizontal power in the fading environment in linear form. XPR is also
referred to as the cross-polarization power ratio or cross-polar discrimination (XPD).
Both antennas in Eqn. 3.6.4 have E-fields, Ey, and Ey,[Vm™1]. Py(8, ¢) and Ps(8, ¢)
are the angular probability density function of incident wave arrival in vertical and
horizontal plane respectively. For reference purposes, 6 is the angle relative to the

vertical axis z and ¢ is the angle in the horizontal plane.

3.6.2 Propagation Channel Model

In mobile wireless communication systems, the transmitted signals are affected by
buildings and other obstacles causing reflections, diffraction and scattering leading to
multipath environment. The incident radio waves arriving at the mobile terminal an-
tennas have various angles of arrival and XPR. As evident by the correlation equation
2.6.2 mentioned previously, the correlation coefficient is dependent on the multipath
environment via the XPR and angular density functions FPe(9, ¢) and Ps(0,¢) . .
For simplicity, the angular density function are modelled as prqduét of elevation

and azimuth components separately and combined according to:
Fy(6,¢) = Fo(0)Fo(e) (3.6.5)
Py(0,8) = Py(0)Py(¢) (3.6.6)
In order to evaluate ECC,MEG and covariance matrices, it is necessary to apply a
suitable statistical model that is similar to the real environment.In outdoor environ-
ment,a uniform distribution can be used to model angular density function in azimuth

direction .However in elevation, gaussian distribution was found to be a more reason-

able assumption [1].In indoor environment, generally, uniform azimuth distribution



51

Where G is a Ny by Nk matrix containing independent.identically distributed CN(0,1)
elements. Rp, and Ry, are covariance matrices of receive and transmit antennas
respectively. Thus Rg; and Ry, include the effect of antenna correlation, while G is

purely channel dependent. H is normalized using frobenius norm as follows [13]:

||HF||* = 24| H; ;/*= NaNr (3.6.10)
that is
H’norm = lH o . (3611)
g
Where'
1
2= || Hp|? 3.6.12
7 = el (3612

Thus cumulative distribution function of chanqel capacity can be obtained using
Monte Carlo simulations where G matrix is chosen randomly according to complex
gaussian distribution. Here a 2X2 MIMO systefn is under consideration so Ry, ,Rry
and G will be 2X2 matrices. Rp, will be equal to:

Ry — (var(l,l) cov(l,Q)) | (3.6.13)
cov(2,1) war(2,2) | ’

Similarly Ry, 'is obtained. The capacity is calculated as follows:

1. Use expression Eqns. 3.6.7 and 3.6.13 to compute the covariance matrices from

farfield radiation patterns.
2. Generate identically distributed CN(0,1) elements to create 2X2 G matrix.
3. Calculate H matrix using Eqn. 3.6.9.

4. Normalize H using frobenius normalization according to Eqn. 3.6.10 and keep

the value of normalization constant g (from Eqn. 3.6.12).
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Capacity”. Outage capacity can be found from CCDF curves by evaluating capacity

atl——Pwt.

3.6.4 Results
Envelope Correlation Coefficient

The valué of envelope correlation computed from farfield electric field patterns is

3.8403e-005 which indicates nearly orthogonal chanmels.

Mean effective gain

Mean effective gain calculated assunﬁng the propagation environment mentioned pre-
viously is: 4

For T'"M5y Square ring port MEG= 0.5089

For T'Mio central square patch MEG¥_0.4545 |

MEG,/MEG> = 1.1197 which is very close to unity.

Ergodic and Outage Capacity

A patch array with separation of half wavelength at design frequency of 3.5GHZ.
utilizing spatial diversity is designéd" for comparison With the.designed antenna as
shown in Fig. 3.15. - o

The cdvaria.nce matrix for T'Ma, ring patch a,nten.na computed using farfield elec-

tric field patterns is:

Re K 29.9907 0.1408 — 0.1061i
- \0.1408 + 0.1061i 26.9734
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Figure 3.16: Cumulative capacity distribution. (red line shows CCDF of SISO system,
blue line shows CCD¥F of 2X2 MIMO System using designed antenna and Dotted blue
line shows the CCDF of 2X2 MIMO System using patch array)

Table 3.2: Capacity comparison for designed antenna with patch array

Capacity SISO - 2X2 MIMO ~ 2X2 MIMO
- : : ’ - {Designed Antenna) (Patch Array)
Ergodic (in b/s/Hz) = 5.9029 7.9022 ' 11.5833

Outage (10%) (in b/s/Hz) 3.5641 - 6.4781 9.7296
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Figure 4.1: Radiation pattern (top) and corresponding surface current distribution
(below) of square ring with (a) very less inner gap and (b)as inner gap is increased

and surface current distribution are shown in Fig. 4.1. It can be seen from Fig. 4.1
that when the inner gap is less, the surface current distribution shows a T'M2p mode
and its radiation pattern consists of two lobes. However as the inner gap is increased
the surface currept distribution of 7'My is perturbed leading to decrease in resonant
frequency and change in radiation pattern from two lobe pattern to a four lobe pattern -
as shown in Fig. 4.1. This four lobe pattern has a null in broadside direction and
can be successfully used to achieve orthogonality with broadside pattern of a central
square patch. Although the T'Myy mode is disturbed from a two lobe pattern to four
.lobe pattern with enlargement of inner gap, the square ring will be referred as T My
square ring in the rest of the dissertation. Electric field distribution of this mode is

shown in Fig. 4.2.
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current patterns of square ring and patch respectively are shown in Fig. 4.1. It can
be seen that the radiation pattern of square ring at this mode is nearly orthogonal to

that of central patch.

B
2
Fiiw

4.4 Parameter sweeps

4.4.1 Effect of via radius

It can be observed from Fig. 4.4 that as the radius of vias is increased the resonance

frequency of T'Msg mode increases. This can be attributed to the fact that disturbance
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- _ ﬁigfm;elSFabrmated Scuare Rir PatchAntenna, (front-and back sides)

Radiation ﬁéttggsf of the fabricated antenna aré showi in Fig. 4. 10 and Fig. 4.11.

4.6 Analysis of the Designed Antenna - . .
Eﬁ\?elépe Correlatlon CoeﬂiCIGHt - LT g :
.Eiﬁciopé "Cis'r‘xjcl;xlt.i'd’n ’ Cécﬁlu(,ntb(,t,wun riug port and pat(,h port dssummg uniforin
Mean Effective Gain (MEG) - - | S

MEQG of ring: 0.3398 -

MEG of patch: 0.4258 ‘ '

The ratio of MEG of both ports 1.2531.



65

05 -
0.4 -
02
60
09
o2
0.4 ]
08

0.5~
10.

0.2 -

: el i

10 T P U
: bl A S
180

Figure 4.10: (a) E plane farfield pattern of central patch (b) H plane farfield pattern
of central patch(In linear scale)

10
28
06
048]
e2-
0.0

8

i X
19

Figure 4.11: (a)Measured farfield gain patterns of 7'My ring in XZ plane (b) in YZ
plane (In linear scale)



67

Capacity CCDF

! I | | I I I | LI
[ [l ' | 1 [ [ | T
[} v [} 1 v 1 [l [} 1
' 1 ' v [l ' I | 1
] t [ ) [ t ) [ 1
1 1 1 ’ ' ] 1 1 '
] ¥ ] ) \ ) ) ) 3
1 1 » [] ] . ] ] 1]
1] ' 1 ' ] ) 1 ] '
1 1 ] ! ] 1] ' ) L
] ] ' ' [ ] ' ] [

e cqncpanannianmenrvoavparenibraardncurandanranrboasede e %
] [ ‘ ' 1 ] ' ] 1
t t t [ [ [ ] ' '

(] ] [] [] ' ] ] ' ]
] t 1 [} L} ' [] ] [}
[ ' [ ' ' 1 ] ' '
' 1 s ) v [l [ 1 t
1 ' i ' 1 ' ] ' '
] 1 ) ] 1 ] 1 ] ¥
] ' [ [ v 1 T ] 1
' r ’ 5 1 ' » ' v
1 i i ' ' [ [ ' [

SR RS- SRR JEPISR S UpI: AU NP RUSEIY PRPpUrRpy SPDP N SR m
1 ] ] 1] L] 1 ) ' ]

' ' [ ’ 1 1 ] ] '
1 ! [ [ 1 [ [ 1 I
' ' ' ' ] ' ] 1 t
! 1 1 [ t v 1 i 1
t ' ' ' I [ ] t v
1 ' i ] ] ‘ [ * 1
[ ] ' 1 ' ] 1 ' v
i \ 3 ' ) [} 1 1 '
[ [ ' ' 1 : ] 1 3
] 1 1 I 1 ) ] t ]

..... VarsnsiaavsaqmucanpacovabhwanvAunantagunrantronmacdeonre] i)
] 1 1 1 1 ] t ¥ ] -
1 1 ' 1 ] 1 ] 1 v
t 1 ' [ [ | i ’ 1
t [ [ ' ' ! ) 1 v -

[] t ] 1 ' ' o L
1 ) | ' 1 ' b T
1 1 ) [ [ 1T B 1 v
1 1 i fon & * ] \ 1 5
[} 1 I ey ' ] ' [} '
\ A e ™ ) 1 ] 1 1 1
[ - [ ' ' i ' i '

e cqnubuionsinsvoninusnnhasunuboanndnavsabaaverhracndecnnmi O
L] ] [ 1 1 1 ] ' [ L
t [ 1 [l ' ] ' 1 1

- 1 [ [ ' 1 [ ' ) v
' ] 1 [ ' ' ' ' v

1 [ [} ] 1 L] ] 1 [} 0
' 1 t s ' ] 5
1 [ ) I ' 1 [

[l 1 t 1 [
1 . [ ' t )
[} ] T ] t 1 '
¥ ' ) [ 1 [} »
Awebarcccaoo T mucna tacwan besmedascna boanesn Launedawan
: [ ' ) 3 [ v [ 1w
[ ( ' i ' ' ] 1 '
) ' ' ' ' 1 ' ' v
1 ' ' | ] ] 1 ]
1 [ [ i | 1 1 ' '
[ t [ [ ' ' 1 ] [
t ) [ ' ' 1 1 ' v
[ ' [ ¢ . [ 1 v
t ) 1 [ ' 1 ] ] v
1 L v 1 ] ] 1] ) [
{ ! { | H { l . i o
[} [ e ] [y} -t i} gy ~ Q
L] [ S e [om} o < Q =} [}

Capacity {pitsfseciHz)

Figure 4.12: Ccapacity CCDF for different cases. (red line shows CCDF of SISO

system, Blue line shows CCDF of 2X2'MIMO System using designed antenna and
Dotted blue line shows the CCDF of 2X2 MIMO System using patch array)
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Figure 4.16: CCDF for the designed three port antenna (dotted line represents CCDF
of-patch array while solid line represents CCDF of designed antenna)

4.8 Further size reduction of three port square

ring patch antenna using patch slots

As shown in Fig. 4.17, the central patch is modified by cutting slots in the shape
of x. This concept is taken from [6] and this design results in compactness while
maintaining dual polarization feeding. The polarization of antenna is directed at
+/ — 45° for the two ports. As far as square ring is concerned only two vias are

inserted here instead of four in previous case in order to perform size reduction.

Fig. 4.18 shows the radiation patterns of all three ports. it can be seen that using
a two via design instead of 4 vias has disturbed the symmetry thus only two lobes

instead of four are obtained, thus the pattern has become more directive.



73

Table 4.3: Optimized values of the design parameters
Parameter Optimized Value(mm) Parameter Optimized Value(mm)

patch. 1 16 slot_width 1.0
ring w 9.192 slot_length 7.3
ring 1 37.76 slot_gap 2

via_pos 04 via.r 0.3

SSaramety Msyiseds add

Freqeasy JOR

Figure 4.19: Simulated S-parameters of the designed antenna.
4.8.1 Results

The optimized dimensions are given in TABLE 4.3. The simulated S-parameters are
shown in Fig. 4.19, which shows mutual coupling less than -20dB in all cases.

Gain of the central patch port 1: 6.8449 dB

Gain of the central patch port 2: 6.8431.dB

Gain of Square Ring port : 6.4532dB
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Figure 4.20: CCDF for the desighed three port antenna (dotted line represents CCDF

of-patch array while solid line represents CCDF of designed antenna)

in lab would be difficult to solder.
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T Mo (for patch) has been performed. A method for increasing resonant fre-
quency of T'My, ring by inserting vias symmetrically in places of high E-field
density has been proposed so as to accommodate a central patch. It is seen that
an overall size reduction vis-d-vis previous design is obtained. This method can
also be used for balancing MEG values Qf patch and ring ports since increas-
ing size of ring by varying position of vias will increase the top surface area of

square ring, thus increasing MEG.

3. Extension to a three port design : orthogonal polarization in central patches
can act as two uncorrelated antennas. This concept has beén used to add an

extra, port to the design mentioned in point 2.

4. Further size reduction of three port antenna using X Shaped slots in central

patch and removal of two vias from design mentioned in point 3.

5. The analysis in tefms of correlation and mean effective gains has been performed
for all the designs and results indicate good suitability- for MIMO and diversity
abplications. MIMO Antenna Design Suite (ver. 1) was developed which is a set
of MATLAB programs‘ for computing the necessary param_etefs for evaluating .

MIMO antennas.
Future scope of this dissertation includes:

1. The propagation environment considered in this dissertation for evaluating cor-
relation and mean effective gain is quite simplified and approximate. Real time
testing of the designed antenna using a MIMO testbed can be done. This would
incorporate the effects of actual propagating environment. Ray -tracing simula-

tions can provide a better insight taking into account and actual propagating



Bibliography

(1]

[2]

[3]

[5]

C. Chiau, “Study of the diversity antenna array for the MIMO wireless com-
munication systenis,” PhD thesis, Department of Electronic Engineering ,Queen

Mary, University of London , United Kingdom, April 2006.

R. Vaughan, “T'wo-port higher mode circular microstrip antennas,” IEEE Trans-

actions On Antennas And Propagation, Vol. 36. No. 3. March 1988.

N. Herscovici, C. Christodoulou, E. Rajo-Iglesias, O. Quevedo-Teruel, and
M. Sanchez-Fernandez, “Compact multimode patch antennas for MIMO appli-
cations,” Antennas and Propagation Magazine, IEEFE , vol.50, no.2, pp.197-205,
April 2008.

C. Waldschmidt and W. Wiesbeck, “Compact wide-band multimode antennas
for MIMO and diversity,” IEEE Transactions On Antennas And Propagation,
Vol. 52, No. 8, August 2004.

J. Sarrazin, Y. Mahe, S. Avrillon, and S. Toutain, “A new multimode antenna
for MIMO' systems using a mode frequency convergence concept,” IEEE Trans-

actions On Antennas And Propagation, Vol. 59, No. 12, December 2011.

J. Sarrazin, Y. Mahe, S. Avrillon, and S. Toutain, “Four co-located antennas for:
MIMO systems with é, low mutual coupling using mode confinement,” Aﬁtennas
and Propagation Sociely International Symposium, 2008. AP-S 2008. IEEE |
vol., no., pp.1-4, 5-11 July 2003. .

79



[17]

[18]

[19]

[20]

[21]

[22]

81

C. Waldschmidt, C. Kuhnert, T. Fugen, and W. Wiesbeck, “Measurements and
simulations of compact MIMO-systems based on polarization diversity,” IEEE

Topical Conference on Wireless Communication Technology 2008.

F. Adachi, M. T. Feeney, A. G. Willianson, and J. Parsons, “Cross correlation

between the envelopes of 900MHz signals eeceived at a mobile radio base station

site,” IEE Proceedings Radar and Signal Processing, vol. 133, no.6 Part F, pp
506-512, Oct 1986. ‘

S. Saunders, “Antennas and propagation for wireless communication systems,”

Wiley, 1999.

S. Blanch, J. Romeu, and I. Corbella, “Exact representation of antenna sys-
tem diversity performance from input parameter description,” IEEE Electronics

Letters, vol.89, pp 705-707, May 2008.

T. Wittig and V. Sbkol, “MIMO antenna simulation,” A Presentation by CST,
UGM Darmstadt, 2009.

T. Taga, “Analysis for mean effective gain of mobile antennas in land mobile

radio environments,” Vehicular Technology, IEEE Transactions on , vol.39, no.2,

 pp.117-181, May 1990.

[23]

[24]

[25]

H. Wang, D. G. Fang, Y. Xi, C. Z. Luan, and B. Wang, “On the mutual coupling
of the finite microstfip antenna arrays,” International Symposium on Electromag-

netic Compatibility EMC 2007.

S. ho Chae, S. keun Oh, and S.-O. Park, “Analysis of mutual coupling, cor-
relations, and TARC in MIMO antenna array,” International Symposium on
Antennas and Propagation - ISAP 2006.

M. Manteghi and Y. Rahmat-Samii, “Multiport characteristics of a wide-band

cavity backed annular patch antenna for multipolarization operations,” IEEE



83

[34] K. Yu., “Modeling-of multiple input multiple output radio propagation channels,”

Licentiate Thesis, Royal Institute of Technology, Stockholm, 2002.



	Title
	Abstract
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Bibliography

