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Abstract

Multiple-input, multiple-output (MIMO) systems haveceived considerable attention over the
last decade. There are some limitations when abtaithe most from MIMO, such as mutual
coupling between antenna elements in an array. aiudoupling and therefore inter-element
spacing have important effects on the channel dagpata MIMO communication system, its
error rate, and ambiguity of MIMO radar system. rehis a huge amount of research that focuses
on reducing the mutual coupling in an antenna awasnprove MIMO performance.

In this research, we focus on the antenna sectioteo system. Antenna design affects the
performance of Multiple-Input—Multiple-output (MIMQsystems. Two aspects of an antenna’s
role in MIMO performance have been investigatethia thesis. Employing suitable an antenna
or antenna array can have a significant impact ren gerformance of a MIMO system. In
addition to antenna design, another antenna religtaee that helps to optimize the system
performance is to reduce mutual coupling betwedansra elements in an array. Much research
has focused on the reduction of mutual coupling.

In this research, the effect of the antenna condigon in array on mutual coupling has been
studied and the main purpose is to find the armayfiguration that provides the minimum
mutual coupling between elements.

The U-slot patch antenna is versatile antennashtbeduse of its features like wide bandwidth,
multi-band resonance and the ease of achievingerdift polarizations. This research first
investigated the u-slot patch antenna, its featanelscapabilities. Second a CAD optimization to
design a low profile, dual band U-slot patch antemn provided. Designed antenna is a dual
band antenna that is intended to work at 3.5 a@ti5 and have sufficient gain of at least 3 dB.

The effect of mutual coupling on MIMO systems isudséd and then different array
configurations were considered for two closely sphdJ-slot patch antennas. Different
configurations show different mutual coupling bebav After modeling and simulation, the
array was designed, implemented and finally tegtean anechoic chamber. These results are
compared to both simulation and theoretical resants the configuration with minimum amount
of mutual coupling was found. Some radar experisiaigo have been done to prove the effect
of mutual coupling on radar performance.
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Chapter 1

Introduction

1.1 Project motivation

Today technology faces an era characterized byl sfaat and more reliable devices. One of the
main goals in communication and radar technologi¢s make their systems as small as possible
as long as their size does not affect their peréoree. This means employing more antennas and
placing antennas close to each other, and, thading to more mutual coupling.

Antennas play an important role in today technolagg since the emergence of MIMO, antennas
is even more important. Good antenna array desigm lmw mutual coupling that satisfies the
space constraints and yet provides good MIMO peréorce has become the motivation of our
study.

Several antenna designs and techniques have bemospd to reduce mutual coupling.

Techniques to modify ground structure are preseimdg@1], Studies such as [32] have applied
lump circuits or neutralization lines [28] propdsasing parasitic elements to create reverse
coupling to reduce mutual coupling.

In this work, we propose using simple but highlieefive antenna diversity techniques to reduce
mutual coupling between array elements without gimanthe antenna’s structure. In this method
antenna structure remains unchanged and withoukegimg cost antennas can be fabricated. The
idea is to change array configuration to find afiguration with the lowest amount of mutual
coupling between elements.

In this research, first we introduce a U-slot paacitenna and then optimize the mutual coupling
effects of the antennas for closely spaced elemerdagay by just change the array configuration
which enhances MIMO performance and helps to redusystem’s size.

The purpose of this chapter is to provide suffitieackground in antenna and MIMO theory to
enable the reader to better understand the wodilel@tin this thesis. Those who are interested in
more details of the concepts can refer to [1] &jd |



1.2 Background of Antenna Theory

Regardless of antenna type, its performance camdm@cterized by the metrics such as Impedance
Bandwidth, Efficiency, Gain, Polarization and Raiga Pattern. Following discussions give brief
explanation about each of these antenna parameters.

1.2.1 Impedance Bandwidth

The antenna is essentially a matching network batwike characteristic impedance of the
radio system (nominally 50 ohms) and the impedawicéee space. It is essential that
antenna presents an acceptable impedance matchhevéequency band(s) of operation.
Antenna impedance is most commonly characterizeceithyer return loss or Voltage
Standing Wave Ratio (VSWR).

1.2.2 Gain and Radiation Efficiency

Antenna efficiency is one of the most importaneania performance parameters.
Mathematically, the gain can be written as

(1)

G is gain, U is the radiation intensity ang iB the total input power accepted by the antenna

1.2.3 Radiation Pattern

Radiation pattern of an antenna is a plot of tlikatad field/power as a function of angle at adixe
distance, which should be large enough to be cereidfar field. Three radiation regions have
been defined for antenna.



Figure 1 presents these three regions.

D $ Near field | Far field
Reactive
field
Radiating
field

Figure 1 .Radiated field regions for an antenna of maxintimension D

1.2.4 Smith chart

Smith chart is one of the most useful graphicalstdor high frequency circuit applications. The
Smith chart provides a graphical representation” @&nd quantities such as the VSWR or the

terminating impedance of a device under test.
A locus of points on a Smith Chart can be emplagecpresent:

e How capacitive or inductive a load is across tleg@iency range.
e How difficult matching is likely to be at variousefjuencies.
e How well matched a particular component is.

Figure 2 shows important points on smith chart.

o 90
0 59 70

Figure 2 .Smith chart important points [From antenna frévedtry to practice]



1.3 Background of MIMO Theory

Having wireless communication systems offering hdgdtia rates and small error rates has
always been desirable. Utilizing multiple antenatighe transmitter and/ or the receiver, Multiple-
input multiple-output (MIMO), system seems to b@aod idea to achieve high data rates and
small error rates. Benefits of having multiple antes are increase in data rates, decrease in error
rates, improvement in signal-to-noise ratios, aganb forming.

1.3.1 MIMO wireless communications

Two categories can be considered for MIMO commuitoasystems.

e Spatial Multiplexing Techniques
e Spatial Diversity Techniques

In Spatial Multiplexing systems the goal is to E@se data rates while in Spatial Diversity goal is
to decrease error rates. Transmitter in Spatialtipheking system split the data into M sub-
sequences and transmits them simultaneously ussngdme frequency band and therefore data
rate will increase by M.

Information bit sequence

—

Jenlwsuel]
19A1209Y

Figure 3 .MIMO Spatial Multiplexing

In Spatial Diversity the transmitter and the reeeivsend and the receiver multiple
redundant versions of the same data sequenceeAeteiver end, the receiver combines the
signals and if the redundant signals are statisticedependent, the likelihood of receiving error
decreases significantly.
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Figure 4. MIMO Spatial Diversity

The performance of a MIMO system is dependent @na¥ailability of independent multiple
channels. Channel correlation is damaging to thfepeance and the capacity of a MIMO system.
Channel correlation is a measure of similarity lestw the channels. If the channels are fully
correlated, then the MIMO system will have no diéiece from a single-antenna communication
system. So the greater the channel correlatiorsrtialer the channel capacity.

The channel correlation of a MIMO system is maihlye to two components:
(1) Spatial correlation
(2) Antenna mutual coupling

The spatial correlation depends on the multipaghadienvironment.

MIMO system capacity

One of the primary measures of quality for a MIM@rsmunication is the system capacity, or the
maximum rate of information transfer between adnaitter and receiver. The goal of the system
design is to engineer an architecture that achimedmum capacity, which dramatically changes
as design parameters and their associated elegnati@a effects are changed. Chapter 4 talks
more about MIMO capacity.

1.3.2 MIMO Radar

Radar ambiguity function represents the output e tmatched filter, and it describes the
interference caused by the range and/or Doppldr sha target when compared to a reference
target of equal RCS.



The radar ambiguity function is used by radar desig as a way to study different waveforihs.
provides insight about how different radar wavefermay be suitable for the various radar
applications.

The following integral equation is defined as tih@rige ambiguity function,”

Ik (@) =" u (Out—1dt (2)

The maximum value of[ g (1) is att = 0.

If |[Ir (tr) |= [Ir (0) for some nonzero value of then the two targets are indistinguishale.a
consequence, the most desirable shapelfp(t) is a very sharp peak centeredat= 0 and falling very
quickly away from the peak.

1.3.3 MIMO and Mutual Coupling

Multiple inputs multiple outputs (MIMO) system perfmance has been explored considerably but
recently the researchers pay more attentions t@lderomagnetic concepts .Due to the fact that
MIMO systems have multi antennas, electromagnetincepts such as mutual coupling can affect
performance of MIMO system. The electromagnetie@# due to placing antennas together and
MIMO systems are not new topics. However, incorpogatheir effects together is fairly a new
topic.

Following discussions try to model the mutual cinglbetween antennas. In the transmitter
antenna array, antenna mutual coupling causesnthg signals being coupled into neighboring
antennas. This Effect can be represented by a tedgupling impedance matrix; Z

] _Z;:: _2_.'\
z Z,
By e B (3)
Z= Z z;
Z\'l (_—’:,'-.‘
I T

The number of antennas and their separation areirmportant factors in multi-antenna
systems. There are a number of limits on the nundfeantennas in MIMO systems.



Correlation could be a measure of how close antervam be placed. In order to get
satisfactory performances, the antennas shoulgdsed apart at least @.55].

Jake’s Model is another way to quantify antennasspn based on correlation.

Jakes Model

Correlation

o

08
[:]

02 04 05 08 1

Figure 5 .Jakes Model for correlation based on antennaratpa

1.3.4 MIMO System Model

Channel capacity depends on the number of tranamit receive antenndsandN, channel
matrix H, and the signal-to-noise ratio (SNR).FIMO system we have:

Y=H X (4)

Channel matrix has N rows as many as there aresnm&mg antennas with index i. Then
transmitted signal vector is written as

X = [Xg, X2... Xn] (5)

Channel matrix has M columns, as there are recgiaimtennas with index j. Then the received
signal vector is

Y =Y Yo... Ym] (6)

The channel matrix contains
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Figure 6.MIMO system

Transmitted signal X can be solved if we invert ttennel matrix and multiply it with the
received signal Y.

X=H'Y (8)

The inverse of channel matrix’Hcan be determined by first finding the adjointtioé channel

matrix and then dividing it with its determinantalhematically, the inverse of the channel matrix
can be represented as

1 _ adj(H)
"~ det (H) 9)

Where adj (H) is the adjoint of the channel mathat is formed by taking the transpose of the
cofactor matrix of H.

The whole MIMO system can be described by



Y =H S+ n (10)

Wheren is additive Gaussian noise vector.

The channel matrix is often normalized so thatsitindependent of the channel attenuation
[27].The capacity is expressed as a function of SHtifhe receiver. With the assumption of the
transmit power is equally spread among the trananténnas. The channel capacity of a MIMO
system in the presence of spatially uncorrelateas&an distributed noise can be calculated by

C=log, (det (I +SN7R H.H,)) (11)

Wherel is the identity matrix and ()* denotes the comptenjugate transposition. The channel
attenuation, which is included in the channel madepends on the antennas and the radio channel
and has to be expressed in the SNR when normalizenghannel matrix.

In order to see the effects of antenna on charapaity the path loss and the gains of the single
antenna elements should be include#ijrand therefore H should not be normalized.

The capacity of a MIMO system can be written as

_ Pr *
C=log, (det (I — HH)) (12)

This equation expresses the capacity as a funatfothe transmit powePr, noise power,
attenuation of the transmission link which depeodshe antennas and the radio charsfelThis
formula allows comparison of different MIMO systemsicluding the influence of the
transmission gain and the SNR.

Capacity depends on the correlation propertiesl.oPower correlation coefficients are also
important for MIMO systems with different antennaiags, leading to a comparison of antenna
arrays for MIMO. Usually it is difficult to show éhdirect relationship between the capacity
distribution and the correlation properties.



Chapter 2

Single U-slot patch antenna

2.1 Overview

In order to understand the behavior of u-slot patetenna, two different types of antennas, Slot
and patch have been investigated. Using desirethaes$ frequencies, initial antenna dimensions
have been calculated. HFSS software was used tdagmthe antenna with initial dimensions and
optimize antenna performance. Later effects ofed#ifit parameters on the performance of U-slot
antenna have been explored by the use of HFSS.

2.2 Slot antenna

Slot antennas are a special group of aperture aagemhey have found many applications such as
for aircrafts and airborne radar. Slot antennaatazh pattern is omnidirectional. The slot size,
shape and the cavity behind it are the design bi@sathat should be optimized to get the best
performance. One way to understand the slot antbehavior is to look at its similarities to the
dipole antenna. Slot antenna and electric dipaedaal of each other.

A thin slot in an infinite ground plane is the cdempent to a dipole in free space. However, the
slot is a magnetic dipole rather than an electipole. A vertical slot has the same pattern as a
horizontal dipole of the same dimensions. Thugngitudinal slot in the broad wall of waveguide
radiates like a perpendicular dipole to the sloand H are the electric and magnetic fields within
the slot andi is the unit vector normal to the surface of that.sBo for electric and magnetic
surface current we have:

‘JS:ﬁ XH 1 I\é:- ﬁ ><E (13)

The surface electric current is zero=i xH =0, so magnetic currentdM - i XE is the only
available current.
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For a half wavelength slot antenna, the magneticeatilooks like loop current distribution. Base
on duality principle its radiation pattern lookkdihalf wavelength dipole antenna.
Equation 14 shows the electric and magnetic fiefds half wavelength dipole antenna.

_cos (gcose) _cos (gcosa)
e—— e ——

(14)

sin0 sin0

Using the duality relation, we obtain the radidfiettls of a half wavelength slot antenna.

_cos (gcose) _cos (gcosa)

(15)

sin0 sin0

?l‘:a E,
4 "
i I == —
o v
Magnetic Electric

dipole Radiation pattern dipole

Figure 7 .A slot antenna, its radiation pattern and its ptementary dipole [Antenna from theory to practice]

Based on the Babinet principle, there is a relatigqm between the input impedances of
complementary antennas therefore we have:

N2
Z g2 dipole = T]T (16)

Where Zgo and Zgipole are the antenna impedances of slot and dipoley athe free space
impedance.

The main advantages of slot antenna are its segggul simplicity, and convenient adaptation to
mass production using PC board technology.

11



2.3 Patch antenna

The microstrip antenna, also known as a patch aateronsists of a metal patch on a substrate on
a ground plane. There are different ways of feedivggse antennas including aperture coupled,
microstrip line feed and coaxial feed.

In order to resonate, micostrip patch antenna shiosave a length of around half wavelength.
Advantages of microstrip antenna are low-profilenformable to planar and nonplanar surfaces,
simple and cheap to manufacture using modern pkciteuit technology. It is also very versatile
in terms of resonant frequency, input impedanadiateon pattern and polarization. However, Low
efficiency, low power handling capability, poor pokation purity, and narrow frequency
bandwidth are its major disadvantages.

Crronteined Plane

Figure 8.Geometry of Microstrip patch antenpftennas: From Theory to Practice]

Microstrip antennas have narrow bandwidth, typica#5%.There are different methods that have
been used to broaden the bandwidth.

Other than increasing patch height and decreasibgtiate permittivity, some of these techniques
are:

e Using Stacked patch.

e Use parasitic patches, either in another layer [7]pr in the same layer [8], [9].
Both has the disadvantage of increasing in anteimea

e Matching multi-resonators to broaden the bandwidth.
The impedance-matching techniques include plaapfagupled, directly coupled, stacked
electromagnetically coupled and aperture-couplédnes.

12



There is an empirical formula that can be usedtonaite the impedance bandwidth ¥ @WR < 2
[4]:

Af 16 g-1 Ld
f o 3vV2 g2 AW (17)

d is the substrate height; W and L are width andtle of the patch.

From the formula, the bandwidth is proportionathe thickness of the substrate. Also the higher
the permittivity, the smaller the bandwidth, whioteans there is a trade-off between the size
(Ld/W) and bandwidth.

2.3.1 Design Equations and Procedures

Electrically patch antenna looks larger than itggital dimensions; the enlargementlois given
by equation 18.

0.412 d (Erefr+0.3)(C4—+0.264)

AL =

(18)

W
(Ereff—0.258) (T+0'8)

This enlargement is due to the fringing effectdeé&ive relative permittivity is

g +1 + e—1

Ereff =
5 2 2 ’1+12% (19)

So based on equation 19 the Iarger—}vhahe smaller the effective permittivity. The efige
length of the patch is now

Lgt =L+ 2AL (20)
For the TMgo, mode we have:
f 1
" 2 Lefr+/Ereff+/ Eolo (21)
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For optimized width:

_ 1 ’ 2
W_2 frm 1+&, (22)

So by having substrate parametgrand d and also the resonance frequency fr, patcbngions
can be found based on these simplified formulas.

_ 1
ST e el (23)

In this research, goal is to design a patch antemmark at 3.5 GHz on FR4 substrate £ 4.4 ,
and d=1.6 mm).Therefore we have:

1 , 2 _
\N_Zf\/a m—OOZGm (24)
£+1 &—-1 A
O reff = — =3.9898 , AL =7.342*10" m

o (25)

L_Zf\/s—u_s. - 2AL =0.030962-2* 7.342* 10™"= 0.029 m (26)

So the fractional bandwidth for VSWR < 2 is :
Sr_l Ld

2 =377 22 00208 (27)

fo Sr* Er WA,
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2.4 U-Slot patch antenna

Originally the U-slot patch antenna was developg@ avide band antenna, introduced by Huynh
and Lee [26]. They also are good choices for maittb applications and circular polarization
operation. The basic geometry of the U-slot antesisdown in Figure 15.

These antennas can provide impedance bandwidi?@%fto 30 % for a patch with the thickness
of about 0.08 Because of broad bandwidth slot patch antennaseseuseful in commercial
applications like 3G and 4G.

Multi band U-slot antenna

A basic patch antenna with added slots is ablesomate in more operational bands. U-slot patch
antennas with different dimensions can represera @nd triple band results. The aim of
introducing the U-slot on the rectangular patchoigproduce four resonance frequencies .Broad-
band operation is achieved when the second amdl tbsonance frequencies are sufficiently close
[14].

Wide band

Having a wideband antenna that is electrically dalgas always been a desired for different
applicationsldeal broad-band performance is achieved whenabge ¢f the impedance loci, such
as in 1, 2 and 3 in figure 9, shrinks to M8&AR =1 point on the Smith Chart. For practical
applications, the size and location of the loopfedance loci is required to be such M&VR <

2, as in locus #SWR < 2 corresponds to a return loss of 10 db. Figusedvs the smith chart for
four different impedance loci. Locus number 4 is tlesired locus for the wideband design [14].

Figure 9 . Generic Impedance Loci for U-Slot Microstrip Anta [14].

Locus 1 indicates that the design has too muchciatice. Locus 2 indicates that the design has
too much capacitance. Locus 3 indicates narrowldaetthvior. Locus 4 indicates broad-band
performance [14].
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2.4.1 Other studies about u-slot

There have been several other studies on U-sloh@attenna, and some of them are mentioned in
the following paragraph [27].

Edge-Slotted v-Slot Antenna:

TheV-slot antenna was studied in Rafi and Shafai [MBjch showed that the angle can be used
to improve its performance. The main advantagesofgiV slot instead of U-slot is the increase in
the bandwidth. And like U-slot antenna, one majoobfem of V-slot antennas is the cross
polarization in théd-plane that is severe at high frequencies. Fig@resiows the geometry of
wideband V-slotted microstrip patch antenna.

.

L

¥
A warans

Figure 10 . Geometry of Wideband v-slot patch amdenith two parallel edge slot (Rafi and Shafai EEFD03)

Circular-Arc V- Slot Antenna:

The bandwidth of this antenna is increased to 40goe, from 30 percent of thé-slot antenna.
Other parameters remain similar.

Figure 11.Geometry of non-rectangular microstrip antenndwislot (Rafi and Shafai IEEE 2003)
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Double U-Slot Antenna:

Two or more resonant structures can be closelytddcar even co-located with a single feed point
in order to achieve multiband operation. This ligsirated in Figure 12 .A secok#slot is placed
inside the first onto increase its bandwidth up to 44 percent.

Figure 12.Configuration of double U-slot antenna

Circularly polarized U-Slot Antenna

Asymmetrical U-slot structure which excited two hmgonal modes for radiation; has been
proposed in [16].It is shown that by adjusting kaegth of an arm of U-slot ,circular polarization
is achievable for U-slot

asymmetrical
Ll-slot i - probe feed

Za - \ 7
S s Y

-~

~ square patch
~foam substrate

.
ground plane

X

Figure 13 . Geometry of the circularly polarized U-slot gatntenna [16].
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2.4.2 Antenna Design

Approximate expressions of resonance frequencrethédJ-slot antenna were proposed and
investigated. They are given in equation 28 anf2Z

fi= -

1 (M;ST 3AW b Eory (28)
f_ c
2 % V:S+w+ ab2 :F+§)\/?ff (29)

] z
—Pakch
I

-

x

:’l\\;f’“‘qa.\@\ | B Ooronssd ki
Coaxial feod

(b)

Figure 14 .Geometry of coaxially fed rectangular patch veittd —shaped slot

a)Top view b)side viewfafter R. Bhalla and L. Shafai,Microwave and OptiEathnology Letters 2002)

In this section first the geometry and the featwfes single patch U-slot antenna such as radiation
pattern and reflection coefficient are shown. ldiidn effects of different terms on the U-slot

patch antenna have been studied.

Figure 15 shows the topology of the U-slot micripspratch antenna investigated in this thesis.
Table 1 represents the initial values for differ@esign parameters.
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Figure 15.DESIGN PARAMETERS OF SINGLE U-SLOT PATCH ANTENNA

Frequency & H L w Ls W t a b Lg Wy
(GHz) (cm) | (cm) | (cm) | (cm) | (cm) | (cm) | (cm) | (cm) | (cm) | (cm)
3 45 | 0.762 196 272 136 106 0.152 03 0.3 5 5

Table 1.Wideband U-slot patch antenna dimentions

2.4.3 Antenna Simulation in HFSS

Here is the U-slot patch antenna structure in HF8fich was created to simulate the behavior of
U-slot patch antenna.

Figure 16.Different views of the designed antenna in HFSS

This section presents the initial designed widedhaslot patch antenna characteristics:
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e Radiation pattern

dB(GainTotal)
5. 158Ge+000
3. 7634e+E00
2. 3759e+280
9, 88395-881
-3.991@e-001 2
-1.7866c+200
-3, 1741e+800
-4, 5E16e+200
-5. 9490 +200
-7.33658+20@
-8, 7240e+200
-1.8111e+861
-1.1499e+801
-1, 2666e+801
-1, 4274e+201
-1.5661e+8681
-1, 7@49e+801

Figure 17.Radiation pattern of a probe fed U-slot patch améein dB

It is evident from Figure 17 that the radiationtpat of a U-slot patch antenna is omnidirectional
and it is almost like a patch antenna.

e Current distribution

Isurfla_per_ml

5. SEEoe @l
EEELTRe=T=TY
S559e+@@d1
B374e+BE1
9169s+oE0
EEER-TR=T-T-]
B74ge+E00
B5Eze+BEE
S669e+BE8
11uBe-281
=g T R=T= T
BS5i6e-221
FElhe-—@@1
sElze-—@@1
zEE9s-B81

FRENFODORNOFORREN

a b

Figure 18.Surface current distribution on of a probe fedlat-patch antenna

From figure 18 it is evident that slots on patchmfe the path that current takes.

e VSWR

The VSWR of the broad band U-slot antenna is shiovfigure 19 which shows that the
antenna of figure 16 is a broadband antennaaiits®00 MHz bandwidth.
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XY Plot 3 HFSSDesignl &
85.00 = Curve Info

3 —— VSWR(1)
Setupl: Sweep
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Figure 19.VSWR of a probe fed U-slot patch antenna in freqyaange of [LGHz to 3GHZz]

XY Plot 1

-30.00 T T T T T I

3.00
Freq [GHZ]

Figure 20. Return Loss for Initial Design of U-Slot MicrogtPatch

U-slot patch antenna is a suitable candidate fai dand applications. Band width is 500 MHz.
The key advantage of the U-slot design is thatadpces broad-band characteristics with a very
simple topology.
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Initial dimensions®

There is no accurate analytical procedure for W-slmrostrip patch antenna design .So creating
initial design and optimize its performance by dfiag the dimensions seems reasonable.

The mentioned calculations described in chaptesrJatch antenna are used to create an initial
design with center frequency of 3.5 GHZ and 5GHe.@mensions of initial design are shown in
table 2.

[BE 44 186 1.06  0.152 0.3

Table 2. Initial design of U-Slot Microstrip Phténtenna

2.4.4 Optimization

Experimentally, it has been shown that variations in parameters such as the width and length
of the U-slot, height and size of the patch, probe size and location as well as Substrate
permittivity can dramatically change the antenna’s behavior. Effect of following factors on
antenna behavior has been studied and CAD simulation used to optimize the design [14].

e Width of the U-slot
e Length of the U-slot,
e Substrate height (h)
o Size of the patch

¢ Feed point size

e Feed point location

! In order to reduce the fabrication cost, common FR4 board thickness has been chosen .So instead of using board with 0.76 cm thickness, board with 1.6 mm thickness
has been chosen for antenna fabrication. This makes the antenna narrow band.
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» Optimization of feed point location(Xp ,Yp)

Figure 21 shows the smith chart for center fedotiyshtch antenna .It is evident that the antenna
is single band.

Smith Chart 5 HFSSDesignl &
Curve Info

100 20 80
LT

— 5(2,2
Setupl : Sweep
L="2.76cm Lg="2.8ct Ls="1.2cmi Wg="2.8cm Ws=2.16ct

Figure 21 .Impedance Locus for center fed Design U-Slot bkttip Patch

In order to find best location for feed point, iKas been changed from -0.2 to 0.2 apdhas
been changed from -0.35 to 0.35. Figures 22 ang@@&sent the return loss and smith chart for
different amount of Xand ;.

XY Plot 18 HFSSDesignl &

green: (:0.2,0.3)
pink : (:0.15,0.3)
brown: (:0.15,0.34)

4B(5(2.2)
X
H
g
3
|

-40.00 —Y T
3.00 3.50 4.00 4.50
Freq [GHZ)

Figure 22.Effect of Probe Location on the Return loss Bebawf the U-Slot
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Figure 23 .Effect of Probe Location on the Impe&aBehavior of the U-Slot

So based on Figure 22 and Figure 23 best placettporpbe feed is Xp=-0.15, Yp= 0.34.

» Effect of Probe Radius (radi )

Figure 24 shows the effects of varying the prolmBusaon the return loss behavior of the U-slot.
The results indicates that by reducing the probl@isabetter return loss and broader band width is
achievable .However due to fabrication limits iboat be very small.

Curve Info
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Figure 24 .Effect of Probe radius on the Impeda@elavior of the U-Slot
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Red trace which is for probe with the radius of in andis the best comped to the others.
Variationsin the probe radius do not chai the size of the impedance loopedeasing the prot
radius causes the loop become more inductiy

> Optimization of slot width(t)

Figure 25 shows the effeat$ varying the slot width othe impedance behavior of theslot. T
has been varied from Ocdm to (4 cm with the steps of 0.681.Results indicate tt the blue
trace that is for alot width of 0.2 cnrepresents the best results

XY Plot 14 HFSSDesignl A&
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1 — dB(S(2.2)
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=0.4cnt

Freq [GHZ]

Figure 25 Effect of Slot width on the Return loss of th-Slot

Figure 26 Effect of slot widthon the Impedance Behavior of the U-Slot
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As Slot width decreases, the impedance loop becomoes inductive and its size decreases.

> OPTIMIZATION OF THE SLOT length(ls)

Variations of return loss as a function of frequefar different slot dimensions are shown in
Figure 27. It is found that blue trace (Ls=1.2 ¢ra} both wide band performance ,Figure 27 and
dual band operation at 3.57 GHZ and 5.1 GHZ, lH{8.

Smith Chart 3 HFSSDesign1 &
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Figure 27 .Effect of slot length on the Impedaneh®vior of the U-Slot
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Figure 28 .Effect of slot length on the return lbehavior of the U-Slot
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Optimized Design

Table 3 shows the optimized dimensions.

4.5 1.6 276 272 12 216 02 0.3 0.3 2.8 2.8

1 -0.15{

Table 3 . Optimized design of U-Slot Microstrip €laAntenna.

Figure 29 shows dual band performance of the aaterith center frequencies of 3.57 GHz and
5.1 GHz for each band.

XY Plot 7
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Figure 29 .Simulated return loss of the optimizedign

Figure 30 shows the smith chart for dual band fidesign
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Figure 30.Impedance behavior of dual band finaigites
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Figure 31 .Radiation pattern of dual band finaligies

As mentioned previously by changing dimensiongglsirdouble, and triple band U-slot patch
antenna can be achieved. Following pictures reptestiple band U-slot patch antenna.

Figure 32.Triple band U-slot patch
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2.72 2.7 0.11 1 -0.2 0.5

Table 4 .Triple band U-slot patch antenna dimerssion
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Figure 33.Return loss of triple band U-slot patateana
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Chapter 3

U-slot patch antenna Array

1.1 Mutual coupling

The energy absorbed by one antenna from the neateyna is called mutual coupling that exists
in antenna arrays. It can have bad effects on Awatgrerformance, such as antenna efficiency
reduction and altering antenna radiation’s pattard can cause some limitations in antenna array
size. In applications like beam steering, high mutwupling it also makes array antenna elements
highly correlated, and this makes beam steerinfficrent .Mutual coupling is a good measure of
antenna isolation [1].

The effect of mutual coupling on an antenna arrgggormance has become important in many
areas such as multiple-input multiple-output (MIM&ystems, diversity systems, and medical
imaging, sonar and radar systems. In today everdsing size technology mutual coupling has
become more important since antennas have to Berdio each other and this means high mutual
coupling. The inter element mutual coupling canréguced by optimizing array configuration,
using ground structures and optimizing impedanceinrag networks [17, 18].

In order to gain some insight into the coupling haedsm, first a single element of the array has
been considered. Current distribution, radiatiottgpa and other characteristics of the single
element isolated from rest of the array have bdwmwas in previous chapter. When the same
element is placed among the other elements inrtilag,ahe boundary condition is not the same as
that of the single element alone. It can be deteechby all the elements of the array . The mutual
coupling between antennas is due to the inducerkrmuon one antenna because of the other
antenna. These induced currents are due to

1) Near field coupling from the other antennas

The near-field coupling arises when an antenndasep in the near-field zone of another
antenna. The near-field coupling is strong in situs where the antennas are printed on
dielectric substrates with very low permittivityo@pling space-waves dominate and show
strong coupling when antennas are in close proyimit

2) The common—ground current, surface waves

30



Surface waves are weakly excited in very thin gdmehdielectric substrates and can cause
mutual coupling between antennas.

Network formulation of antenna Arrays

Consider an array of N identical elements, eachalsdf-impedance ofi£
I
] (30)
Iy
Elements of | represent the current on each element

H (31)

Ion

Elements of J represent the current on each element, whenisblated from the array, and
there is no mutual coupling.

—Zmn .Im
Vinduced = 707 (32)

Where lingucediS the induced current on th& element because of the frelement of the
array.

Im is the current on the fhelement ,Z. I is the voltage induced across the open circuited
terminals of the fi element.

Therefore the induced current on the nth elemambeacalculated as

In_induced =_211¥1=1 Zunn In (33)

Now consider C as an N by N coupling matrix with

Cmn=-22" and Gpm-0 (34)

le+ZO
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1.2 Array Configurations

Antenna diversity is a simple approach for reducthg mutual coupling between antenna
elements, which is used in this project to find toafiguration of two U-slot patch antenna with
lowest mutual coupling.

Antenna array’s inter-element mutual coupling ideeted by factors such as the antenna
configuration and the relative position of the femaints. The purpose of this chapter is to answer
following question:

Of all the various antenna configurations illustraed in Figure 34 which combinations
provide minimum mutual coupling?

The designed two element antenna array is presémtiuls section. This consists of two U-slot
patch antennas positioned reasonably apart tdysties limitation related to array size and mutual
coupling between elements. Eight configurationghaf antenna array are investigated and shown
in Figures 34(a-h).

=
o

4 5

© 00 o

6 7 8

Figure 34 .Different possible configurations footw-slot patch antennas
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PERFORMANCE OF VARIOUS ANTENNA CONFIGURATIONS

In each configurations set up 4 different anterpacsg have been considered
-0 A £ 2
(d=0 "8’ 4 '2)'

Configuration 1

Figure 35 .Geometry of configuration 1 of U-slotghaantenna array

Q%\\

d=0mm
d=wavelength/g
d=wavelength/4

S11 (dB)
=

U

25

35 4 45 5 55
Frequency (GHz)

Figure 36 .Simulated S11 of the first configuratfondifferent values of d
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Mutual coupling in Configuration one
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I I T
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M

S-Parameters
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Figure 37 . Simulated,$of the first configuration for different values df

As we expected, mutual coupling decreased as theirgp between antennas increased. The
significant effect of d on the mutual coupling iearly indicated in Figure 37. Increasing the

spacing between the elements decreases the motyaling between the elements. At 3.57 GHz

there is 14 dB and in 5.2 GHz there is 20 dB imprognts from the array with smallest spacing to
the array with largest spacing between elements.

Figure 38 shows the E field and H field respectiva a plane 0.1mm above the antenna array
when just element 1(left) is excited. Followinguigs represent the E and H field coupling on the
other antenna.

It is evident that E field coupling is dominatediie case of configuration 1.

Figure 38 .Electric field (top) and Magnetic figlibttom) coupling between array elements in comfijan one
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Configuration 2

Figure 39 .Geometry of configuration 2 of U-slotghaantenna array

It is important to note that in configuration 2 depoints are closer to each other compare to
configuration one. This could be a good reasomfotual coupling to be more in configuration 2.

configuration 2

—— d=0mm
—— d=Wavelength/8
d=Wavelength/4

o+

-20

25

S11(dB)
5
= — &
——— -
_\%%

30
3 35 4
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Frequency (GHz)

Figure 40 .Simulated S11 of the second configundfibo different values of d
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By comparing Figure 41a and b it is obvious thdiell coupling is stronger than H field coupling

Mutual coupling for configuration 2

—— 512(d=0mm)
——— $12(@=11mm)
——— $12(d=22mm) {

----- $12(d=44mm)

—\/

-40

S-Parameters

Pra
-
-

-45

-55

35

Frequency (GHz)

55 6

Figure 41 .Simulated S21 of the second configundfiio different values of d

in configuration 2.

In compare to figure 38 mutual coupling is morentbanfiguration one.

F

I L]

Figure 42. Electric field (top) and Magnetic figlabttom) coupling between array elements in comfijan two
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Configuration 3

Figure 43 .Geometry of configuration 3 of U-slotqgiaantenna array

configuration 3

e sy -
> -
EN - RN -
Y y ,
N Ui N
v

. \ /7
A\ \Y4
W

-10 ¥ ;
i
B
s b
g i A
2z ! f
a 1
20 d=omm e
= d=wavelength/8
= d=wavelength/4
----- d=wavelength/2
25 ¥
-30
-35 i
3 35 4 45 5 55 6
Frequency (GHz)
Figure 44 .Simulated S11 of the third configurationdifferent values of d
Mutual coupling for configuration 3
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Figure 45 .Simulated S21 of the third configurationdifferent values of d
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Figure 46. Electric field (top) and Magnetic figlibttom) coupling between array elements in comfitian three.

Most of the mutual coupling is due to Electric dieloupling.
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Configuration 4

Figure 47 .Geometry of configuration 4 of U-slotghaantenna array

configuration 4

N\ 7
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Figure 48 .Simulated,$of configuration four for different values of d

Figure 48 shows the mutual coupling between elesfentdifferent antenna spacings . It is
interesting to see a null in the mutual coupling3.87 GHz that is the lower resonance frequency.
This provides a mutual coupling of about -34 dBewlantennas are placed in distance of af@y

from each other .This means 10 dB improvement coenfgaconfiguration 1.
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Mutual coupling for configuration 4
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Figure 49 . Simulated,$of the configuration four for different valuesaf

Unlike the three previous configurations, it seg¢hesH field has more coupling than E fields. So
in this configuration antennas are coupled by thiields

|

B P e b Yo e

Figure 50 .Electric field (top) and Magnetic figlabttom) coupling between array elements in coméigan four
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Configuration 5

Figure 51 .Geometry of configuration 5 of U-slotqghaantenna array

configuration 5

\// VW =

i d=wavelength/4
£ | mem— d=wavelength/2

$11(dB)
o
<

-20

~.r

-25

-30

35 4 45 5 55 6
Frequency (GHz)

Figure 52 .Simulated S11 of the configuration fioedifferent values of d

Mutual coupling for configuration 5
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Figure 53 .Simulated S21 of the configuration fioedifferent values of d
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In this configuration although feed points are ffam each other compare to configuration 4 ,the
mutual coupling at lower resonant frequency is wothan configuration 4.But in higher
frequencies it shows better mutual coupling results

Similar to configuration 4, the H field couplingdeminant in configuration 5.

"

W Frmbeivoperms || §

Figure 54 .Electric field (top) and Magnetic figlabttom) coupling between array elements in coméigan four
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Configuration 6

Figure 55 .Geometry of configuration 6 of U-slotghaantenna array

configuration 6
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Figure 56 .Simulated;$of the configuration six for different values of d

From Figure 56 it is found that at a quarter wangth the antenna spacing reflection coefficient
increased at lower frequency. So @/4 is not a good option in case of configuration 6.
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Mutual coupling for configuration 6
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Figure 57 .Simulated S21 of the configuration sixdifferent values of d

The whole mutual coupling amounts for all frequesailropped in case of configuration 6.In this
configuration even at d=0 ,the maximum mutual cmgpls -21 dB which is an extremely good
number for mutual coupling of two antennas thatcdose to each other.

It seems in configuration 6, E and H fields conitébevenly in coupling mechanism.

E

Ly s o
A Fam e

Figure 58 .Electric field (top) and Magnetic fidlibttom) coupling between array elements in coméigan six
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Configuration 7

S11(dB)

Figure 59 .Geometry of configuration 7 of U-slotghaantenna array

configuration 7
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Figure 60 .Simulated S11 of the configuration sefeerifferent values of d
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Mutual coupling for configuration 7
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Figure 61 .Simulated S21 of the configuration sefeerifferent values of d

It is evident from this figure that the isolatioashimproved by 20 dB by increasing the distance
between elements in expense of increasing thectefteresponse.

B odam e |

Figure 62 . Electric field (top) and Magnetic fi€libttom) coupling between array elements in camfifjon seven
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Configuration 8

S11(d

S-Parameters

Figure 60 .Geometry of configuration 8 of U-slotghaantenna array
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Figure 63 .Simulated S11 of the configuration efghtdifferent values of d
Mutual coupling for configuration 8
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Figure 64 .Simulated,$of the configuration eight for different valuescf
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Using configuration 8 does not seem to be a godwmgor d=0. But at d=half wave length it
shows the lowest mutual coupling among all othenfigarations .At 3.57 GHZ and d=half
wavelength, & is -52 dB which is better than the required mutcalipling for most of the

applications.

Figure 65 .Electric field (top) and Magnetic figlibttom) coupling between array elements in comfiian eight
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Comparison of the results

Reflection coefficient
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Figure 66.Return loss for different configurations

Figure 67 — 72 show the comparison between 8 pemposnfigurations at different antenna
spacing.

When there is no space between antennas, anterenattaeched together, configuration 3 shows
the highest and configuration 6 has the lowest aludoupling. An improvement of 16 dB is
achievable by using configuration 6 instead of murhtion 3.
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Figure 67 .Simulated S21 for different configuragdor antenna spacing of d=0mm
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By separating the antenna elements 11 nﬁ))o;(erall mutual coupling decrease at least 10a@B f

all configurations. Similar to the previous resudtdl antenna 3 is the worst and antenna 6 is the
best configurations. However at the resonant frequeconfiguration 2 represents the mutual
coupling of -43 dB which is very desirable for twatennas that are placed very close to each
other.
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Figure 68 .Simulated S21 for different configuraidor antenna spacing of d=11mm

By changing d to a quarter wavelength still confagion 6 shows the best performance in terms
of mutual coupling. Mutual coupling in configurati® is less than 40 dB for the entire band of 3.5
to 3.6 GHz. In applications that even more anteisoéation is required, configuration 2 with
minimum mutual coupling amount of about -50 dB seéobe a good option.
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Figure 67 .Simulated S21 for different configuraidor antenna spacing of d=22mm
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Figure 71 shows mutual coupling between two elemindlifferent configurations. In this case
configuration 4 and 6 represent the lowest amotintudual coupling. An improvement of 12 dB
is achievable by the changing configuration.
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Figure 69 .Simulated S21 for different configuraidor antenna spacing of d=44mm

The variations of the space-wave coupling by chamgirray element configurations is clearly
observed in Figure 72, in which the distributiontioé¢ surface currents on the second antenna is
plotted when antenna one (port 1) is excited wthke other antenna is terminated with a<30
impedance. High concentration of the surface ctsres seen in the loaded antenna in
configuration 2 and 3 [see Figure 72].
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Figure 70 .Surface current distribution on the feated antenna due to the coupling from left sifgted antenna.
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It is evident from this figure that the isolatioashimproved in configuration 1 and 8 .

Table 5. Summary of eight different configuratidosantenna array

Configuration # Lower Sy S,1 So Syt
resonant
frequency d=0 | d=A/8 | d=M4 | d=MA/2
(GHz)
1 3.58 -17dB | -24dB | -28dB | -31dB
2 3.58 -13dB | -450dB | -48dB | -37.5dB
3 3.58 -7dB | -22dB | -25dB | -32dB
4 3.58 -20dB | -29dB | -32dB | -43dB
5 3.58 -10dB | -29dB | -31dB | -37.5dB
6 3.58 -24dB | -37dB | -43dB | -42dB
7 3.58 -16dB | -25dB | -27.5dB | -33dB
8 358 | -16.7dB |-28.5dB| -32dB | -38dB
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Spacing Between antennas

The spacing (d) between two adjacent antennasrisordical. If the Antennas are too close to
each other, mutual coupling will increase, whicfeets the polarization purity, and the antenna
performance. Spacing is limited due to the avadadiray grid space that is very small in hand
held devices.

The following figure shows the effect of spacing amutual coupling for different array
configurations.

From Figure 73 it is obvious that as the spacirggeiased, the mutual coupling will be reduced.
Generally configuration 6 has the lowest mutualpting among other configurations for different
antenna spacing. Configurations 4 and 8 seems tioebeext configurations with the least amount
of mutual coupling.
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Figure 71 .Simulated S12 in different configuratiasersus antenna spacing\jd/
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Chapter 4
Mutual coupling and MIMO

Multiple Input Multiple Output , MIMO, is a techiagy that has been improving the performance
of wireless communication systems and radars.derdaio get a good results from MIMO systems,
channels between different transmit and receiveranats should be independent and identically
distributed (i.i.d). Therefore antennas should be ffom each other. Usually MIMO studies
neglect the influence of antennas on each otheroandliIMO performance. But recently by the
growing popularity of smaller and lighter devicesitenna elements have to be placed close to
each other, so antenna radiation characteristicsvels as mutual coupling become a very
important factor in arrays.

Considering mutual coupling is even more imporiariIMO studies, since mutual coupling not
only affects the antenna efficiency but also infices the correlation, and makes the channel
between antennas correlated. Having correlated neteinin MIMO systems reduces both the
capacity and the diversity gain.

There is an extensive interaction between anteandshe propagation channel in MIMO systems,
antenna configuration has to be chosen carefulhtedna type as well as the arrangement of the
elements in a MIMO array strongly influence thefpanance. Achieving high efficiency in terms
of power and a low correlation between propagapatins are major challenges in MIMO systems
with multiple antennas in small handheld devices r@aars.

In chapter three among 8 different possible coméians, the configuration with the lowest
amount of mutual coupling was introducdthe subject of this chapter is to investigate ttiece

of antenna orientation and mutual coupling on MIM@&pacity for communication applications
and range ambiguity for radar applications. It ®wn that using antenna configuration with
minimum amount of mutual coupling enhances the cigpaf a MIMO system.

4.1 System Model

In the case of this research, there are two tratisghantennas and one receiving antenna.

The received signal can written as

r=Hs+n (35)
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n: AWGN noise
s: Transmitted signal
H: NxM channel matrix consist of complex Gaussiamdom variables.

For correlated MIMO channel we have

H=Hiq ([Ru] ) ' (36)

R IS the transmit correlation matrix.ijHis the channel matrix generated using zero medn un
variance i.i.d complex Gaussian random variables.

R.= 1 Pt;il,z ] (37)

x=
Ptx,2,1

Where p;,;; is the correlation coefficient between tHeaind | transmitting antennas.
By considering following assumptions

1) Angle of Arrival is uniformly distributed betweenahd 360 degree.
2) Antenna is omnidirectional

Correlation coefficient between the two antennas is

Pij =Jo (?) (38)

Now in presence of Mutual coupling, channel matax be presented as
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Zload + Zs Zm -
HC - Cp HU - (Zmad ¥ ZS) Zm Zload + Zs HU (39)

Zs = Rs + jXs: self-impedance of the antenna;
Zm = Rm + jXm: mutual impedance between the ardenn

Zload = Rload + jXload: loading impedance of théeanas.

Where i and H, are the coupled and uncoupled channel matricds legiding impedance &g,
and G is the coupling matrix.

The capacity of a MIMO system not only depends lo& number of channels (N.M) but also
depends on the correlation between the channels.

The greater the channel correlation, the smalldreschannel capacity. The channel correlation of
a MIMO system is mainly due to two components:

(1) Spatial correlation

(2) Antenna mutual coupling

We can write

Rix = Cx Ax Cix'” (40)

Ci is the mutual coupling matrix for the transmitema
A IS the correlation matrix of transmit antenna

We can write the transmit correlation matrix fd2 ‘ransmit antenna system as
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Ru= Cex11 Cex12 ] 217rd Jo (?) Ctx,1,1: Ctx,1,2:
Cix21  Cix22 Jo (T) 1 Ctx21  Cixo22 r41)

The capacity of the MIMO channel is given by

SNR

C (H) = log2 [det (I +—— HH®)]  Dbls/Hz (42)
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4.2 Simulation Results

Simulated MIMO capacity (d=half wavelength)

configuration 1
configuration 2
configuration 3
configuration 4
configuration &
configuration &
configuration 7
----- configuration &

cdf (hits/s/Hz)

0
¢ (hits /s Hz)

Figure 72 .Simulated cumulative distribution funatifor MIMO capacity in 8 proposed array configimas in
the case of d&2

Figure 74 shows that based on simulations configura 8, 4 and 6 have the higher amounts of
channel capacities. This was predictable, sinceettieree configurations have the lower amount of
mutual couplings between their elements.
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Figure 73 .Simulated MIMO capacity versus anterpacmg for 8 proposed array configuration
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CHAPTER 5
EXPERIMENTAL RESULTS AND COMPARISONS

It is now obvious that mutual coupling between ante elements in array affects MIMO
performance. Thus, an experiment on MIMO systeprasence of mutual coupling between array
elements will provide useful information about thatual coupling effects in MIMO applications.

Chapter 2 deals with simulation results about tbdgomance of a Single U-slot patch antenna.
Next in Chapter 3, different array configurations aonsidered and their mutual interactions are
studied. In chapter 4 the effect of the simulatiesults on MIMO performance in each array

configuration was investigated. In this chapter ¢kperimental results and their correspondence
with simulation and theory are presented.

Finally in section 5.2 some interesting conclusiaresdrawn from the comparison of experimental
and computed results.

5.1 Single U-slot patch Antenna

Three sample prototype antennas were built toyweepeatability of the results obtained. Figure
76 shows top view of two of the samples side bg.skdd —Ohm SMA connectors are connected to
the input of the antennas.

1 4
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Figure 74 .Photograph of the two fabricated prgiesy

The experimentation started with the measuremettieofintenna return loss response (S11) using
the network analyzer. Since the antennas are dasigmoperate at frequencies of 3.5GHz and 5
GHz the reflection response of the device was oesefor a frequency range of 2 to 6 GHz.

Figure 77 plots the reflection response (S11) efdimgle antenna. From the figure, it is evident
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that the antenna is a dual resonator resonatiBgtdtGHz and, 4.9 GHz.

8.8 dB at 3.43 GHz and -9.1 at 4.9GHz.

S-Parameters

-15

-20

-25
3

Reflection coefficients

I =
—— 511 measurment i

4 — 522 simulation

In addition the |S11]| is -

45
Frequency (GHz)

Figure 75 .The simulated and measured return laxfdbe proposed antenna

Based on our simulation results we are expectinge®the resonances at 3.57 GHz and 5.2 GHz.
Thus the resonant frequencies have been shifteat B0 MHz and also there is a reduction in the
amplitude t of the reflection coefficient. In orderhave a good resonatoy; Should be at least -10

dB.

Table 6. Summary of figure 77.

Frequency (GHz)

Reflection Coefficient

(dB)
Simulation 3.57 and 5.013 -12.4 and -13.7
Experimentation 3.43 and 4.9 -88 and -9.1

As mentioned before in order to reduce the fabnoatost, a thin substrate was chosen and
therefore the bandwidth of the antenna was sigmfiy decreased. By choosing substrates with
the thickness of 0.76cm, wide bandwidth behavioulddbe guaranteed.

Other antenna characteristics, such as mutual icguplere measured in University of Kansas
anechoic chamber.
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Radiation patterns of the single antenna at 3.4R@ @& two planes are presented in Figure 78 a
and 79 a.

Figure 80 a and figure 81a shows radiation pattéa single u sot patch at 4.965GHz.

It is evident that the simulated radiation patterasult and measured ones are in good agreement
with each other.

F=3.429 GHz

Radiation Pattern (phi =90)

a

270

Power (dBm)

Max: 5, Min: -25, scale: 5/div o
Angle (°) 180

a b

Radiation Pattern (phi= 0)

[}

10 mTR’\J{

Power (dBm)

Max: 5, Min: -25, scale: 5/div Angle (°)
a b

Figure 77 . Radiation patterns of the single U-phitch at plane of phi= 0 at 3.429 GHz. a) Measuog Simulated
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F=4.965GHz

Total

Radiation Pattern (phi=0)

C
~—
[
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. ([T
= 9 38 ':{.1“%
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N7

180
Max: 5, Min: -30, scale: 5/div Angle (°)

a b

Figure 78. Radiation patterns of the single U-plitch at plane of phi= 0 at 4.965GHz. a) Measaratlb) Simulated

Radiation Pattern{phi=80)

Power (dB| )

Max: 2 Min: -16, scale: 3/div Angle (0)

a b

Figure 79. Radiation patterns of the single U-phitch at plane of phi=9 0 at 4.965GHz . a) Measaret.b)
Simulated

One interesting observation from these radiatidtepa measurements is of the polarization of the
antenna at different frequencies. From Figure 82 &® the antenna has vertical polarization at
higher frequency (4.965 GHz) and horizontal poktian at lower frequency, 3.429 GHz.in Figure
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82 at 210 degrees there is a peak for the ventickrization measurements that is due to the
antenna holding structure inside the chamber.

Horizontal Vertical

Power (dBm)
Power (dBm)

Angle (°) Angle (°)
a b

Figure 80.antenna polarization at 3.49 GHz

Antenna polarization is horizontal in lower resanequency.

Horizontal Vertical
0
30 330
60 300
E 3
g 2
§ _ 90 270
4 4
120 240
150 210
180
Angle (°) Angle (°)
a b

Figure 81 Antenna polarization at 4.9 GHz.

At higher resonant frequencies the polarizatidmoigzontal.
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5.2 Mutual coupling Measurements

All measured results of mutual coupling of the dedor different configurations are presented in
Figure 84. In the case of Figure 84 the edge-tealigtance between two antennas is about the
half wavelength at the lower resonant frequency.

By changing the array configuration from three darf the configuration with highest and lowest
mutual coupling respectively, mutual coupling icm@ased from -17 dB to about -48 dB at 3.4
GHz.

Measured mutual coupling for different configurations for antenna spacing of d=half wavelength

-10 | | | |
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: : : : : data3
1 - R o T T PP R CRCETETTEFEEFEERE e R datad H
4 : datab
) data?
Ty || . R - e s T ECRCDEETELFEEPEEER ey PR EE PP PP EE P PR P P datad [
; H ] datal
| | e | : b
B SCRRRTRRIRRRRLL S A4 AW ENL VI < S W o <R A TG AL ISR N ALY S AT Sy
& : ; ' h
=
o~
i H H H
T ST AT | O P B Rt R R R L R ey A L
B0 ot e G e -
T —— — I IS S — 4
80 | | | | |
35 4 445 =1 2.5 53
Freguency (Hz) v

Figure 82 .Measured S21 for different configuragiéor antenna spacing of d=44mm

The S12 measurements for lower spacing betweenraadere represented in Fig 85 and 87.
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Measured Mutual Coupling

-20 ‘

m— 512 (configuration 1)
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- - S12(configuration 5) H
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(¢

n 8)

45
Frequency (GHz)

Figure 83 .Measured S21 for different configuragiéor antenna spacing of d=22mm

While figure 85 represents the mutual couplingthaentire frequency range, Figure 86 gives a
better view of mutual coupling in smaller rangdrefjuency which enclosed lower resonance

frequency.

Measured Mutual Coupling (d=wavelength/4)

20 |

S12 (dB)

T
—&— data‘
data2
=—8— data3
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—fr— datat &
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60 '

Frequency

345

9
x10

Figure 84 .Measured,Sfor different configurations for antenna spacirigle22mmin shorter range of frequencies.
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Measured Mutual Coupling

$12 (configuration 1)
S12(configuration 2)
S12(configuration 3)
S12(configuration 4)
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s1 6}
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S12(configuration 8)

35 4 15 5 B3
Frequency (GHz) 10

Figure 85 .Measured S21 for different configurasiéor antenna spacing of d=0mm

Measured Mutual Coupling (d=0mm)
I

P | | | | |
33 3.35 34 345 35 355

Frequency . 109

Figure 86 .Measured S21 for different configuragiéor antenna spacing of d=0mmin smaller rangeeagfifencies.
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5.3 MIMO capacity

In order to observe the effect of mutual couplimg\dMO, measured and simulated mutual

couplingamountsused to calculate MIMO capacity in MATLAB .Thelaalation procedure is
presented in chapter 4.

WMD) capacity based on Measurements
T T
configuration 2
configuration 3
configuration 4
configuration 5
configuration B
configuration 7
07 conﬂguration 8
configuration 1

0.9

0.5

cdf (hits/s/Hz)

Clbits/siHz)

Figure 87 .Measured cumulative distribution funatfor MIMO capacity for eight proposed array configtions in
the case of d&2

Table 7. Average MIMO capacity based on measuetbBeach configuration

configuration 1 2 3 4 5 6 7 8
Average_Capacity | 11.1989 | 12.1662 | 10.5007 | 13.6920 | 12.0821 | 12.5501 | 15.2848 | 12.7501

Based on measurements and simulations, confignsatidich have higher channel capacities are

configuration 4, 8, and 6. These are the configomatthat previously have been proven to have
the lowest mutual couplings.
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Simulated MIMO capacity (d=half wavelength)

configuration 1
configuration 2
configuration 3
configuration 4
configuration 5
configuration B
configuration 7
————— configuration 8

cdf (hits/s/Hz)

2 4 6 ] 10 12 14 16 18
C (hits /s MHz)

Figure 88.Simulated cumulated distribution function for MIM&pacity for 8 proposed array configurations i ¢hse
of d=n/2
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5.3 MIMO Radar Range —Angle Ambiguity

Before the invention of MIMO radars, a single waref was transmitted from all the elements in
the array. Even in the case that the mutual cogggtween antenna elements had bad effects on
receive mode processing. In the case of MIMO rasaere different waveforms are emitted,
mutual coupling should be considered both on iteixe and the transmit side [24].

It is shown in [24] that mutual coupling betweerteeima elements in MIMO radar can cause
mismatch loss. So having an array with low mutwalpding could be very useful. In order to see

the effect of having different array configurations radar system sensitivity, two random

baseband codes have been generated and transnmttedder to show that the true received

waveform deviates from the ideal transmitted waxrafon presecse of mutual coupling The range
—angle ambiguity function of the system with thdégerent antenna array configurations has been
calculated

Range-Angle Ambiguity via Three Code Data

80

-20

Range (Code Length)

Angle (Degree)

Figure 89.Range-Angle ambiguity function for array configtima 3

The range-angle ambiguity in Figure 91-92-93 illasts the resulting distortion in terms of
mismatch loss and degradation of angular resolution
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Figure 91, which shows the ambiguity function oflaawith antenna array in configuration 3,
represents higher mismatch loss than the otheigroations that are shown in Figures 92 and 93.
This could be due to high mutual coupling betwester@na elements in configuration 3.

Range-Angle Ambiguity via Three Code Data

Range [{Code Length) Angle (Dagree)

Figure 90.Range-Angle ambiguity function for array configtiva 2

Range-Angle Ambiguity via Two Code Data for configuration 4

80

&0

=20

a0

Range (Code Langt) i Angle (Degree)

Figure 91.Range-Angle ambiguity function for array configtioa 4
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For the ideal case, we are expecting to see thie fpeaange equals to zero, which is due to the
auto correlation of codes with themselves . It seeonfiguration 2 has better ambiguity plot. It is
surprising, since mutual coupling in configurat@rs more than configuration4.

This could be due to constructive/destructive cammg of waveforms in far field of antennas.

dB{GainTotal)
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4. 4353e+068
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=5, 9983 +888
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-1.8161e+881
-1, 2246e+8E1
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-1. B416e+BE1
-1, 8581e+B81
-2, A5d6e+EE1
-2, 267 1e+BB1
-2, 4756e+BE1
-2, BEYZe+B0l

Figure 92.Radiation pattern of array with configuration2
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Figure 93.Radiation pattern of array with configuration4
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5.4 Three Elements Array

Since in reality arrays may have more than two el@s) mutual coupling between three elements
have been measured in four different array conéitgons.

L "Tf J\ \Ir'f J \ \[ i \( J

i o= ¥ i = 4

Figure 94 .Four different three element array configurations

Figure 97 shows measureg $r above four configurations. It is obvious tiat lower resonance
frequency configuration 4-4 has the lowest mutuaipting between element 1 and 2.There is
about 33 dB different between configuration 2-2 drtlat 3.42 GHz.
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Three Elements 512 measurments{d=wavelengrth/)

512(dB)

70
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Figure 95.S;, measurements for four different configurations

As we expected all configurations shows very lowtumau coupling between the first and third
elements .This is because these two elementsragadagh from each other compared to elements

one and two or elements two and three.

Three elernents 513 Measurments (d=wavelength/S)
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Figure 96.S;3 measurements for four different configurations
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Figure 97.5,3 measurements for four different configurations
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Chapter 6
Conclusion and Future work

A simple but highly effective technique is propogedreduce mutual coupling between antenna
elements. Despite other techniques, in this metmadnna structure remains unchanged and this
leads to easier and more cost efficient fabrication

In this thesis we investigated the behavior of at-glatch antenna. It seems they are suitable
choices to be used in MIMO applications. It wasnped out that different array configurations
could have different amount of mutual coupling betw elements. Eight different array
configurations for two U-slot antennas have beearsictered.

Generally configurations 6, 8 and 4 are the comégans with the low mutual coupling. It has
been shown that having low mutual coupling increatbee MIMO capacity in Communication
systems. And therefore a reconfigured antenna armraylIMO applications to get the lowest
possible mutual coupling seems to be desirable.

Three U-slot antennas were fabricated, and mutaaplong was measured in different array
configurations for an antenna array of two anddhekements. In order to investigate the effect of
mutual coupling on MIMO radar systems, the radabigoity function was been calculated for

three different configurations. It is believed trdtoosing an antenna array configuration that
shows lower mutual coupling between antennas h#erbeadar performance. Simulation and
experiment both confirm the possibility of gettitgv mutual coupling in an antenna arras by
using the best array configuration and without ¢fvag the antenna element’s structure. It was
also proven that this enhances the performance IMOMsystems in both communication and

radar applications.
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