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ABSTRACT

Today, every wireless communication device is required to have a high date rate, high
channel capacity, high bandwidth, good quality of service, and more reliability along with
low power consumption. The demand can be fulfilled by the Multiple-Input Multiple-
Output (MIMO) system along with the Ultra-Wideband Technology (UWB). To handle the
multipath fading problem, it is necessary to involve multiple antennas on the receiver as
well as transmitter side. Designing multiple antennas is not a big task but the real challenge
lies with the proper positioning of the antennas in a limited space. Not only this but also
implementation of fewer powerful techniques like polarization, space, or pattern diversity
could be the possible solution to resolve the fading issue significantly. Though all these
techniques play a vital role in the MIMO design is a concern but still there is some issue
with the mutual coupling which arises by placing multiple antennas in a limited space. As a

consequence of that, it affects the overall performance of the antenna.

The main focus of this research is to design and develop a miniature MIMO antenna
with very good isolation. The initial design of this work witnesses two radiating elements
placed on the upper side of the substrate whereas the other two identical radiators are housed
just opposite it along with a decoupling structure to improve the isolation. In the very next
step, the design has been modified where all four antennas are placed on the top side of the
substrate in an orthogonal fashion which provides better isolation than the previous one
without using any decoupling structure. The main objective of making an orthogonal
arrangement is to improve polarization diversity. Later on, the above design is further
modified where all four radiating elements are placed in a parallel fashion without
orthogonality. In addition to that, we include an L- shaped stub and Complementary Split-
Ring Resonator (CSRR) on the ground plane between antenna elements. By doing so, it is
observed that the direction of surface current is diverted which leads to a reduction in the

amount of mutual coupling.

In the final step, the CSRR structure on the ground plane is replaced by

the modified minkowski fractal geometry for better isolation. To get dual-band notch

iv



characteristics, we have added one C- and L- shaped slot on the radiating element. For all
individual designs, simulation has been carried out through the HFSS simulator. The
simulation results helped in developing the required prototype with a suitable dimension.
Finally, we have conducted the measurement process through a vector network analyzer
(VNA) to make a comparison between the simulated and fabricated prototypes. From the
comparison, it is estimated that there is not much deviation between simulated and measured
ones. The radiation characteristics are also measured inside an anechoic chamber to get the
complete performance of the proposed design. In conclusion, it can be stated that a good
amount of matching is found to justify the work. Based on the result it can be expected that

the design will be best suitable for the MIMO applications.
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Chapter 1

Introduction

1.1 Introduction

There is a significant growth in the field of wireless communication technology in the last
few decades which is directly reflected in our daily life. The antenna is the backbone for
this and without it, wireless technology never reached this stage. The standard definition
of an antenna as per IEEE standard is “a means for radiating or receiving radio waves” [1].
It acts like a transducer that converts electrical energy to electromagnetic waves or vice
versa. Nowadays, wireless communication has numerous applications like Wireless
Fidelity (Wi-Fi), Worldwide Interoperability for Microwave Access (WiMAX), Bluetooth,
Global Positioning System (GPS), remote sensing, mobile communication, wireless power
transfer, satellite communication, security system, Wireless Local Area Network (WLAN),
and High Definition Television (HDTV), etc. All these devices have a requirement of light
weight, low cost, high data rates, high channel capacity, less interference, and compact

size.

1.2 Ultra Wide Band Technology

The Ultra-Wideband Technology (UWB) fulfilled the demand for high data rates and is
quite suitable for short-distance communication. Early days, people used to call it ‘pulse
radio’. In the year 2002, Federal Communication Commission (FCC) allocated the
unlicensed frequency band for the UWB system as 3.1- 10.6 GHz [2]. Today’s demand for
this technology has mostly revolutionized wireless communication systems. There are
several advantages of the UWB system like very large bandwidth because it transmitted a
narrow pulse in the time domain, low power spectrum, and very high data rates (> 100
Mbps). According to the Shannon Hartley theorem, the channel capacity of a single antenna

system directly depends on the signal-to-noise ratio and channel bandwidth [3].

C =B log,(1+5) (1.1)
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Where ‘B’ denotes the bandwidth of the channel in Hz, ‘S’ indicates the signal power in
watts, ‘N’ illustrates noise power in watts and ‘C’ defines the term called channel capacity
in bits/s/Hz. The channel capacity of the single antenna system directly depends upon the
bandwidth of the channel which leads to an increase in the transmitted power and thereby
increases the SNR. On the other hand, it cannot exceed a certain limit which tends to
increase the noise. The Effective Isotropic Radiated Power (EIRP) is another important
parameter for the UWB system and it is defined as the maximum amount of power released
from the antenna. As per FCC regulation, for the effective performance of the UWB
system, the maximum value of EIRP is limited to —41.3 dBm / MHz. Figure 1.1, shows the
comparison of the power spectral density of the UWB system with all other radio
communication systems. The data rate of the UWB system has high for short-distance

communication preferably for indoor applications but low for mid-range frequency.

Eluetooth, WLANSD2.11
A cordless phones,
Microwave Ovens

cps PCS

WLAN IEEE 802.11a
x.»-"

Power Spectral Density

-41.3 dBm/MHz

Moise Floor

1.6 1.9 24 31 5.0 10.6

Frequency (GHz)

Figure 1.1 Comparison of power spectral density of UWB system with other radio

systems [2]



1.3 Introduction to MIMO System

In a single antenna system, multipath fading and co-channel interference are common
issues. This can be reduced by associating MIMO technology, because of placing multiple
numbers of antenna elements on the transmitter and receiver sides as depicted in Figure
1.2. The data rates, channel capacity, and coverage area are very well enhanced, just by
adding the MIMO system. The good thing about MIMO is that it can provide all said points
without any additional increment in power and frequency spectrum. Depending upon the
arrangement of an antenna on the transmitter and receiver side, usually, there are four types
of configuration possible as illustrated in Figure 1.3. In the conventional radio
communication system, a single antenna is present on both transmitter and receiver sides
which is commonly known as the Single Input Single Output (SISO) configuration. This
configuration is very simple and does not require any additional processing. But SISO
system has more chances of receiving interference and fading with the limited amount of
bandwidth. In MISO configuration, multiple antennas are placed on the transmitter side
and a single antenna on the receiver side. In this configuration, the same data is transmitted
from multiple antennas and the receiver will receive the optimum signal thereafter it would

extract the required data.

V57
| Antenmal hy v" |Antennal
hy;

V-—_bn \Vi
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L] v L ]
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Antenna o | P > Antenna
Ne vy Nz
Channel

Figure 1.2 General outline of the multiple input multiple output system[4]



In the MISO system, redundancy coding or processing is done on the transmitter side
instead of the receiver side. As in the case of cellphone users, the lesser amount of
processing on the receiver side is noticed which decreases the size and cost, and no
additional circuitry is required for redundancy coding. Apart from that, the battery life is
also improved due to low power consumption. There are single transmitting antennas and
multiple receiving antennas present in the SIMO type antenna configuration. This
configuration is also called receiver diversity which means, it will receive the signal from
different sources and combat the effect of fading. This configuration is relatively easy to
use in many applications but more processing is required on the receiver side which
degraded the performance of battery life in the case of a mobile user. The MIMO antenna

is the combination of all three configurations.

SISO . MISO
B
: S11 ;D—\l
Xl_q ........................ > D_Yll
D11 : X2_< Sti2
____________________ - SO, < AR
SIMO

Figure 1.3 Different types of antenna configuration [5]

The channel response for the MIMO system can be evaluated by equation 1.2 with Ny

number of a transmitter antenna and N the number of receiver antennas.

Y=HX +n (1.2)



Where the received and the transmitted signal vector are represented by Y and X
respectively, n denotes the Additive White Gaussian Noise (AWGN) vector and H
illustrates the channel matrix representing the coefficient between i transmitting antenna

j"" receiving antenna. The received signal can be expressed in terms of vector as:

V1 [ h’ll hlZ ...... thT ] X1 nq
[ yz ] | h’21 h22 LR hZNT | x2 ] n2 l

B e e | -+ . (1.3)
L]NRJ [hNRl Angz oo hNRNTJ LCNTJ [nNR

The theoretical channel capacity for the MIMO system can be evaluated from equation 1.2.
It can be seen that channel capacity is linearly dependent upon the number of antenna

elements and bandwidth.
C = NpNgBlog,[det(ly, + NTLU H.H")] (1.4)

Where H represents the channel matrix, H H denotes the hermitian transpose of the channel
matrix, Iy, indicates identity matrix, P denoted total transmitted power in watts, on’
represents noise power in watts, N and Ny represent transmitting and receiving antenna

respectively.

MIMO
Linear

T

£

& SIMO/SISO/MISO
Té Logarithm

=

(]

Number of Antenna

Figure 1.4 Comparision of channel capacity of MIMO vs SIMO/MISO[6]



Figure 1.4 represents the comparison of the channel capacity of the SISO/ SIMO/ MISO
and MIMO systems. It can be seen that in SISO / SIMO/ MISO system channel capacity is
logarithmically dependent on SNR but in the MIMO system, it is linearly dependent on the
number of antenna elements on the transmitter and receiver side. Numerous techniques
have been implemented in multiple antenna systems for improving the performance of

wireless links either reducing multipath by forming diversity or using spatial multiplexing.

1.3.1 Spatial Diversity

In the spatial diversity technique, multiple antennas are used for improving reliability and
quality of service. It is very difficult for getting a LOS (Line of Sight) path in a densely
populated area. The basic principle of this technique is if some signal gets faded still some
signals have a LOS path and receive a clear signal because of several antennas placed on
the transmitter and receiver side as depicted in Figure 1.5. In this technique, reliability has
improved by sending multiple copies of data from the transmitting antenna and making full

use of various received versions of data.
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Figure 1.5 Spatial Diversity [7]



1.3.2 Spatial Multiplexing

In this technique, the entire data stream is divided or demultiplexed into several data
segments and transmitted independently through different multiple antennas as depicted in
Figure 1.6. This technique uses multiple antennas which increases data rates without
increasing bandwidth and transmission power. On the receiver side, each antenna receives
a combination of all individual data segments, and after that data are separated by an

interference cancellation algorithm.

__V
l\ ] =
==\ B i,
/ Iy \ }V
/ Signal
- Separator
- M
\5 =
Transmission
Channel

Figure 1.6 Spatial Multiplexing [4]

1.3.3 Adaptive Antenna Systems

In this technique, multiple antennas are placed on both the transmitter and receiver sides
for better transmission over the channel. The beamforming technique is used in an
Adaptive Antenna System (AAS) as illustrated in Figure 1.7. It mainly focuses on the
specific device at the receiver rather than on all other devices and it increases the coverage
area for the transmitter by reducing interference. Because of this technique system becomes
faster, more reliable, and delivers a high-quality signal to the receiver without any increase
in broadcast power. The main objective of this technique is to improve SNR by mixing the

energy from each transmitter and directing it to the receiver without any increment in data



rate. If the position of the transmitter antenna is known then the receiver antenna increases

the level of signal power by forming a directional pattern in the direction of the transmitter.

_ Interferer

@

Figure 1.7 Adaptive Antenna System [6]
1.4 MIMO Diversity Parameters
In this section, describes the various diversity parameter that decides the effective
performance of the MIMO antenna.
1.4.1 Envelope Correlation Coefficient (ECC)
In the MIMO system, the capacity in a multipath environment depends upon the number
of the antenna element. If we try to fix more antennas in close proximity then there is every
possibility to increase the coupling which may degrade the antenna efficiency as well as
channel capacity. If more antennas are placed in closed proximity then very high chances
of coupling occur between antenna elements which will decrease the capacity of the MIMO
antenna system and antenna efficiency. There are three ways to calculate the ECC

parameter [8].

Method for ECC
Calculation
Far field radiation g ; S-parameter and
pattern “paramets radiation efficiency




Method-1: From far-field radiation pattern

The ECC value can be evaluated using far-field [9]. During the measurement of ECC, one
port of the antenna is excited, and remaining all other ports are terminated with a load
impedance of 50 ohms. This method uses both the elevation and azimuthal radiation field

pattern for calculating the ECC value between it" and j** elements.

| [l [Ei (0.00,6) Ej (8,4.01d0?
[ Es(e.0.012d0 |11, Ej(6,0.0] de |

pe(i,j) = (1.5)

Where E; and E; denote the magnitude of the electric radiated field of i*" and j** antenna,
Q represents the solid angle, ¢ and 0 illustrate the azimuthal and the elevation angle for the
spherical coordinate respectively. The ECC calculation from this method is very tedious in
terms of calculation, measurement, time-consuming, and more expensive but this method
is more accurate and exact. In this method, an anechoic chamber is used to extract the

parameters.

Method-2: From the scattering parameter

There is another simplest, easy and fast way to evaluate ECC value directly from the S-
parameter value. The scattering parameters are extracted from each port with the help of
VNA. The envelope correlation coefficient between the it and j™ element for the N number
of the antenna element is evaluated as follows [10].

| =157 jSn,jI?
Hk=i.j [1_Z¥=1 S;cc,ns‘n,k]

pe(i,j,N) = (1.6)

Method-3: S- parameter and radiation efficiency
This method is suitable for the correct measurement of a lossy antenna system. It is a very
complex method and not suitable for pattern shape and tilt beam for ECC calculation. This

method for ECC calculation requires the radiation efficiency of each radiating element and



is reliable for high efficiency. The ECC value for the N-port MIMO antenna is calculated

as follows [11],

N *
Zn:l Snisnj

(1—211\1,:1|5ni|2)(1_zg=1|5nj |2)77rad,i77rad,j

1 1
+ 1 1
\/(nrad,i )("rad,i )

Where 1,44, and 1,44, are radiation efficiency for i"and j™ elements.

.7

Pe (i, ), N) =J

1.4.2 Diversity Gain
The diversity of the whole communication system is decided by the diversity gained. This
is achieved when the transmitter and the receiver, transmit or receive multiple signals
simultaneously in a multiple channel path. The ideal theoretical value for an uncorrelated
antenna is —10 dB. The higher is the value of diversity gain better is the performance of the
MIMO system. The gain enhancement for the MIMO system in a combined signal over
time average SNR is described by this parameter. The diversity gain is evaluated as follows
[12].

DG =10./1 — |p.|? (1.8)

1.4.3 Mean Effective Gain
This is a relative term that is compared by an isotropic antenna. In actual practice, this term
explains the ratio of the amount of power received by the test antenna with reference to an

isotropic antenna put in the same environment [13].

G, === (1.9)

Pref

For the MIMO system, MEG can be evaluated as follows [14],

1
1+XPR

MEG = f(,z” Iy € % Go (6,9) Py (6,¢) + Gy (6,9) Py (6,¢)}sin6 do dop

(1.10)
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Where Gg (0, ¢) represents the 6 component of antenna power gain, Gy (9, ¢) indicates the
¢ component of antenna power gain, Py (0, ¢) represents the 6 component of an angular
density function, Py (0, ¢) illustrates the ¢ component of the angular density function and
XPR denotes the cross-polarization coupling.

XPR (cross — polarization coupling) = i—: (1.11)
Where P; and P are the mean received power of vertically and horizontally polarized
isotropic antenna respectively. There is another easier way to evaluate the parameter MEG
that is by the knowledge of the scattering parameter [15].

MEG; = 0.5[1 — X)_, 1S;;1?] (1.12)

For effective performance of MIMO antenna, the mean effective gain for each antenna
element should be less than — 3 dB and the magnitude of the difference of mean effective

gain between two elements should be less than 3 dB.

1.4.4 Channel Capacity Loss (CCL)

The maximum reliable data transmission over the transmission channel can be estimated
by this parameter. For effective performance of the MIMO antenna, the practical accepted
limit should be lower than 0.4 bits/s/Hz through the entire frequency band. It can be
evaluated as follows [16].

Cross = —logzdet(tpR) (1.13)

Where PR represents the correlation matrix for receiving antenna. For the N port MIMO

system, it can be computed as follows.

¢11 ¢12 . . lplN
[¢21 ¢22 . . ¢2Nl
PR =131 P32 . . . (1.14)
[wu Yo - . J
¢N1 ¢N2 . . leN
Yo =1 — Z;}nzl |Snm |2 (1.15)
Ynm = —(SanSnm + SmnSnm) (1.16)
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1.4.5 Total Active Reflection Coefficient (TARC)

For a single antenna element, the reflection coefficient ( |S;1]) is sufficient to analyze the
performance of the antenna. But for the MIMO system, TARC is a very essential parameter
to measure radiation characteristics and bandwidth for different polarization operations. It

can be calculated as [17].

available power—radiated power P,—P
rg=J P P =\/u (1.17)

available power Py

TARC is a real number and its value normally ranges between zero and one. If all the
delivered power is radiated by the antenna element then it will be zero and one, if
completely reflected. TARC is generally expressed on a decibel scale. The practical
accepted value for effective performance is less than — 10 dB through the entire operating
band. For the N-port MIMO system, if the i"" port of the antenna is excited and the
remaining ports are at matched loads, then TARC can be directly calculated from the

scattering matrix by equation 1.18.

= w/l —Pn' = ?’=1|Sij|2 i:]., 2,N (118)

In another way, it can be expressed as [17].

fZIiV= |bi|?
re =32 (1.19)

a N
/Zi=1 la;|?
Where b; indicates the reflected power and a; denotes the incident power. The scattering

matrix for the N x N MIMO antenna can be as follows.

by S11 Sz - - Sin][A

|[b2]| |[521 Sy - - SZN]H[QZ]I

| . I:l . . “ ‘ (1.20)
LJNJ Swi S{vz . Swn
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If the magnitude of the reflected signal is assumed to be unity but the phase is varying at a
different angle. The TARC for the N-port MIMO antenna can be evaluated at different
phase angles by [18],

i . 2 , . 2
|511+5126191+ ....... +51N619N_1| +|521+5226191+.... +52N619N_1| +

+|Sn1+Sn2€ 01+ ..+ Syye’ON-1]2

t —
re = =

(1.21)

1.5 Isolation Enhancement Techniques

In the MMO system, multiple antennas are placed in a smaller area, so the chances of
mutual coupling are very high. The overall antenna performance affects due to an increase
in mutual coupling. In order to notify that there are several techniques used which lead to
enhance the isolation like antenna orientation, defected ground structure, parasitic element,

electromagnetic bandgap structure or material.

1.5.1 Antenna Placement and Orientation

The chances of mutual coupling are very high if the distance between antenna elements is
less than ’1/4 . So placing multiple antennas in the proper position is very essential for
designing the MIMO system. Mutual coupling can be reduced by placing antenna elements
near the corner on the top surface or they can be placed on both sides of the substrate. It

can also be enhanced by the positioning of multiple antennas orthogonal which increases
the polarization diversity.

1.5.2 Defected Ground Structure (DGS)
This is another technique to reduce the mutual coupling by etching slots or stubs or creating
defects on the ground plane. It stops the flow of current to other radiating elements and acts

as a stop-band filter. There are several parameters of the MIMO system along with
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bandwidth, gain, and cross-polarization which are improved due to the DGS structure.

Some of the DGS structures are listed in Figure 1.8.

(@) (b) (© (d)

(e) ()
Figure 1.8 Various shapes of DGS (a) H-shaped slots (b) arrowhead slots (c) I-shaped
slot (d) Inverted L-shaped stub (e) pair of slits (f) tree-shaped DGS

1.5.3 Electromagnetic Band Gap Structure (EBG)

Itis a periodic or non-periodic artificial structure that is made up of various shapes such as
mushroom, fork, S-shape, SRS shape or it may be 1-dimensional or 2-dimensional as
illustrated below in Figure 1.9. The mutual coupling is improved by placing the EBG
structure between the radiating elements. It acts like an LC filter to prevent the
electromagnetic wave to travel from one element to another element. The capacitance is
due to gap and inductance due to current flow along with adjacent cells. The EBG structure

is also used for the miniaturization of the antenna.

Ant. #2 Il Ant. #1 TT T

Ground p{ane B
(a) (b)
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Figure 1.9 various shapes of EBG structure (a) 1-D EBG [19], (b) 2-D mushroom
shaped EBG [20], (c) S-shape EBG [21], (d) fork shape EBG [22], (e) Split ring slot
(SRS)- EBG [23]
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1.5.4 Neutralization Line
The isolation can also be enhanced by a neutralization line which is placed on the same

side of the radiator between antenna elements.

neutralization line
(0.3 mm cgnul. wicith)

system ground plane of R s g 1 SRS PR X . 2 " 5
a wireless USB dongle —» <13
(printed on a 1 mm thick o=
FR4 substrate) ‘I co T -1
M, Ry=2.5
1 | > |
>
Port 1 R;=4.5 Port 2
(@) (b)

Figure 1.10 (a) Thin neutralization line between two monopole antenna [24] (b)
Wideband neutralization line between two circular monopole antenna [25].
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The neutralization line takes the current from one antenna element then it is phase reversed
by 180 degrees by selecting a proper length of the neutralization line. This reverse current
is fed to the nearest antenna element and decreases the amount of coupling current. But in
this technique, it is very difficult to find the exact location at which the current is being

reversed. Figure 1.10, represents the example of a neutralization line structure.

1.5.5 Parasitic or slot Elements

In this technique, the parasitic element is not directly connected with the antenna element.
It creates the opposite of coupled field and suppresses the mutual coupling current to other
elements. Figure 1.11 (i) shows the two antenna element in which current I, flow in the
first antenna element and due to mutual coupling al, amount of current flow in the second
antenna element. But after inserting the parasitic element between two antenna elements in
Figure 1.11(ii), the additional mutual coupling current opposes the previous one due to the
first element linked to the second antenna element. The overall effect of mutual coupling

is reduced by inserting the parasitic element.

Parasitic Elements

. n
| |
. ! |

Element 1 Element 2 Element | : I Element 2
I
| (
| |

lo alo Iy bl ale b’In

(a) (b)

Figure 1.11 (a) Antenna arrangement without parasitic element (b) With parasitic
element [26]

There are various shapes used for a parasitic element that is presented in Figures 1.12.

16



(a) (b) (©) (d) (€)

Figure 1.12 various shapes parasitic element (a) Metal Strip (b) T-shaped (c) Square
shape (d) F-shaped (e) U-shape

1.5.6 Metamaterial Structure

A metamaterial is an electrically small size artificial structure whose permittivity and
permeability possess negative value. This structure blocks the current flowing from one
element to another which enhances the isolation. There are various shapes of metamaterial
structures available like meander-shaped, square, and circular split ring resonators or

metamaterial absorbers as shown in Figure 1.13.

G OE ]

(@) (b)

Figure 1.13 various shapes of metamaterial structure (a) meander type (b) CSRR
(c) Circular SRR (d) metamaterial absorber

1.6 Miniaturization Techniques

Miniaturization can be achieved either by placing multiple antennas very close to each
other or reducing the size of radiating elements or sometimes antennas are placed in an
orthogonal fashion. The miniaturization techniques change the physical and electrical

properties of the antenna.
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1.6.1 Antennas based on Space-Filling Curves

The basic idea to minimize the size of the antenna is either to increase the dimension or the
space by inserting additional elements into the existing antenna element. There are two
types of antenna incorporated in terms of meander antenna and fractal antenna. In the
meander line antenna, folding a long straight line to a very small length is shown in Figure
1.14 (a). Due to the low cost and compactness of the meander line antenna, it is mostly
preferred in Radio Frequency ldentification Detection (RFID) applications. The antenna
gain in the case of the meander line is not much high because of 180° phase difference in
both sides' arms which cancels the far-field radiation in the respective arm. In fractal
antenna, they provide radiation pattern and impedance same as a larger antenna with the
very less occupied area. There are various shapes of structures like trees, snowflakes,
coastlines, or ferns. The Koch dipole antenna is shown in Figure 1.14 (b) in which the start
and the end position are the same as the ordinary dipole antenna which provides a larger
length with a lower resonant frequency. It miniaturized the antenna size and was sensitive
to both vertically and horizontally radio waves. This type of antenna is generally used

inside radio telephone headsets.

- |teration: 0

(@) (b)

Figure 1.14 (a) Meander line dipole antenna (b) Koch fractal monopole [27]



1.6.2 Material Loading

There is an inverse relationship between relative permittivity with the length and the width
of the antenna element. The Higher is the value of permittivity, the smaller is the size of
the antenna. In this technique by increasing the substrate value, surface wave excitation
and dielectric loss within the substrate material increases which leads to a decrease in the
bandwidth and radiation efficiency of the antenna. The various high value of dielectric
constant like Rogers 3210 (er= 10.2), ceramic alumina (& = 9.4) and barium-titanate (er =

37) etc. is used for miniaturization of antenna.
1.6.3 Antenna Reshaping and Introducing Slot on Radiator

The antenna size can be reduced either by etching the slot on a radiator or by changing the
shape of the radiating element. It can be reduced by around 40-75 % by inserting a slot on
radiating element. But by this technique, the low radiation efficiency is achieved. At the

same time, it provides wider bandwidth using the slot.

1.6.4 Defects on Ground or Introducing Slots on Ground

The return current path changes due to adding slots whose size is comparable to A on the
ground plane. The portion of current converts into the displacement current due to
introducing a slot on the ground plane and radiating current from one edge to another edge

as shown in Figure 1.15 (a).
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(a) (b)
Figure 1.15 (a) Defects on the ground plane (b) Equivalent circuit model [28]
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The behavior of adding slots on the ground plane is modeled as a parallel combination of
the R, L, and C components. The resistance, capacitance, and inductance are due to
radiation, displace current and extra path respectively. The main drawback of this
technique is that signal generated from the slot on the ground plane is coupled with other
elements. The phase of current changes due to combining these two phenomena which
slow the flow of current.

1.6.5 Shorting and Folding

The size of the antenna can also be reduced by folding and connecting pins between the
radiating patch and the ground plane because it makes the antenna electrically small. In the
case of a half wavelength rectangular microstrip patch antenna, the electric field is
maximum at the edge of the radiating patch and zero in the middle of the edge. After
placing an electrical wall in the middle of the edge and removing other edges then it
becomes a quarter-wave patch antenna that resonates at the same frequency as a half-wave
patch antenna. It is very difficult for placing the conducting sheets between the radiating
patch and the ground plane for practical implementation of quarter-wave. This can be
resolved by adding an array of pins between the ground plane and radiating patch as
illustrated in Figure 1.16.

whorting pin

Figure 1.16 Quarter wavelength MPA using shorting pin [29]

1.7 Research Motivation

Today everyone demands high data rates, large bandwidth, low cost with low power
consumption, and the size of every wireless device becoming small, so the antenna placed

inside these devices also needs to be compact. Over the last few years, UWB technology
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has greatly enhanced the high frequency of operation and data rates with low power spectral
density. But this technology is suitable for short-distance communication and has a very
high chance of multipath fading occurring. So for achieving high diversity and high
channel capacity UWB technology is employed with MIMO technology. However, there
are certain challenges to placing multiple antennas in a small area because it will increase
mutual coupling. The main target of this thesis is to design and developed a miniature

MIMO antenna with wide bandwidth and high isolation for UWB applications.

1.8 Objectives and outcomes
The objectives of my research work are as follows.
1. To design and analyze of Ultra Wide Band antenna.
2. To design and performance analysis of novel and compact Ultra Wide Band
Multiple-Input Multiple-Output antenna.
3. To fabricate the prototype MIMO antenna.
4. To measure the S-parameter using a vector network analyzer (VNA) and radiation

pattern characteristics measured inside the anechoic chamber.

In our work, we have designed four different antennas by
incorporating different techniques. In all cases, we have completed both the simulation and
measurement process by developing the required prototypes. Though all the objectives are
achieved in one or two designs, significant improvements in all aspects which are important
for the MIMO system were not met. Therefore we tried to improve the required parameters
step by step from design -1 to design-4.

1.9 Thesis Organization

The thesis report has organized into the following chapters.
Chapter-1: This chapter provides a brief introduction to UWB and MIMO technology,

MIMO performance parameter, various techniques for isolation improvement and antenna

miniaturization techniques, motivation of the research, and thesis organization presented.
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Chapter-2: The detailed literature survey on the UWB monopole and the MIMO antenna

for various applications is extensively discussed in this chapter.

Chapter-3: This chapter presents the MIMO antenna having two ports and four ports
respectively with microstrip fed. The isolation has been improved due to the orthogonal
arrangement of the antenna element and further for more isolation improvement, a

decoupling structure has been incorporated between the partially slotted ground planes.

Chapter-4: A compact quad-port MIMO antenna that is orthogonally placed on the top
surface of the substrate with a partial slotted ground plane is described in this chapter. The
mutual coupling has been reduced by placing antenna elements orthogonally without any
additional decoupling structure. At the end of this chapter, describes the effect of different

housing materials on the return loss and the isolation parameter.

Chapter-5: In this chapter, a miniature MIMO antenna having four-port with CSRR
structure placed on the ground is described. The isolation of the prototype antenna has been
improved by etching 4 L-shape strips and two rectangular CSRR unit cells on the ground
plane. This designed antenna is quite suitable for the various UWB portable devices.

Chapter-6: This chapter provides a dual notch band characteristics UWB MIMO antenna.
The specialty of this design finds the compactness and very high isolation, which is
achieved by etching the modified minkowski fractal structure and inverted L-shaped stub

made available with the partial ground plane.

Chapter-7: This chapter presents the summary of the research work and future scope.

1.10 Summary

This chapter provides a brief introduction to UWB technology and an introduction to the
MIMO antenna along with various isolation enhancement and miniaturization techniques.
It also gives the outlines of the motivation of research and thesis organization. In the next

chapter, the literature review will be carried out.
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Chapter-2

Literature Review

2.1 Introduction

Heinrich Hertz is the first person who invented an antenna for transmitting and receiving a
particular signal. But in elapse of time, there is continuous research made to improve the
structure for different applications. Nowadays we are more focused on antenna size which
leads to the development of 3-D antenna to planar antenna. Microstrip antenna is one of
the exciting evolution in this area. This antenna possesses lightweight, low cost, easy
integration with microwave monolithic integrated circuit, supports both linear and circular
polarization, good radiation control, and is moreover easy to fabricate. It is available in a
variety of shapes like rectangular, circular, square, and triangular. At the same time, narrow
bandwidth, lower gain, and lower radiation efficiency along with poor power handling
capability are the limitation of microstrip antenna. Over the last few years, many
researchers have used UWB technology to improve the bandwidth and other parameters of
microstrip antennas. But still, multipath fading and channel capacity are the big challenges
for today’s wireless communication devices. Further to resolve these issues the MIMO
design combined with the UWB technology. There is a lot of research still going on on the

MIMO antenna for the improvement of various diversity parameters.

2.2 Literature Review on UWB and MIMO Antenna

In January 2008, Abbosh and bialkowski [30] proposed a UWB monopole antenna which
was made of an intersection of either two circles or two ellipses. The designed model
provided an impedance bandwidth from 3.1-10.6 GHz and achieved an efficiency of more
than 90 %. This antenna possessed an omnidirectional radiation pattern. In March 2008,
Wu et al.[31] designed a rectangular monopole antenna and the feeding structure which is

made up of trident shaped combined with the tapered shaped structure. The proposed
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prototype has a miniature size of 30 mm x 8 mm and offered a bandwidth from 2.75-16.2
GHz. The experimental results show that the gain increases linearly from 2 to 4 dB in the
whole operating band. In the same year 2008, Cheng et al.[32], developed a UWB antenna
which was based on the planar inverted cone antenna (PICA) concept and integrated with
a two-layer PCB. The leaf-shaped metal structure radiator was used on the top and a larger
leaf-shaped slot on the bottom of the substrate. The antenna size was 60 mm x 60 mm,
which covered the impedance bandwidth from 2.2-30 GHz, and high radiation efficiency
from 80-90% was achieved in the whole frequency range. In May 2008, Kim et al.[33] ,
reported a 45 mm x 40 mm MIMO antenna having two-port and the operating bandwidth
lies between 2.3- 5.9 GHz. The proposed antenna consists of two identical elliptical shape
radiators placed at 45° and -45° to generate the orthogonal current which leads to enhancing
the isolation. Later on, in September 2008, Yang et al. [34], developed an SRR based UWB
antenna and coupled it with the microstrip line structure. The proposed prototype provided
a bandwidth from 3.6 to 14.6 GHz with a maximum gain of 9.8 dB. In October 2008,
Dastranj et al.[35], designed the antenna with a dimension of 45 mm % 40 mm with a wide
slot microstrip feed line. The impedance bandwidth was varied from 2.8-11.4 GHz. This
designed antenna exhibits a stable far-field radiation pattern. The author enhanced the
operating bandwidth and the radiation characteristics by implementing an E-shaped
feedline. In the same year, Ahmed and Sebak [36], proposed a UWB antenna which is
made up of a half-circular disc combined with a two-step rectangular patch and a circular
shape slot etched on the radiator. The prototype model has dimension of 50 mm x 40 mm
and measured an impedance bandwidth from 3-11.4 GHz. At the same time, antenna
exhibits an omnidirectional pattern. Later on, in the same year 2008, Sze and Chang [37]
reported a circularly polarized square slot antenna with CPW feed .The two inverted L-
shaped ground strip was used for enhancing the impedance bandwidth. The antenna is

achieved more than 52 % impedance bandwidth with 4 dB gain.

In January 2009, Yang et.al [38], developed an antenna that consists of
multi resonant split ring loop. The different geometrical ground planes along with the dual

concentric split ring loop were used. The antenna provided an operating bandwidth from 2
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to 20 GHz. The taper transmission line was used by the author for improving the return
loss. In May 2009, Raj Gopal and Sharma [39], reported a pentagon-shaped microstrip
slot antenna for the ultra-wideband. The designed antenna has a bandwidth from 2.65-11.3
GHz with a dimension of 80 mm x 50 mm. In this design, both the straight line and tilted
feed line has discussed with the different substrate materials. The measured results show
that the antenna has a stable radiation pattern. In the same year in May 2009, Lin and Huang
[40], proposed a Coplanar Waveguide (CPW) feed UWB antenna which consists of a
rectangular patch radiator combined with an inverted L-shaped stub. The antenna has 32.4
mm %24 mm in size and it covered an impedance bandwidth from 3.5 to 7.5 GHz. The
measured gain increases from 2.5-6.4 dB. Further in June 2009, Guo et al. [41], reported
an ultra-wideband antenna that consists of a half-circular disc radiator on the top and its
complementary magnetic counterpart on another side. The antenna has a dimension of 16
mm x 25 mm and offered a bandwidth from 2.8-10.7 GHz. A triangular-shaped slot was
used on the ground plane for impedance matching. In June 2009, See and Chen [42],
investigated two ports triangular notch radiator with a dimension of 45 mm x 37 mm x 0.8
mm. A v-shaped slot was etched on the partial ground plane to reduce the mutual coupling.
The measured results show that the antenna offered a bandwidth from 3.1-5 GHz, an
average gain of more than 2 dB, and efficiency is more than 70% with isolation of less than
-20 dB. In July 2009, Abbosh [43], investigated an antipodal tapered slot antenna for the
ultra-wideband. The antenna offered 3.1-10.6 GHz impedance bandwidth with a dimension
of 60 mm x 60 mm. This antenna was fabricated with the Rogers RT6010 substrate and
the gain of the antenna varied between 2.7-8 dB. In November 2009, Toh et al.[44],
reported a dual ports ultra wideband antenna with the differential feed strip on the radiator.
The antenna finds an operating band of 3.1- 5.2 GHz and measured gain of 8.4-10.3 dB for
the broadside mode and for the conical mode measured gain 3.2-5.1 dB with operating
bandwidth 3.1 -4.9 GHz. The isolation between ports has more than 13.5 dB. Further in
December 2009, Zhang et al. [45], proposed a UWB MIMO antenna having two ports and
it consists of triangular patch radiator along with tree like structure etched on the ground

plane for isolation improvement. The antenna was fabricated with Taconic ORCER RF-35
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substrate with a dimension of 35 mm x 40 mm. The prototype model provided a bandwidth
from 3.1-10.6 GHz with isolation of less than -16 dB.

In February 2010, Liu and Yang [46], developed an ultra-wideband
antenna that consist of a hook-shaped radiator with a dimension of 10 mm x 10 mm and an
overall dimension of 80 mm x 40 mm. The designed antenna operated between 3-10.7 GHz
with an efficiency of more than 60 % and gain more than 1.2 dB. In March 2010, Sim et
al.[47], proposed a UWB antenna in which a T-shaped open slot etched on the ground and
microstrip feed was used for the excitation. The impedance matching at a lower frequency
was achieved by introducing a small notch on the T-shaped open slot. Further impedance
matching at the middle and higher frequencies has improved by extending a small section
of the feed line. The designed antenna has a dimension of 28 mm x 14.5 mm and a
maximum measured gain of 4.5 dB. This antenna offered bandwidth of 3.1- 11.45 GHz. In
the same year in March 2010, Sonakki and Salonen [48], reported a two monopole antenna
with a dimension of 120 mm x 70mm. The mutual coupling between antennas has been
reduced by inserting two half-wavelength long narrow slits on the ground plane. The
experimental results show that an impedance bandwidth significantly improved by 37.8 %
at the resonance frequency. In May 2010, Zaker and Abdipour [49], reported a 16 mm x
11 mm dimension antenna which consists of a truncated shaped radiator that includes a
partial ground structure. This prototype model has an operational bandwidth from 3.9-21.4
GHz. The measured results show that maximum gain of 5.85 dB with stable
omnidirectional radiation pattern. Further, in 2010, Koohestani and Golpour [50], proposed
an ultra-wideband antenna in which two parasitic stubs were used with a U-shaped patch.
The antenna was fabricated with a 24 mm x 28 mm dimension of RT/ Duroid 5870
material. The antenna is operated between 2.76-12.8 GHz with peak gain varying from 1.6
-5.3dB. Further Sheikhan et al.[51], proposed a 22 mm x 22 mm size rectangular shaped
ultra-wideband antenna. The bandwidth of the antenna has been improved by
implementing a ladder-shaped structure on the ground. This designed antenna offered a
bandwidth from 2.7-20 GHz. The experimental results show that the antenna has a stable

radiation pattern for the entire bandwidth and achieved a radiation efficiency of more than
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80 %. Later on, in June 2010, Baek and Lim [52], developed a 38 mm x 38 mm dimension
of a MIMO antenna that consists of an electric and a magnetic loop antenna which is
orthogonally polarized. The measured results show that, the gain of an electric and
magnetic loop antenna were found to be 1.36 dB and 0.48 dB respectively. This antenna
also provided isolation less than —20 dB in the entire operating frequency band.

In January 2011, Azim et al. [53], reported a double-sided printed antenna with a
dimension of 30 mm x 22 mm that operates from 3.08-15.9 GHz. The antenna bandwidth
has improved due to an etching of a saw tooth shape structure on the top of the partial
ground plane. This designed antenna provided a maximum gain of 5.9 dB. In February
2011, Najam et al.[54], developed a model having two ports that consist of two circular
monopole antennas with the partial ground plane. The mutual coupling between antennas
has been reduced by etching an inverted Y-shaped stub on the ground. This designed
antenna has a dimension of 40 mm x 68 mm and offered a bandwidth from 3.2-10.6 GHz.
The experimental results show that radiation efficiency increases from 70 % to 85 % and
the variation in gain are less than 2.5 dB. In May 2011, Ghosh [55] proposed an ultra-
wideband antenna that consists of a crossed rectangular monopole antenna and is placed
on the circular ground plane. This design provided an operating bandwidth from 3.1-10.6
GHz with a maximum gain of 6 dB. This prototype design enhanced the bandwidth by
combining the effect of the crosses radiator and circular ground plane. In 2011, Koohestani
et al. [56], presented a dome-topped bowl-shaped radiator for ultra-wide applications. The
impedance of the antenna has improved by a truncated ground plane. The antenna has
offered a wide band from 3.65-13 GHz and the overall size was found to be 18 mm x 20
mm x 1.6 mm. In June 2011, Ghaderi and Mohajeri [57], reported a UWB antenna that
consists of an elliptical patch with a trapezoid shape and a hexagonal slot etched on the
ground plane. The proposed prototype offered a bandwidth from 2.9-18 GHz. The
measured results show that the designed antenna obtained an average gain of 3.7 dB with
a variation of less than 0.8 dB. In the same years Mishra et al. [58], developed an antenna
for Bluetooth and ultra-wideband applications. The antenna is made up of a U- shaped

monopole for the ultra-wideband and a rectangular monopole for Bluetooth applications.
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The antenna is operated between 2.4-2.484 GHz (Bluetooth) and between 3.1-10.6 GHz
(UWB). The proposed antenna has more than 80% radiation efficiency with gain varied in
the range of 2-5 dB. In May 2011, Chen et al. [59], investigated a super wideband antenna
that has an egg-shaped monopole radiator. A semi-elliptical fractal complementary slot has
developed on the asymmetrical ground for bandwidth improvement. This designed model
provided a bandwidth from 1.44-18.8 GHz with an overall dimension of 35 mm x 77 mm.
In September 2011, Sonkki et al.[60], proposed a wideband antenna which is achieved by
the combined effect of an electric dipole and magnetic slot which was orthogonally placed.
The experimental results show that ECC< 0.01, isolation less than —18 dB with DG > 8
dB.

In February 2012, Su et al. [24], proposed two elements multiple input and
multiple outputs for the USB dongle application. A neutralization line technique had used
for reducing the mutual coupling. The overall dimension of the antenna has 65 mm x 30
mm and isolation is less than —19 dB with a radiation efficiency of more than 70%. In the
same year Li et al. [26], reported a MIMO antenna with a dimension of 95 mm x 60 mm,
that consists of a symmetrical monopole antenna and slots introduce on the ground plane.
A parasitic monopole element was placed between antenna elements for isolation
improvement. This parasitic element creates a reverse coupling path and canceled the
original coupling currents. The measured radiation efficiency of more than 80 % was
achieved. Further in February 2012, Li and Chu [61], proposed a multiple input multiple
output antenna that consists of two dual branch monopole radiators with two bent slits on
the ground plane. These bent slits along with a triangular slot were created on the ground
for isolation improvement. The proposed antenna has an overall dimension of 78 mm x 40
mm with operating impedance bandwidth from 2.4-6.55 GHz. The total efficiency of the
antenna was more than 46 % with an ECC value of less than 0.01. In March 2012, Tsai and
Yang et al. [62], reported an eye-shaped antenna with CPW feeding. It consists of an elliptic
monopole radiator and coupling line. The antenna is operated between 1.2-4.5 GHz with a
dimension of 60 mm x 30 mm. The gain and the efficiency of the antenna varied from 0.1-
2.2 dB and 80-85% respectively. In March 2012, Gallo et al. [63], reported an annular slot
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antenna that is etched from a square plane. The designed antenna has an overall dimension
of 80 mm x 80 and is suitable for high diversity applications. The measurement shows that
ECC < 0.11, diversity gain near to 10 dB, and provided a bandwidth from 3-12GHz. In
May 2012, Kumar et al. [64], proposed a circular monopole antenna that inscribed the
triangle to get a circular fractal structure and it is operated between 2.25-15 GHz. The
antenna had used the CPW feeding technique and obtained a peak gain of less than 5 dB.
The measured results show that as frequency increases, the radiation efficiency is
decreased. In June 2012, Wu et al. [65], reported a UWB antenna, and two triangular
notches were etched from the corner of the radiator for bandwidth improvement. Further,
for more improvement, three slots were introduced on the notched radiator. This model
provided a bandwidth from 2.86-13.38 GHz with an overall dimension of antenna 37 mm
x 15 mm. The gain of the antenna is varied from 3-6.9 dB without any load and with a
laptop as the load is decreased to 2.1- 6.4 dB due to the load effect. In July 2012, Tang et
al. [66], presented an ultra-wideband that consists of two asymmetric U-shaped and
staircase-shaped strips. For proper impedance matching, a CPW feeding technique was
used. The antenna offered the bandwidth from 3-12.9 GHz and a dimension of 23 mm x
25.5 mm. The proposed antenna has almost constant gain in the whole operating band. In
the same year, Lu and Yeh [67] reported an ultra-wideband antenna that consists of an arc-
shaped radiator and a partially slotted ground plane. The multi resonant modes were excited
by using rectangular parasitic elements on the top of the substrate. The impedance
bandwidth of the antenna varied from 3.02-13.27 GHz with a size of 30 mm x 30 mm. The
measured peak gain of the antenna lies in the range of 1.2-5.3 dB with 85-91% radiation
efficiency. Further in July 2012, Fereidoony et al. [68] reported a circular monopole
antenna which consist of a circular ground plane and fractal ground plane has used for the
stable radiation. This antenna offered a bandwidth from 3.1-10.6 GHz for circular ground
plane and 3.5-4 GHz, 5.5-6 GHz, 7-7.5 GHz for the fractal ground. In August 2012, Lin
[69], developed a bow tie shaped UWB quasi-self-complementary antenna (QSCA). It
consists of two radiating element, one a horn shaped radiator and other counter part of the

horn shaped slot on the FR4 substrate material. This antenna has operating bandwidth from
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3.1-10.6 GHz with dimension of 35 mm x 10 mm. A coplanar waveguide (CPW) feeding
technique was used for the impedance matching. In August 2012, Li et al. [70], developed
a two elements UWB MIMO antenna that consist of a basic rectangular monopole antenna
with the partial ground plane. The rectangular and circular Stepped Impedance Resonator
(SIR) created on the ground for isolation improvement. The designed antenna operated
from 3.1-10 GHz and isolation < —23 dB were measured. In October 2012, Wang et al.
[71], presented a UWB antenna and it consist of reverse T- matched dipole and center feed
dipole on the bottom layer, which has connected with the two shorting pin. The proposed
antenna was fabricated with Wangling Teflon woven glass fabric and dimension of 23 mm
x 32 mm. This antenna offered bandwidth from 2.89-6.50 GHz with stable radiation

pattern.

In January 2013, Chang et al. [72], presented a UWB antenna which consists
of a rectangular monopole antenna used as a radiator and modified the ground structure. In
the ground plane, one semicircular slot and two stubs were introduced for bandwidth
improvement. The author claimed a bandwidth from 2.1-2.6 GHz and 3.3-20 GHz with a
maximum gain of 6.6 dB. The antenna has a dimension of 33.1 mm x 20 mm and is
fabricated with Rogers RT/duroid 5880 substrate material. In March 2013, Bitchikh et al.
[73], proposed an octagonal-shaped UWB antenna with a modified ground plane for
bandwidth improvement. The operating bandwidth of the antenna varied from 2.3 to 14
GHz. The antenna was fabricated with an epoxy glass of dimension 45 mm x 45 mm and
the measured gain was varied from 1-5.25 dB. In the same year, Mohammad et al. [74],
reported a UWB MIMO antenna which consists of a U-shaped patch loaded with a T-
shaped monopole antenna. For the bandwidth improvement, a pentagon-shaped structure
was etched on the ground plane. The experimental results show that the prototype provided
a bandwidth from 3.1-10.6 GHz and radiation efficiency increased from 85 % to 95 %. In
March 2013, Chacko et al. [75], proposed an annular slot dual-polarized antenna for the
UWB and the orthogonal feeding technique has been used for polarization diversity. A
cross-shaped stub was used diagonally between two U-shaped stubs for the isolation

improvement. The notch has also developed due to inserting an arc shape slot on the
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radiator. The measured results provided a bandwidth from 2.8-11 GHz with ECC < 0.025
through the entire operating band. In August 2013, Sefidi et al.[76], presented a 22 mm x
26 mm size ultra-wide antenna that operates from 2-11.2 GHz. The rectangular monopole
antenna was modified by cutting two L-shapes and two triangular notches, which improves
the impedance matching. The omnidirectional radiation patterns were obtained at all
frequencies. In October 2013, Kim and Yun [77], proposed an ultra-wideband antenna that
consists of a C-shaped radiator, and impedance bandwidth has improved due to an inverted
L- shaped strip. This antenna offered the operating bandwidth from 2.3-10.8 GHz with a
dimension of 40 mm x 30 mm. The gain of the antenna varied from 2.1-5.2 dB with a
radiation efficiency of more than 70% over the entire operating range. In August 2013, Liu
and Cheung [78], presented a 26 mm x 40 mm size, two ports MIMO antenna. It consists
of a simple rectangular patch as a radiator and is placed perpendicular to each other for
isolation improvement. Further, for more impedance matching and isolation improvement,
two protruded ground stubs were used. The operating bandwidth from 3.1-10.6 GHz,
isolation less than — 15 dB with measured gain varied from 0.9 dB to 6.5 dB were achieved.
The simulated results were verified with the measured one. In August 2013, Sharawi et al.
[79], developed a MIMO antenna having four ports and 76 % miniaturization had achieved
by introducing a CSRR structure on the ground. The prototype was developed with a 0.8
mm thick FR4 substrate with a dimension of 50 mm x 100 mm. In November 2013, Gogosh
et al. [80], designed a MIMO antenna having two ports that consist of elliptical radiators
at some angle along with a circular slot in the middle position. The H-shaped structure was
etched on the ground which suppresses the induced current that leads to improving the
isolation. The author achieved an overall dimension of 74 mm x 48 mm and isolation of
more than 25 dB. In the same year, Li et al.[81], reported a dual-port MIMO antenna which
consists of a U-shaped radiator and metal strip attached to the radiator along. At the same
time, two protruded ground parts were introduced for improving the impedance bandwidth
and the isolation. This design offered an operating bandwidth from 3-11 GHz with
dimension of 27 mm x 30 mm. The antenna has efficiency more than 65 % with mean

effective gain less than 1.75 dB and envelope correlation coefficient less than 0.012.
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In January 2014, Srivastava et al. [82], presented a UWB antenna made up of M
shaped monopole-like slot and bandwidth has been enhanced by modifying the ground
plane. The proposed antenna offered a bandwidth from 2.38-12.4 GHz with a dimension
of 36 mm x 36 mm. In 2014, Liu et al.[83], reported a MIMO antenna that consists of two
QSCA, both are the mirror image along with inverted T-shaped stubs on the ground. One
half of a circular patch is placed on the top and the other half complement placed on the
bottom of the substrate. The isolation between antenna elements has improved by etching
two identical rectangular slots on the ground. Experimental results show that the proposed
model provided a bandwidth from 3.4-12 GHz, an efficiency of more than 70 %, and a
maximum gain of 4.3 dB. In the same year, Khan et al. [84], proposed a two-port UWB
antenna, and for isolation improvement, the floating parasitic element was placed between
antenna elements. The parasitic element is made up of a horizontal strip and vertical stub
of unequal length. The antenna offered a bandwidth from 3.1-10.6 GHz with an antenna
dimension of 33 mm x 45.5 mm. The proposed antenna has achieved radiation efficiency
of more than 85 % and a peak gain of 5.3 dB with a low ECC value of less than 0.6 for the
entire operating frequency band. In June 2014, Rawi et al. [85], proposed a four-port
butterfly-shaped MIMO antenna, which consists of two self-grounded monopoles placed
on one side and two monopoles placed on another side of the substrate material. The
measured results show that the proposed antenna operated from 0.5-15 GHz. The antenna
has an overall dimension of 250 mm x 250 mm. For the bandwidth improvement, they
were implemented with a genetic algorithm. The isolation has been enhanced by the
positioning of the antenna in an orthogonal fashion. In July 2014, Liu et al. [86], reported
a MIMO antenna that consists of two semicircular patches, and its complementary structure
is placed on either side of the substrate. This design prototype offered an impedance
bandwidth from 2.19-11.07 GHz with an overall dimension of 30 mm x 41 mm. The
proposed antenna provided a peak gain of 6.5 dB, radiation efficiency from 55 % to 88 %,
isolation less than — 20 dB, and ECC < 0.25 over the entire operating frequency band. In
August 2014, Ren et al. [87], reported a two-port MIMO antenna having a dimension of

32 mm x 32 mm and made up of a rectangular monopole radiator along with two open L-
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shaped slots. The isolation was enhanced by placing the antenna elements orthogonally and
narrow slits etched on the ground. Further added a T-stub on the radiator for bandwidth
improvement. This antenna provided a bandwidth of 3.1-10.6 GHz and measured gain
varied from 1.7 dB to 4.2 dB. In September 2014, Mao et al. [88], presented a dual
polarized MIMO antenna having two and four ports. The compactness of the antenna has
achieved due to sharing a single pentagon radiator by two port at the same time dual
polarization was achieved due to a perpendicular feed structure. A T-shaped slots was
etched on the radiator and extending a stub on the ground for isolation improvement. The
designed model offered an operating bandwidth from 3-11 GHz with dimension of 48 mm
x 48 mm. The obtained results show that more than 60 % radiation efficiency was achieved
by the author. Further in the same year, Tang and Huang et al. [89], reported a 30 mm x 30
mm size of MIMO antenna having two ports. A strip was placed on the ground and it was
connected to radiator via vias for isolation improvement. It provides an extra current path
at the same time works as an impedance transformer. The proposed design provided an
operating bandwidth from 3.1-10.6 GHz and ECC < 0.05 in the entire frequency band.

In April 2015, Roshan et al. [90], presented a Coplanar Strip (CPS)
line feed MIMO antenna having two ports and a radiator made up of a staircase-shaped
radiator. The mutual coupling was reduced by using a metal strip that works as a reflector.
The proposed antenna offered an operating frequency band from 3.1-10.6 GHz with a size
of 25 mm x 30 mm. The proposed design provided a maximum efficiency of 90%, isolation
< — 20dB with a peak gain of 5.2 dB. In May 2015, Liu et al. [91], reported a MIMO
antenna that consists of a basic rectangular patch with tapered microstrip feed and modified
the ground plane. A T- shaped stub was used on the ground for the reduction in mutual
coupling. Further, for high isolation, a vertical slot is etched on the T- shaped stub. The
notch band was produced due to two vertical strips placed on the ground plane. The antenna
provided a bandwidth from 3.1-11 GHz. The measured isolation and ECC were less than
— 15 dB and 0.1 respectively in the entire band. In August 2015, Zhang et al. [92],
developed a 26 mm x 26 mm dimension of the Asymmetric Coplanar Strip (ACS)-fed two-
port MIMO antenna that worked in the UWB range. It provided an operational bandwidth
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from 3.1-10.6 GHz. The bandwidth and isolation were improved due to the etching of an
I-slot on the radiator and cutting narrow slits on the ground plane. In December 2015,
Srivastava and Mohan [93], reported a MIMO antenna having a crescent-shaped radiator
on the top and a circular-shaped radiator on the bottom. These two antennas are placed
orthogonal to each other and mutual coupling has been reduced by inserting a cross-shaped
slot on the ground. For further isolation improvement sickle-shaped metallic strip is used
on the top surface between antenna elements. The obtained results show that the ECC value
is less than 0.02 and the channel capacity less than 0.4 bits/s/Hz over the entire frequency
band. Further, in the same year, Alsath and Kanagasabai [94], proposed a two ports MIMO
antenna and analyze the result by placing two antennas in a different position. The radiating
patch consists of a half-circular and half rectangular ring. The bandwidth was enhanced by
modifying a ground structure. This design offered a bandwidth from 3.1-10.9 GHz and is
suitable for automotive communication. The experimental results show that the radiation
efficiency has more than 75 %, the peak gain of 3.5 dB, isolation <-15 dB, and ECC< 0.06.
In 2015, Kang et al.[95], developed an offset microstrip feed antenna with a dimension of
38.5 mm x 38.5 mm. The high isolation and polarization diversity was achieved by placing
antenna elements orthogonal. For Further improvement in isolation, a T- shaped parasitic
element was inserted between the antenna elements. The author also achieved notch band
characteristics by etching two L-shaped slits on the ground. The antenna provided a
bandwidth from 3.08-11.8 GHz, isolation less than —15 dB, and ECC < 0.02. In 2015, Luo
et al. [96], proposed a defective ground structure-based two-port MIMO antenna. The
isolation and impedance matching has improved due to the T-shaped slot etched on the
ground plane which alters the surface current distribution. Further for better isolation, a 0.2
mm thin line slot etched on the ground produces an additional current that cancels the
original coupling current. The antenna offered a bandwidth from 3.1-10.6 GHz, a radiation
efficiency of around 90 %, and ECC < 0.5. In 2015, Sonkkki et al.[97], presented two
Vivaldi antenna which is orthogonally placed cross-shaped. The antenna has fabricated
with the Rogers 4003 RF-laminate and provided an operating bandwidth from 0.70-7.30

GHz. The designed antenna provided cross-polarization better than 19 dB and isolation <
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—30 dB. In 2015, Tripathi et al. [98], investigated four orthogonally placed octagonal-
shaped Koch fractal antennas as a radiator and modified the ground plane. The antenna
miniaturization and bandwidth have been enhanced due to Koch fractal geometry. Further
isolation has been improved by a rectangular stub placed between antennas which works
as a reflector. The band rejection was achieved by introducing a C-shaped slot on the
radiating patch. The proposed antenna operated between 2-10.6 GHz with isolation better
than 17 dB over the entire frequency band. In the same year, Zhang and Pedersen [25],
proposed two closely spaced circular monopoles which provided operational bandwidth
from 3.1-5 GHz. The neutralization line is made with a circular disc and two metal strips
placed between antenna elements for isolation improvement. The decoupling current from
the different paths is canceled by a circular disc. The overall dimension of the antenna has
35 mm x 33 mm with an isolation of more than 22 dB.

In 2016, Deng et al. [99], developed a MIMO antenna with a dimension of
30 mm x 40 mm and it consists of two meander monopoles. The bandwidth and impedance
matching were improved by inserting two inverted L-shaped parasitic elements along with
an L-shaped stub. The mutual coupling was reduced by cutting a slot on the ground. The
designed antenna offered a bandwidth from 3.1-10.6 GHz and the performance of the
antenna was measured in terms of ECC less than 0.15, radiation efficiency between 70-
77.5 % in the entire frequency band. In April 2016, Huang and Xiao [100], proposed a two-
element polygon-shaped MIMO antenna which is made by cutting a rectangular slot and
triangular slim on the antenna element. The mutual coupling has been reduced by the
stepped ground stub. Further rounded the corner of the partial ground plane for improving
impedance matching. The designed model provided a bandwidth from 2.4-11 GHz. The
measured results show that the proposed antenna has an efficiency of more than 70 %, ECC
< 0.02, and isolation of less than -15 dB through the entire frequency band. In October
2016, Hakimi et al. [101], presented a two-port CPW feed MIMO antenna which was
fabricated with the Rogers RT5880 substrate. The isolation between antenna elements has
been enhanced due to the self-coupling patch which increases the current density. The

antenna covered the bandwidth from 3.9-8.1 GHz and measured the mutual coupling as
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less than — 15 dB in the entire operating band. In 2016, Srivastava et al. [102], proposed a
four-port MIMO antenna in which each element is made up of a stepped slot with
microstrip feed. The antenna provided operating bandwidth from 3.2-12 GHz with a
dimension of 42 mm x 25 mm. The mutual coupling has reduced due to the directional
radiation properties of a slot antenna and asymmetrical placement of the antenna element.
The proposed antenna has achieved a constantly measured gain of 4 dB with a radiation
efficiency of more than 80% and CCL < 0.4 bits/s/Hz. In 2016, Zhu et al. [103], reported
two ports quasi self-complementary MIMO antenna. It consists of fan shape radiator and
its complement structure etched on the ground plane. These two elements were placed in
orthogonal orientation which increases polarization diversity and reduced the mutual
coupling. The proposed antenna produced notch band by etching bent shape slit on the
radiating element. In the same paper four port MIMO antenna has also investigated. This
antenna offered a bandwidth from 3-12 GHz and measured results show that isolation< —
20 dB with ECC < 0.5 in the entire operating band.

In February 2017, Lin et al.[104], proposed a UWB MIMO antenna of size
50 mm x 40 mm x 1.6 mm. The designed model has an operational bandwidth from 2.5-
11 GHz. The isolation between antenna elements has been improved by using carbon black
films coated on the substrate. The carbon black film absorbs the interference between
antenna elements. The designed antenna has an efficiency of 69.2% with a gain of more
than 2.11dB. In February 2017, Totkas [105], presented a UWB MIMO antenna with a
square element along with a G-shaped element for the mobile terminal. The T-shaped strip
was used on the ground plane for reducing the mutual coupling between antenna elements.
The designed antenna covered the bandwidth from 2.2-13.3 GHz with a low ECC value
and more than 60 % efficiency was achieved. In March 2017, Liu and Tu [106], reported a
44 mm x 44 mm size UWB MIMO antenna that consists of a differential U-shaped
microstrip feedline and stepped shaped slot. The isolation was improved by inserting four
staged slots on the corner of the ground plane. It offered a bandwidth from 2.95-10.8 GHz
with isolation of < —15.5 dB in the entire band. In April 2017, Khan et al. [107],
investigated a CSRR loaded UWB MIMO antenna. The proposed design consists of two
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triangular monopole antennas with L-shapes stub inserted on the ground plane. Further
CSRR structure was introduced on the ground between antenna elements to reduce the
mutual coupling. The CSRR structure prevents the current from flowing to other elements.
The antenna provided an operating frequency band from 3-12 GHz with the size of 23 mm
x 29 mm. The measured gain varied from 1.2 dB to 5.9 dB and radiation efficiency of more
than 82 %. In April 2017,Tao and Feng [108], presented a coplanar waveguide (CPW) fed
elliptical shaped compact UWB MIMO antenna having size of 23 mm x 18 mm. The
proposed antenna made up with two identical half slot antenna element and Y-shaped slot
etched on the ground plane to improve isolation. The obtained results show that isolation
less is than -15 dB for 3-4 GHz and less than —20 dB for 4 -12.4 GHz. This designed
provided stable radiation pattern and low ECC value. In the same year, Bilal et al. [109],
proposed a four port UWB MIMO antenna which was wrapped around a cuboidal
polystyrene block. The isolation was improved by a series of Y-shaped slots embedded in
an inverted L-shaped structure. A square spiral-shaped parasitic structure was introduced
on the ground plane to improve impedance matching at the desired frequency. The overall
dimension of the antenna was 32 mm x 36 mm and the measured ECC value was less than
0.0025. The obtained results show that CCL is less than 0.2 bits/s/Hz and radiation
efficiency is more than 60 % through the entire operating band. In May 2017, Khan et
al.[110], reported a UWB MIMO antenna which consists of a single radiator sharing the
two perpendicular meander line feed and isolation was improved by cutting a slot on the
radiator. The antenna offered an operating bandwidth from 3.1-10.6 GHz with a dimension
of 22 mm x 24.3 mm. The size of the designed antenna was reduced due to the meander
line because it brings the antenna closer. In June 2017, Rajkumar et al. [111], presented a
swastika arm shaped MIMO antenna worked in hepta band (GSM 900/GSM 1800/LTE-
A/UWB/Wi-Max/HIPERLAN). For proper utilization of the surface area, the radiator
made up of quadric-Koch fractal geometry. The mutual coupling has been reduced without
using any decoupling structure. The proposed model has dimension of 82 mm x 40 mm x
0.8 mm and it achieved stable radiation characteristics with low ECC value. In August
2017, Jehangir and Sharawi [112], investigated a Yagi like UWB MIMO antenna with size
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of 50 mm x 80 mm x 07.6 mm. The antenna consists of half loop on the top of the substrate
and another half loop on the bottom of the substrate. The designed antenna achieved more
than 80% efficiency and 6 dB gain with maximum envelope correlation coefficient value
0.0568. In the same year, Sipal et al. [113] , proposed a UWB MIMO antenna which was
easily extendable to a larger size without using any decoupling circuit. The antenna placed
on the orthogonal arrangement to reduce the coupling between antenna elements. The
antenna exhibits an operating bandwidth from 3-15 GHz with size of 38 mm x 38 mm. The
measured results show that peak gain of the antenna varied from 0.5-5 dB, ECC and
channel capacity less than acceptable limit. In October 2017, Roshna et al. [114], proposed
a UWB MIMO antenna with a compact CPS fed. The CPS fed techniques has advantages
like good impedance matching and easily integrate with the various communication
devices. The miniaturization of the antenna was achieved by three stairs case-shaped
structures on the radiator. The overall size of the antenna has 45 mm x 25 mm with
operating bandwidth from 3.1-11.5 GHz. Experimental results show that the ECC and
MEG;/MEG,; is less than 0.2 and 0.5 dB respectively. In December 2017, Ali et al.[115],
investigated a four identical circular monopole UWB MIMO antenna with a dimension of
40 mm x 40 mm. The two-element placed on the top and others were placed on the ground.
The mutual coupling was reduced by placing antenna elements orthogonal on both sides
along with decoupling structure between partial ground planes. This design offered a
bandwidth from 3.1-11 GHz and experimental results show that ECC < 0.004 and channel
capacity < 0.4 bits/s/Hz in the entire frequency band.

In January 2018, Zhao et al. [116], presented two UWB antennas placed at the
opposite edge of the ground plane. The designed antenna was based on the Theory of
Characteristic Mode (TCM) in which one behaves like an electric source and the other
behaves as a magnetic source at a lower frequency band. The antenna achieved high
isolation without any decoupling structure and a measured efficiency of more than 70%. In
January 2018, Morsy et al. [117], reported a two-element MIMO antenna for the Long-
Term Evolution (LTE) band and Universal Mobile Telecommunication Service (UMTYS)
band. This antenna consists of a two-meander-type radiator which was separated by the
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ground plane. A T-shaped slot is etched between the antenna elements for isolation
improvement. The antenna has a dimension of 110 mm x 150 mm and the measured total
efficiency varied from 59-71 % with ECC< 0.085. In April 2018, Chandel et al. [118],
proposed a UWB MIMO antenna which consists of two circular monopole antennas in
which an eye-shaped slot is etched on the radiator. The mutual coupling was enhanced by
a T-shaped stub on the ground plane. The designed antenna provided an operating
bandwidth from 2.8-20 GHz with a compact size of 18 mm x 36 mm. In April 2018,
Jehangir et al. [119], reported a two ports MIMO antenna, and miniaturization was
achieved due to a small loop meandered line-driven element. For improving the end-fire
radiation pattern multiple slits were etched on the partial ground plane. The antenna worked
in telemetry L-band and LTE band with an overall size of 120 mm x 50 mm. The
experimental results show that gain is more than 5 dB, the total maximum radiation
efficiency is 78 %, ECC < 0.0785 with a diversity gain of 9.5 dB.

In June 2019, Prabhu and Malarvizhi [120], reported a double-sided
UWB MIMO antenna that is composed of a polygon-shaped radiator on the bottom and
top of the substrate. The mutual coupling was reduced by using the EBG structure on both
sides of the substrate. The antenna provided impedance bandwidth from 3.1-11 GHz with
a maximum peak gain of 6.8 dB. In 2019, Suriya and Anbazhagan [121], proposed a dual-
band notch characteristics UWB MIMO antenna. It consists of an inverted A-shaped
radiator which is orthogonally placed for isolation improvement. The designed antenna has
a dimension of 38.5mm x 38.5 mm and provided a bandwidth from 3.1-10.6 GHz. The
fractional bandwidth of 109.48 % was achieved with a low ECC value. In July 2019, Babu
and Anuradha et al. [122], presented a two-port MIMO antenna for the UWB system with
an overall size of 65 mm x 35 mm. This design consists of a rectangular patch and half
circular-shaped etched from each corner of the radiator and a semi arc-shaped structure cut
on the ground plane. The prototype antenna achieved a bandwidth from 3-10 GHz with an
ECC value of less than 0.25. In August 2019, S.Chouhan et al. [123], reported a two-port
MIMO antenna worked for a multiband (Wi-Fi / WiMAX /Bluetooth /C-band) application.
The multiband has been achieved due to the multiple arms of a spider-shaped radiator. At
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the same time due to fractal structure antenna get miniaturization. The overall dimension
of the antenna has 37 mm x 56 mm and mutual coupling has been reduced by inserting Y-
shaped stub on the ground plane. The measurement results show that antenna provided a
gain and radiation efficiency more than 2 dB and 73 % respectively.

In May 2020, Pannu and Sharma [124], proposed a dual-band notch
MIMO antenna having four ports. The designed antenna is made up of four identical
elliptical-shaped radiators which are orthogonally placed. The bandwidth of the antenna
has been enhanced due to defected ground structure. The overall size of the antenna has
45 mm x 45 mm and offered an impedance bandwidth from 2-16.8 GHz.The dual-band
notch has been achieved due to H-shaped and C- shaped slots etched on the radiator. In
2020, Tang et al. [125], reported a UWB MIMO antenna composed of DGS, a u-shaped
branch on the ground, and window shaped patch along with folded feed line. The proposed
antenna has a dimension of 80 mm x 35 mm and provides bandwidth from 2.57-12.2 GHz.
The experimental results show that the gain of the antenna varied from 3.06 to 4.669 dB,
with isolation of less than —15 dB without using any decoupling structure. In 2020, Roy et.
Al [126], presented a MIMO antenna using a textile substrate. In this design, a meander-
type structure was placed on the top and bottom surface of the substrate to improve the
diversity performance of the antenna. The performance was measured in terms of ECC <
0.1, DG > 9.8, and MEG lies between + 3 dB to —3 dB. This prototype antenna was

analyzed in the human body and found to be a low envelope correlation coefficient.

2.3 Research Gap

After the extensive literature review, we found that over the last few years there are lots of
work has been done in the designing of the UWB-MIMO antenna. But still, a few
challenges need to be discussed here more precisely. Till now, all the available designs for
the quad ports antenna have a size too large, high mutual coupling among antenna
elements, and various other diversity parameters were also not that much effective. The
main target of this thesis is to design and developed a miniature MIMO antenna with wide

bandwidth, and high isolation (less than -20 dB). We have achieved miniaturization by
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using DGS structure and isolation has been enhanced by inserting CSRR structure and

fractal structures on the ground plane between antenna elements.

2.4 Summary

In this chapter, several research articles on the UWB antenna with different shapes and
bandwidth enhancement techniques have been presented. This chapter also presented
various types of MIMO antenna, isolation enhancement techniques, and miniaturization
techniques from previous literature. It has been observed that the problem of
miniaturization and isolation enhancement along higher bandwidth is still required more
attention. Therefore, | choose my research to design and fabricate a very compact UWB
MIMO antenna, high bandwidth, and high isolation simultaneously for today's wireless
communion devices. The next chapter presents the design and the analysis of a compact

multiple input multiple output antenna with high isolation for the UWB applications.
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Chapter-3

Compact Multiple Input Multiple Output Antenna with
High Isolation for UWB Applications

3.1 Introduction
Nowadays, due to fast development in wireless communication, every wireless device

requires a high data rate along with large bandwidth. The UWB technology holds the
capability to full fill the above demand with low power spectral density, low cost, and low
power consumption. The unlicensed frequency range of 3.1-10.6 GHz for the UWB was
decided by FCC in the year 2002 [2]. This technology is quite suitable for short-distance
communication, but there is an issue of multipath fading. This issue can be resolved by the
suitable implementation of the MIMO antenna along with the UWB technology. The high
polarization diversity is achieved in the MIMO system, because of placing multiple
antennas on the transmitter and the receiver side. In MIMO, multiple signals are transmitted
simultaneously and the receiver received the required signal correctly in the presence of any
obstacle. On the contrary, as the MIMO system includes many antennas within a small
space, there is a high chance of developing mutual coupling among those antenna elements.
Due to mutual coupling, the performance of the MIMO antenna may be degraded. This
coupling effect could be improved by placing the antenna at more distance or by reducing
the size of the radiator. The other method of controlling is just by placing the antenna
elements in an orthogonal fashion. In recent years, there are several techniques are used to
reduce the mutual coupling such as defected ground structure [127], [128],[129],[102],
adding tree-like structure [45], electromagnetic bandgap structure (EBG) which absorbs
interference [130], [131], metamaterial structure [132], different type of structure such as
F-shaped, T-shaped or inverted L-shaped stub [95],[12],[133]. The isolation can also be
improved by using a complementary split-ring resonator on the ground [107], and a
neutralization line between the feed line [134], [25].
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In this chapter, two-port, and four-port miniature MIMO antennas are
presented. The miniaturization and the bandwidth of the antenna are improved by
introducing multiple slits on the radiator and etching a slot at an optimum position on the
partial ground plane. The isolation is enhanced by placing the antenna orthogonally and
high diversity is achieved by placing two antenna elements placed on the opposite side of
the substrate. The polarization diversity and dual-polarization are achieved due to the
positioning of the antenna elements in an orthogonal manner. Further, the isolation is
improved by adding the decoupling structure on the ground plane and top surface between
two partial slotted ground. It acts as a filter to restrict the flow of current from one antenna
element to another. The impedance bandwidth of the designed antenna satisfies the UWB
range decided by FCC. It is expected that the designed antenna is suitable for the recent

wireless devices.

3.2 Two Port MIMO Antenna Design

Two-port MIMO antenna with a different orientation is illustrated in Figure 3.1. In design1,
two radiating elements are placed in parallel orientation. It can be seen that the return loss
S11 < —10 dB in the entire operating band but the isolation between radiators is very poor.
Further, these radiators were placed orthogonally in the same plane. After that, both return

loss and isolation are significantly improved due to the polarization diversity.

1

W

Port-1 Port-2 Port-2

(a) Design-1 (b) Design-2
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19.5 mm

« 30 mm —+imme—

(c) Design-3

Figure 3.1 Two-port MIMO antenna with different orientation

Finally, in design 3, one radiator is placed on the top side and the other on the bottom of
the substrate material in an orthogonal fashion. It can be observed that return loss is almost
identical to design 2, but it achieved high isolation of < —17 dB in the entire frequency

band as shown in Figure 3.2. The overall dimension of the antenna is very compact 19.5

mm x 39 mm.
0
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3.3 Four Port MIMO Antenna Design

The two-dimensional layout of the four-port MIMO antenna is presented in Figure 3.3. In

this proposed design, four identical radiating elements are orthogonally placed. The overall
dimension of the antenna is very compact 39 x 39 mm?.

—b‘ﬁq—
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Port-d

(b) Bottom

Port-2

Jn

Figure 3.3 Two dimensional layouts of the proposed antenna

The antenna is optimized and designed using high-frequency structure simulator (HFSS)
software. The substrate material FR4 (dielectric constant 4.4 and loss tangent 0.02) with

1.6 mm thick is used to design the antenna. The optimized dimension of various parameters

labeled in the antenna structure is illustrated in Table 3.1.

TABLE 3.1. Design parameters of the antenna

Parameter | Wy | Wy a b C d e f p
Dimension | 39 3 18 9 3.8 7.5 11 16.4

(mm)
Parameter | Lg Lt h i J k I m n
Dimension | 39 8.5 5.8 9 3 16.4 12 7.5 3

(mm)

3.4 Results and Discussion

The various antenna characteristics parameter and the diversity parameters are illustrated

in this section.
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3.4.1 Return Loss and Isolation Parameter

Figure 3.4, represents the return loss at various steps. In stepl, all elements are placed
orthogonally and they are resonating at 5.6, 7.6, and 10.6 GHz respectively. The isolation
IS very poor up to 8 GHz, but it is improved for high frequency and is accepted as it lies
below —15 dB. In step-2, the strip is placed on top of the substrate, which is adding one
lower resonant frequency and also improves the isolation.

==+ Without Coupling =-+ Coupling on upper side

- = (Coupling on both side

Reflection Coefficient (dB)

Frequency (GHz)
Figure 3.4 Reflection coefficient at various steps

Further for more reduction of the mutual coupling, thin strips are added to the ground plane
as well as on the top surface. It can be seen from Figure 3.5, that isolation is less than —20
dB up to 7.8 GHz and at the higher frequency it is less than —16 dB. The isolation

parameters are measured when port-1 is excited and other ports remain deactivated.
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Figure 3.5 S12/S13/S14 at various steps

3.4.2 Surface Current Distribution

The two-dimensional surface current distribution is depicted in Figure 3.6, from the
diagram it is very clear that the current density is highly coupled in Figure 3.6 (a) and (c)

without using any decoupling structure.
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Figure 3.6 Two dimensional current distribution at operating frequency 4.3 GHz in (a),

(b), and at 5.4 GHz in (c),(d)

But when the decoupling structure is implemented, the amount of the mutual coupling
current is significantly reduced. The function of the decoupling element is to restrict the
flow of current to another element. It acts as a filter to reject the current and divert it in

some other direction.
3.4.3 Gain and Radiation Efficiency

The gain of the antenna lies in the range of 1.1 to 5.3 dB. In addition, it is also observed

that the radiation efficiency is varying from 28 % to 76 %.
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Figure 3.7 Realized gain and radiation efficiency
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The two-dimensional radiation pattern in the xz ( E-plane) and yz (H-plane) direction at
4.3 and 5.4 GHz is presented in Figure 3.8. It can be noticed that the radiation pattern is
unstable at 4.3 GHz and directional in E-plane and close to the omnidirectional in H-plane
at 5.4 GHz. Further at higher frequency splitting the radiation lobe due to the higher-order

mode.

(a) (b)

-180

(©)

E-plane H-plane

Figure 3.8 Two dimensional radiation pattern (a) 4.3 GHz (b) 5.4 GHz and (c) 10.4
GHz
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3.4.4 Input Impedance

The simulated impedance at port 1 is illustrated in Figure 3.9, in which the real part of the
impedance at resonance frequency is very close to 50 ohms and the imaginary part is near
to zero. This means that the antenna has good impedance matching at all the resonance
frequencies 4.3 GHz, 5.4 GHz, and 10.4 GHz.
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Frequency (GHz)

Figure- 3.9 Simulated impedance of the proposed antenna

3.4.5 Envelope Correlation and Diversity Gain

Envelope correlation and diversity gain are important parameters for deciding the MIMO
performance. The ECC value decides the amount of correlation between antennas. The
lower the value of ECC, the better will be the isolation among antenna elements. The ECC
value for the four-port antenna can be computed from equation 1.6. The ECC value of the
designed antenna is very low 0.047 as compared to the practical accepted value. It means
the proposed antenna is quite suitable for wireless devices. The diversity gain of the
antenna is directly calculated from equation 1.9. The value of DG is more than 9.9 dB for

the whole UWB range. It is very close to the practical accepted value.
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Figure 3.10 Simulated ECC and DG of the proposed antenna

3.5 Summary

In this chapter, a two-port and four-port MIMO antenna are presented. The high bandwidth
of 3.1-11 GHz is achieved due to the partial ground and the multiple slits on the radiator.
The isolation is enhanced by adding strips on the ground and top surface along with the
proper placement of antenna elements in orthogonal orientation. The antenna has achieved
less than —20 dB isolation in most of the band, lower ECC value, good efficiency, and
suitable gain value. The results obtained in this work are sufficient to claim that, this
antenna will be quite handy for the devices applicable to wireless communication. In the
next chapter, the design and development of the UWB MIMO antenna without using any
decoupling structure will be discussed.
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Chapter-4

Compact Quad-Port High-Performance UWB MIMO
Diversity Antenna with Slotted Ground Structure

4.1 Introduction

A UWB technology is quite suitable for short-range wireless communications like personal
area network applications. The high data rate, larger bandwidth, and low power spectral
density are the advantages of UWB which is suitable for today’s wireless communication
portable devices. In spite of various advantages of UWB technology, it also has certain
limitations observed like multipath fading and reliability. These problems are resolved by
combining the UWB technology with the MIMO technology. In the MIMO system,
multiplexing and diversity gain increase as multiple antennas are used at the both sender
and the receiver sides, which in turn increases the transmission capacity. Since
accommodating the multiple antennas into a small area leads to chances of coupling among
the antenna elements. Therefore, it is a big challenge for the antenna designer to design a
miniature MIMO antenna with low coupling between the antenna elements. In [108], Y-
shaped slots are used in half slot CPW feed MIMO antenna to improve the isolation. In
[107], isolation is improved by using a Complementary Split-Ring Resonator (CSRR) and
an inverted L-stub on the ground plane. Two perpendicular meander feed lines on the single
radiator and an open stub at the corner of the structure are used to improve the isolation
parameter [110]. An array of slotted Y-shaped frequency selective surfaces along with an
inverted L-structure provides isolation among the antenna elements[109], in which antenna
elements are designed around a polystyrene block in a cuboidal geometry. Some other
techniques are also being used for isolation improvement such as neutralization line
between antenna elements [135], electromagnetic bandgap structure [136], [137],
introducing various Defective Ground Structure (DGS) or stub and slots on antenna
element [125],[138],[99],[93],[87],[45]. A carbon black film is also used for reducing
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mutual coupling because it absorbs electromagnetic signals [104]. In [139],[132], a
metamaterial, which is an artificial structure and magneto dielectric material is also used
to decrease the mutual coupling by absorbing the mutual interference signal. A DGS and
U-shaped stubs are inserted on the radiator [140], [125], whereas a decoupling structure is
used on the top and bottom of the dielectric substrate to improve an isolation as well as
bandwidth of the UWB MIMO antenna in [115]. Further, overall size of the antenna
decreases by using ACS fed structure [141]. In [142], [143], [144], antenna elements are
placed orthogonally to enhance the isolation. It is a big challenge to design a MIMO
antenna in compact size with low mutual coupling. The performance of the prototype
antenna compared with the existing literature in terms of antenna size, frequency band,
isolation and ECC value are available in Table 4.1. It can be seen that, size of the proposed
antenna is very compact in reference to all other antenna. In addition, it is also showing

better performance in achieving high isolation, low ECC value and high gain which is

favorable for the today wireless portable devices.

TABLE 4.1: Performance comparison of the prototype antenna with existing literature

Existing Antenna size Frequency No of | Isolation Gain
literature (mm?) band port (dB) (dBi) ECC
(GHz)

[109] 32 x 36 = 1152 3-10 4 <-20 -- <0.002
[135] 48 x 34 =1632 3.52-10.08 4 <-23 0.95-2.91 | <0.039
[136] 27.2 x 46= 1251 3.6-17.6 2 <-18 1.4-4 <0.018
[137] 60 x 60 = 3600 3-16.2 4 <-17.5 8.4 <0.300
[104] 50 x 40 =2000 2.5-11 2 <-15 4.6 <0.01
[140] 80 x 80 = 6400 3.18-11.5 4 <-15 6 < 0.005
[125] 80 x 35= 2800 2.57-12.2 2 <-15 3.06-4.6 | <0.005
[115] 40 x 40 = 1600 3.1-11 4 <-20 3.28 < 0.002
[141] 36 x 36= 1296 3.1-10.6 4 <-15 3.7 <0.02
[142] 26 x 55= 1430 3.1-12.3 4 <-20 4.2 <0.10
[143] 50 x 39.8= 1990 2.7-12 4 <-17 6 <0.02
[144] 39 x 39 = 1521 2.3-13.75 4 <-22 4.6 <0.02

Proposed 30 x 30 =900 2.15-16.75 4 <-22 1.2-4.8 <0.06

Antenna
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In this chapter, very compact size of 30 x 30 mm? quad-port UWB MIMO diversity
antenna without using any additional decoupling structure is proposed. The decoupling
structure unnecessarily increases the complexity and size of the antenna. A great amount
of isolation is achieved by placing four identical antenna elements orthogonally along with
cutting arc-shaped structures on the radiator. This compensates for the amount of
interference via polarization diversity. The bandwidth of the antenna is improved by
modifying the ground plane and cutting a slot in the ground plane at an optimum position
to alter the surface current distribution. The compactness is achieved due to the staircase-
shaped structure cut at each bottom corner of the radiating patch. The prototype antenna
has a very high bandwidth ranging from 2.15-16.75 GHz, high isolation, and very low ECC
value which is suitable for modern communication devices, especially for portable UWB-
MIMO devices.

4.2 Antenna Design Procedure

The structure of the 30 x 30 x 1.6 mm? four-element MIMO antenna is presented in Figure
4.1. The design consists of four identical antenna elements which are orthogonally placed
on the top surface of the substrate and the ground structure is modified by the cutting slot
at a suitable position. The design and simulation work was carried out on the ANSY S HFSS
full-wave electromagnetic simulator and the optimized dimensions are presented in Table
4.2.

TABLE 4.2: Optimized dimension of the proposed antenna

Parameter L L¢ Loy Lo, Lgs L; L, Lg
Dimensions (MM) 30 6.4 15 5.8 5.8 3.8 1 3.5

Parameter W We Wg1 Wg \U'A W, W;
Dimensions (MM) 30 3 5 34 10.8 0.5 6
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Figure 4.1 Structure of four-element MIMO antenna with dimension

The proposed radiating element consists of a rectangular patch of length (L,,) and width
(W,) etched with an arc-shaped radiator on the top of the radiator to improve the
bandwidth. Further truncated stair case-shaped slots are etched on the radiator to increase
the path of current and hence reduced the size of the antenna. To obtain a lower cutoff
frequency, the size of the antenna should be larger enough to provide the longest current
path. In this chapter, to achieve lower frequency, rectangular-shaped slots of length and
width of (Ls x Ws) are etched on the partial ground plane. The micro strip-line of length
and width of L, and W; are connected at the lower middle edge of the radiator. The

approximate lower resonant frequency for the designed antenna is evaluated by [145],

14.4

Aq n Ay
27[111/61'3 anz,/Ere

ﬁ_

= 4.2)
l1+12 +g+
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Where |1 and |, denote the length of the ground plane and length of the patch, A1 and A
define the area of the ground plane and radiating patch, g refers to the gap between the
radiating patch and the ground plane, and ere= (er+1) /2 assumes the relative permittivity.
The lower resonant frequency obtained from the above formula is 5.8 GHz by inserting the
value l1= Lgs, l2=Lp, g = L¢ - Lg, A1= Lgi1WQ2 - LsWs, Ax= LpWp+ Lf Ws -2*{(LW>) +
(2*L2W2)+ (3*L2W2)}-0.5*r*r2, which is very close to the simulated value 5.6 GHz as

shown in Figure 4.4.

4.3 Evolution Steps of Single UWB Antenna

The various evolution steps of a single UWB antenna are presented in Figure 4.2. In step-
1, the antenna design starts with the basic rectangular patch whose dimension is 7.5 mm x

10.8 mm and it is resonating around 4.4 GHz.

0
10 RN N T |
& -20
E
4430
-40
-50 Step-1 Step-2 Step-3 Step-4
2 4 6 8 10 12 14 16 18
Frequency (GHz)

Figure 4.2 Different evolution steps of a single UWB antenna element
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After removing an arc-shaped slot in step-2 and including the staircase structure in step-3,
the resonating frequency shifted to 3.8 GHz approximately. This is due to the increase in
the electrical length of current without disturbing the overall dimension of the radiator. In
this approach, it has got an improvised result, by introducing a slot on the ground plane at

an optimum place and we have achieved the ultra-wideband in step-4.

4.4 Evolution Steps of UWB MIMO Antenna

Design -1, illustrated in Figure 4.3 (a) is designed with a basic rectangular patch along with
a modified ground structure in which the reflection coefficient at all four ports is found to
be lower than -10 dB from 2.26-11.70 GHz. The isolation parameters S, S;3 and S;, were
seemed to be very poor in the whole UWB band. To improve the bandwidth and isolation
further, we made necessary changes in design-1 by cutting the staircase shape at both the
lower corner of radiators to get design-2. Further for more improvement of isolation and
bandwidth, the design-3 shown in Figure 4.3 (c) is designed with optimum dimensions
listed in Table 4.2. In this design, cutting of the rectangular slot on the ground plane at an
optimum position leads to alter in the surface current distribution whereas cutting of the

arc on the radiator, finds an improvement in the isolation without using any additional

decoupling network.

Port-3
Port-1 —a
(@) (b)

Port-3

p-Hod

Port-2

-




Port-1

(©)

Figure 4.3 (a) Rectangular patch with the partial ground only (b) After etching a staircase
shape structure at the corner of the patch (c) Introducing slot on the ground and etched

arc shape structure on the radiator

In all three designs, the antenna elements were placed orthogonally for the mutual coupling
reduction. The simulated S-parameters of all three designs when port-1 is excited are
presented in Figure 4.4. Table- 4.3, represents the range of operating frequency and value
of isolation parameter of all three antennas. It is evident from the table that design-3 has a
wider bandwidth (14.6 GHz) and maintains very good isolation among all three designs.
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TABLE 4.3: Comparisons of S-parameter of all three design

Design-3
Parameter Design-1 Design-2 (proposed antenna)
Si1 <-10dB <-10dB <-10dB
(2.26-11.70) GHz | (2.95-12.75) GHz | (2.15-16.75) GHz
Si2 <-142dB <-16.5dB <-22dB
Si3 <-11dB <-12dB <-17dB
Sia <-14.11dB <-16.75dB <-23dB

4.5 Effect of Ground Plane

The use of a partial ground plane reduces the amount of energy stored in the substrate. As
a consequence, the quality factor has been reduced and it is quite obvious that bandwidth

naturally will increase as the quality factor is inversely proportional to bandwidth.
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Due to the etching slot on the ground plane, it increases the electrical path length of the
current which in turn increases the bandwidth. In addition, the antenna also gets
miniaturized. The result of return loss and isolation parameters for different steps of the
ground plane is illustrated in Figure 4.5. It is found that a MIMO antenna with a slotted

ground plane provides high impedance bandwidth along with very good isolation.

————

—— Sy, full ground
----- Sqa_ful ground|

== Sqq_full ground :
—— Sy, partial ground - $512_slotted ground

..... S13_partial ground -===-  $13_slotted ground
----=-S., partial ground --= 514 slotted ground

2 4 6 8 10 12 14 16 18
Frequency (GHz)
(b)

Figure 4.5 Effect of the ground plane at various steps (a) S;; (b) Isolation parameter

Isolation Parameter (dB)

4.6 Results and Discussion

The front and backside of the prototype four-port MIMO antenna are presented in Figures
4.6 (a) and 4.6 (b) respectively.
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(a) (b)
Figure 4.6 Fabricated prototype antenna (a) Front side (b) Backside

The antenna is fabricated on an FR4 substrate with a thickness of 1.6 mm. The

measurement of antenna parameters was carried out on an Agilent N5230A vector network

analyzer.
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Figure 4.7 Simulated and measured S,; parameter of the prototype MIMO antenna

63



Figures 4.7 and 4.8, illustrated the comparison of measured and simulated S-parameters
along with mutual coupling. It is found to be a good agreement between them. As per the
FCC requirement for UWB (3.1-10.6 GHz), this prototype antenna finds a larger bandwidth
(2.15- 16.75 GHz) than UWB. The high isolation is achieved between first and second,
first and fourth which are found to be S;, < —22 dB and S;, < —23 dB respectively.

-10 \ - - -
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154"~ ° Si2(meas.) =+  S;3(meas.) =-+= S (meas.

AL Ll

20-
252
30
353

-40-
2 4 6 8 10 12 14 16 18
Frequency (GHz)

Isolation Parameter (dB)

Figure 4.8 Comparison of isolation parameter S;,/S:5/514

Figure 4.9, represents the two-dimensional radiation pattern of the proposed MIMO
antenna in E-plane and H-plane directions at 3.07, 5.37, 10.66, and 15.14 GHz. It is evident
that for the entire range of frequency band, the radiation pattern follows an omnidirectional
characteristic. Further at higher frequency splitting the radiation lobe due to higher-order

mode. The 3-D radiation pattern of the prototype antenna is presented in Figure 4.10.
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Figure 4.9 Radiation pattern at (a) 3.07 (b) 5.37 (c) 10.66 and (d) 15.14 GHz in xz and yz
plane

The gain of the antenna first decreases then increases up to resonance frequency 5.37 GHz
and further decreases then increase up to another resonance frequency 10.66 GHz. The gain
finally reached the maximum value at resonance frequency 15.14 GHz. The maximum
measured gain of 4.8 dB and the simulated gain of 4.9 dB have been achieved. It can be
seen from Figure 4.11 that the measured gain of the antenna varies from 1.2 dB to 4.8 dB.
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Figure 4.10 3-D Radiation pattern at (a) 5.37 (b) 10.66 and (c) 15.14 GHz
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Figure 4.11 Simulated and measured realized gain

The measured and simulated radiation efficiency of the proposed antenna has more than
60 % through the entire frequency band as illustrated in Figure 4.12. The efficiency of the
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antenna first increases up to 90 % then further decreases and after that increases to the peak
value of 96 %.
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Figure 4.12 Simulated and measured radiation efficiency

Figure 4.13, represents the surface current distribution at 3.07, 5.37, 10.66, and 15.14 GHz
respectively when port 1 is excited and other ports terminated with 50-ohm impedance. It
is observed that a very small amount of current is coupled with other elements, and this is
due orthogonal arrangement of the antenna element. This observation is valid for the entire

frequency range.
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Figure 4.13 Surface current at (a) 3.07 GHz (b) 5.37 GHz (c) 10.66 GHz (d) 15.14 GHz

4.7MIMO Diversity Analysis

The performance of the MIMO antenna cannot be fully measured only by return loss and
isolation parameters. Other parameters like ECC, diversity gain, TARC and mean effective

gain are also used to evaluate the performance of the MIMO antenna.

4.7.1 Envelope Correlation Coefficient
It is very important for diversity parameters that explain the mutual coupling between
antenna elements. There are two ways to evaluate ECC, using far-field radiation pattern
and S-parameter [146].

| Xn=1SinSn,jl?
| Tk=ij(1=ZN=1 Sk nSnk)|

Where i and j are the port number N= no of an antenna element

ECC = p,(i,j,N) = (4.2)

For quad-port MIMO antenna, ECC between antenna elements can be evaluated by putting
N=4 in equation (4.2).

S11S12+ $31522+513532+514542|°
(1=151112 152112153112 =S4112) (1=1S121%=1S2212=S321% = S421?)

68



0.10

wee  ECC,,(Simulated) ==+ ECC,;(measured)
e ECCy3(Simulated) « - ECC;3(measured)
0.08=\ — ECC,(Simulated) == ECC, (measured)

0.06

ECC

0.04

0.02

2 4 6 8 10 12 14 16 18
Frequency (GHz)

Figure 4.14 Envelope correlation coefficient with frequency

Where ECC12 is the mutual coupling on port 1 due to port 2. Similarly, we can evaluate
ECCq3 and ECCy4 from equation 4.2. It can be seen from Figure 4.14, that the ECC value
is lower than 0.065 in the whole operating band. The measured value is very low as
compared to the practical acceptable value of 0.5. It means that the MIMO antenna shows
very good diversity performance.

4.7.2 Diversity Gain

It measures how much the transmission power can be reduced after implementing various
diversity schemes without any performance loss. The diversity gain should be close to 10
dB for the effective performance of the MIMO antenna as it can be directly calculated from
the ECC value. The DG of the designed antenna is evaluated from equation 1.9.
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Figure 4.15 Diversity gain with frequency

Figure 4.15 shows the diversity gain when port 1 is excited and the other port is terminated.
It is noticed that the DG value in all three cases is more than 9.98 dB which is greater than
the practical accepted value of 9.5

4.7.3 Total Active Reflection Coefficient

In the MIMO system, operating bandwidth and efficiency will be affected when all the
antenna element operates simultaneously. Thus, S-parametric results are not sufficient to
judge how good the antenna is, so we also used another important parameter known as
TARC to evaluate the antenna performance. TARC can be evaluated from equation 1.21.
In this proposed MIMO antenna, it is considered that all incoming signals at all ports have
the same amplitude and phase (0° phase difference), then the equation for TARC is given
by [135].

[S11+S12+S13+S141%+ |S21+S22+S23+S24/2+
[S31+S32+S33+534|%+]S41+S42+S43+S44]?

TARC = w7

(4.4)
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It can be observed that the TARC value is lower than -10 dB which is lower than the

practical accepted value of 0 dB over the entire frequency band as shown in Figure 4.16.

- Simulated ==« Measured

2 4 6 8 10 12 14 16 18
Frequency (GHz)
Figure 4.16 Simulate and measured TARC with frequency

4.7.4 Mean Effective Gain

For MIMO diversity performance, MEG is also a very important parameter. It is the ratio
of the average power of an outgoing signal to an incoming signal. MEG at each port can
be evaluated from equation 1.13. For effective performance of the MIMO antenna, the
MEG should be below —3 dB at each port, and the magnitude of the difference of MEG
between any ports should be below 3 dB. It is clear from Figure 4.17, that MEG at each
port is less than -6 dB in the whole range of frequency band. The magnitude of the

difference of MEG between any port is also within 1 dB.
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Figure 4.17 Simulated and measured MEG with frequency

4.8 Effect of Device Housing

The proposed antenna is placed inside three different plastic materials whose permittivity
values are 2.25, 3, and 4.48. The size of the plastic housing has taken the same as the size
of the antenna ie. 30 x 30 mm?. The height and thickness of the box have taken 15 mm and

1mm respectively.
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Figure 4.18 (a), shows that the lower frequency band shifts downward as the & value
decreases from 4.48 to 2.2, and the isolation parameter S;,, S;3 and S;, are less than —20
dB as illustrated in Figures 4.18 (b), (c), and (d). So the proposed antenna will satisfactorily

work with different device housing.
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Figure 4.18 Comparison of S-parameter for different plastic materials with the proposed
MIMO antenna (a) return loss (b) S;5 (¢)S;3 (d)S14

4.9 Summary

A very compact 30 x 30 mm? quad-port high-performance UWB MIMO antenna has been
proposed. The design provides an excellent isolation (S;, < —22dB,S;5<
—17 dB and S;, < —22 dB) which is an essential ingredient as far as the MIMO antenna is
concerned. This was possible just by positioning all the antennas in an orthogonal fashion.
Cutting arc on the radiator and modifying the ground structure with staircase-shaped cuts
at both the lower corner of the patch boosted the isolation to a greater extent which is
expected in a MIMO environment. The proposed design is meant to comprehend a high-
performing UWB MIMO antenna. This is due to various MIMO diversity parameters as
well as high impedance bandwidth (2.15-16.75 GHz). The measured MIMO diversity
parameters ECC, DG, and TARC were also within acceptable practical limits in the entire
UWB range. Therefore, the designed antenna is a good candidate for various handheld
portable devices. In the next chapter, the design and fabrication of CSRR loaded quad-port
UWB MIMO antenna will be discussed.
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Chapter-5

CSRR Loaded Compact Quad Port MIMO Diversity
Antenna for UWB Applications

5.1Introduction

In the MIMO system, diversity and channel capacity are improved by placing multiple
antennas in the transmitter and receiver. Moreover, by placing multiple antennas in a small
area, more coupling occurs between antenna elements. So, in today’s design, the multiple
antennas in a very small space with low ECC values are challenging work for antenna
designers. The compactness in the UWB MIMO system is achieved by decreasing the
dimensions of the antenna element or placing the antenna element very close in an
orthogonal fashion. The performance of the MIMO antenna is affected by mutual coupling
between antenna elements. The MIMO diversity parameters, such as ECC, DG, TARC,
and CCL, which depend on isolation parameters, are the key to having a better design.
Various techniques have been proposed to enhance the bandwidth and improvise the
isolation by adding slots, stubs, or defected ground structures [99], [138],[87],[45] that lead
to suppressing the surface current. As a consequence of that, there will be an increment in
the path of electrical current. Different types of electromagnetic bandgap (EBG) periodic
structures are used between antenna elements either on the ground plane or both on the
ground and topsides [136], [137],[147]. They absorb the electromagnetic signals and
suppress the surface waves and improve the in-phase reflection coefficients. Furthermore,
a metamaterial structure [139], [132], [148], [149], an artificial structure and magneto
dielectric material, enhances the isolation by absorbing mutual interference signals and
various techniques like polarization diversity in which multiple antenna elements are

orthogonally [142], [143], [144]. The mutual coupling is also reduced using the
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neutralization line technique in which strip lines are placed between antenna elements

[135], [150]. It usually produces opposite coupling between antenna elements.

In this chapter, design and developed the MIMO antenna which is housed in a
30 mm x 30 mm dimension. The prototype antenna has very compact for placing four
antenna elements. In addition, the isolation is significantly improved by inserting a
complementary split-ring resonator (CSRR) structure along with the L-shaped strip on the

ground plane between antenna elements, which restricts the strong current coupling.

— w IS

5

(@)

The inclusion of CSRR not only prevents the current that flowing from one antenna to
another antenna element but also diverts the current in another direction and acts as a filter.
In actual practice, metamaterial behaves like a medium for electromagnetic signals. As

CSRR or SRR is the unit cell, named a metamaterial, when the signal is excited it impinges
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through this kind of structure, absorbs energy, and acts as a band stop filter due to its

internal structure.

- wn-i >

Figure 5.1 Structure of (a) the proégged antenna and (b) CSRR unit cell

The proposed prototype antenna has been fabricated and measured and the results obtained
show the antenna has got a very high fractional bandwidth of 146.15 % for a wide range
of frequencies (2.8- 18 GHz). Apart from that, it has also provided good isolation of more
than 18 dB in most of the band and a very low ECC value of less than 0.02 with high
channel capacity. Keeping the above-mentioned results in view the proposed design
becomes potential and suitable for modern communication devices, especially for the
portable UWB-MIMO system. The structure of the proposed antennais illustrated in Figure
5.1.

5.2 Antenna Design and Analysis

5.2.1 Evolution of Single UWB Antenna Element

Figure 5.2, represents the step-by-step procedure to get the final design of a single element

antenna that operates in an ultra-wideband frequency range. Initially, the design starts from

77



the basic rectangular patch in stepl, which resonates at 8.4 GHz and after that, a 9 mm x
2.7 mm size rectangular slot is cut from radiating patch in step2, and the resonance
frequency is shifted to 7 GHz. Furthermore, the resonance frequency is shifted to a lower
frequency by cutting two triangular slots with a dimension of 1.8 x 2.5 x 1.8 mm?3 sizes in
step3 and getting the UWB frequency range. The reflection coefficient of all the steps is
presented in Figure 5.3. The approximate theoretical resonant frequency for a single
element in a stepl is calculated from equation 4.1.

(a) Step-1 (b) Step-2 (c) Step-3

l |
——W,

Figure 5.2 Evolution steps of a single UWB element

The theoretical and simulated resonant frequency are presented in Table-5.1.

TABLE 5.1: Simulated and theoretical resonant frequency

Theoretical Resonance Frequency Simulated Resonance Frequency
(GHz) (GHz)
8.3 8.4

It can be observed that the theoretical value of resonance frequency is very close to the
simulated value.
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Figure 5.3 Return loss of a single antenna element at various steps

5.2.2 Evolution of MIMO Antenna with Various Ground Structures

The evolution of the four-port MIMO antenna is represented in Figure 5.4. The antenna
consists of four identical radiators, which are gradually modified from the basic rectangular
structure, as presented in design 1, in which all the radiating elements are placed on one
side and just opposite to that partial ground plane, have been developed with a dimension
of 30 mm x 5 mm to enhance the bandwidth. In design-2, four L-shaped strips are placed
on a partial ground plane for isolation improvement. Furthermore, for miniaturization and
more isolation improvement, the CSRR structure has been introduced on the ground plane.
After performing parametric analysis, the optimum dimension for each parameter is

selected as shown in Table 5.2.
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Figure 5.4 Evolution steps with different ground structures

TABLE 5.2 Various parameter values of the proposed model

Parameter Ws Wf ng WgZ Wg3 Wg4 Wg5 WgG Wg7 Ls Lf Lpl Lp2
Unit 30 |34 13535 |2 9 4 3 45 |30 (6.2 |34 |1
(mm)

Parameter Lp3 Lgl LgZ ng Lg4 LgS Lgﬁ Lg7 Wpl Wp2 Wp3 Wgs
Unit 69 |5 105|105 [425|3 2 1 9 09 |18 |1
(mm)
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The resonance frequencies of the MIMO antenna for design 1 are 6.4, 9.2, and 12.8 GHz.
After adding an L-shaped stub on the ground plane the frequencies got shifted to lower
frequencies are 5.2, 9.1, and 12.4 GHz. The resonance frequency has been further shifted
to the lower frequency at 4, 8, and 10.8 GHz with good impedance matching after inserting

the CSRR structure in the ground plane, as illustrated in Figure 5.5.

0 = Without L-Strip and CSRR
" —— With only L-Strip

=10 \ -

-20
g™ Cra
5 TT

o1 A@A

-50

.60 = With L-strip and CSRR

2 4 6 8 10 12 14 16 18
Frequency (GHz)

Figure 5.5 Reflection coefficient of the MIMO antenna with different ground structure

The isolation parameter of all three MIMO antenna design is presented in Figure 5.6. It can
be seen that for design-1 (S12< —5 dB, S13 < —10.4 dB, S14< —6 dB), design-2 (S12 < —16
dB, S13<—-20dB, S14 <—14 dB) and design-3 (S12< —17 dB, S13<—20 dB, S14<—18 dB).
The isolation has improved by inserting L- shaped strip on ground and further for more
isolation CSRR structure has introduced on the ground plane between two antenna

elements.
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Figure 5.6 Isolation parameter of the proposed antenna (a) only partial ground plane (b)
partial ground with L-shape stub (c) partial ground and L-shape stub along with CSRR

structure

5.3 CSRR Structure and Equivalent Model

The CSRR (unit cell) is a periodic structure that is made up of three rectangular
complementary split-ring resonators. Each ring is cut from a metallic plate and a gap is
introduced which connects the inner conducting area to the surrounding conducting area in
Figure 5.7(a). It acts as an LC resonance circuit and functions as a filter which enhances
the isolation over the required frequency band. This is because metamaterial usually
restricts the current flow and behaves as a filter for the resonating frequency. The total
inductance of CSRR is calculated by taking a parallel combination of three individual
inductances, which connect the inner metal surface to the outer metal surface. Similarly,
the capacitance value is also estimated and it is due to rings placed between two metallic
plates, depicted in Figure 5.7(b) through an equivalent circuit. The resonance frequency of

the CSRR structure is found using the expression given below.
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frz = L (5-1)

/Lo
2T 3 Ceq

Where Ly = P * L,,,; and P is the perimeter of the ring and L,,,; is the inductance per unit

length  between  the inner  conductor and the outer  conductor.

Ciq

O ——

La/2

(@) (b)

Figure 5.7 (a) CSRR structure and (b) equivalent circuit
5.4 Equivalent Circuit Model for the Proposed MIMO Antenna

The equivalent circuit model of the MIMO antenna is illustrated in Figure 5.8, in which all
the four identical radiating patches are represented by a parallel combination of resistance,
capacitance, and inductance.

TABLE 5.3: Lumped parameter values

Lumped Value Lumped Value Lumped Value

Parameter (nH) Parameter (pF) Parameter Q)
L1 9.6 Ci 1.51 R1 60
Le 1.05 Cs 1.51 R3 60
L1o 1.05 Cs 12.5 Ra 60
L1 1.05 Cs 12.5 Rg 60
() 1.05 Cr 12.5 Ri1o 45
Lis 35.5 Cs 12.5 Ri2 45
Lis 35.5 Co 0.052 Ri3 45
Lis 9.6 Cwo 0.052 Rie 45
Los 9.6 Cio 1.51
Loz 9.6 Cas 1.51
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Figure 5.8 Equivalent circuit of the proposed MIMO antenna

The effect of mutual coupling between each radiator is estimated by a combination of
capacitance and inductance. Finally, the parallel combination of inductance and
capacitance defines the equivalence of the CSRR structure. All these derived lumped
parameters are depicted in Table 5.2.The comparison of reflection coefficient (S;,) through

EM and circuit simulator is presented in Figure 5.9.
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Figure 5.9: EM and circuit simulator result

5.5 Results and Discussion

The prototype has been developed on a high-frequency structure simulator and then

fabricated with a MITS-Eleven PCB machine. The design consists of four antennas,

fabricated with FR4 substrate (dielectric constant value of 4.4) on a very compact size of

30 x 30 x 1.6 mm3, as shown in Figure 5.10.

(a) (b)
Figure 5.10 (a) Front and (b) Bottom sides of the prototype model
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The simulated result has been verified with the measured result which was obtained
through the Agilent N5230A vector network analyzer (VNA) and corresponding radiation

characteristics are obtained from an anechoic chamber, presented in Figure 5.11.

(@) (b)

(c) (d)

Figure 5.11 Antenna measurement setup (a), (b) with VNA and (c), (d) inside an
anechoic chamber
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5.5.1 Reflection Coefficient and Isolation Parameter

Figure 5.12 demonstrates the comparison between the measured and simulated reflection
coefficients. There is a little deviation, due to the environmental effect, SMA connector
soldering, cable effect, and many others. The measured impedance bandwidth ranges from
2.8 to 18 GHz. The bandwidth of the prototype antenna fulfilled the frequency range 3.1-
10.6 GHz for the UWB requirement decided by FCC. Figure 5.13, represents the measured
isolation parameter (S;, < —19dB, S;3 < —24 dB and S;, < —19 dB) and simulated
isolation parameter(S;, < —18dB, S;3 < —20dB and S;, < —18 dB) throughout the
operating frequency range. It indicates the proposed prototype has very low coupling

between each port.

——  Simulated (S;;) — Measured (Sy;)

S11(dB)
w
=)

L

-60 S LRSS LS LEEAS AR LAY RS R

2 4 6 8 10 12 14 16 18
Frequency (GHz)

Figure 5.12 Measured and simulated return loss

Figure 5.13, represent the measured and simulated isolation parameter and it can be
observed that S;, less than —17 dB, S;5 is less than —20 dB and S, , is less than —18 dB
throughout the UWB range. It indicates proposed prototype has very low coupling between
each port.
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Figure 5.13 Measured and simulated isolation parameter
5.5.2 Gain and Efficiency

Initially, the measured peak gain increases monotonically to a maximum of 3.6 dB at 8.8
GHz and then decreases to a minimum of 0.5 dB. It is replicated further to have a maximum
of 3.6 dB at 15.4 GHz through the entire operating UWB range, as presented in Figure
5.14. The total radiation efficiency of the MIMO antenna from port n,

Nen = NrmMNan (5-2)

Where 7, ,, denotes the decoupling efficiency and is given by

Nan = 1- %:1 |Smn|2 (5-3)

‘M’ denotes the number of ports in the MIMO antenna, 7, ,, represents the radiation
efficiency of the radiating mode at port n. The radiation efficiency of the antenna varied
from 50 % to 84 %. It can be observed that simulated and measured results are parallel to

each other.
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Figure 5.14 Peak gain and radiation efficiency of the proposed antenna
5.5.3 Current Distribution

The effect of the L-shaped stub and the CSRR structure on isolation improvement can be
easily understood by an amount of surface current linked from one element to another, as
demonstrated in Figure 5.15 at different frequencies. The first port of the MIMO antenna
is excited and remaining all other ports are terminated with 50-ohm load impedance.
Currents are strongly coupled to all elements in the absence of CSRR and L-shaped stub
on the ground plane. The amount of coupling current has been reduced due to the addition
of an L-shaped stub on the ground between antenna elements. Furthermore, a significant
amount of coupling has been reduced by introducing the CSRR structure, along with an L-
shaped stub at an optimum place. The function of CSRR is to prevent the maximum amount

of current that flows between two antennas.
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Figure 5.15 Current distribution at (a) 4 (b) 8 and (c) 10.8 GHz
5.5.4 Radiation Characteristics

The two-dimensional radiation pattern in the y-z and x-z planes at 4, 8, and 10.8 GHz of
the proposed four-port prototype model is illustrated in Figure 5.16. The radiation
characteristic of the MIMO antenna is carried inside an anechoic chamber and during the
measurement of the first port of the antenna is fed by 50-ohm impedance, and the rest of
all three ports have been terminated with 50-ohm load impedance. The radiation pattern
from the HFSS simulator and measured one inside the anechoic chamber agree well. The
radiation pattern in the H-plane almost approaches omnidirectional, whereas the E-plane

pattern follows directional behavior.
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Figure 5.16 Two dimensional radiation pattern at (a) 4 (b) 8 (c) 10.8 GHz

5.6 MIMO Performance Analysis

The performance of the MIMO antenna is not only decided by return loss and isolation
parameters. There are a few more parameters such as ECC, diversity gain, TARC, MEG,
and CCL that also decide the performance of the prototype antenna. These parameters are
evaluated by creating MATLAB code and the results are compared with the measured

result.
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5.6.1 Envelope Correlation Coefficient and Diversity Gain

In the MIMO system, multiple antennas are placed in a small area, then a very high chance

of correlation may happen between elements. The ECC parameter decides the amount of

mutual coupling between antenna elements. The practical, acceptable value is 0.5 for

effective performance and it is assumed that the lower the value of ECC the better the
diversity performance of the MIMO antenna. The ECC12, ECC13, and ECCy4 are the mutual

coupling on portl due to ports 2, 3, and 4 respectively which can be evaluated from

equation 1.6. It can be seen from Figure 5.17, that the ECC value is found to be < 0.02 for

the entire frequency band. The measured value is very low compared to the practical

acceptable value of 0.5.

0.10-7
0.08-
ECC,(sim.)
0.06= —  ECC(sim.)
8 —— ECC;(Sim.)
= -=o-- ECCj;(meas.)
0.04- --0-- ECC;3(meas.)
--0-- ECCy(meas)
0.024
0.00-

2 4 6 8

Figure 5.17: ECC and DG for the prototype antenna
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The parameter diversity gain can be directly evaluated from the ECC value from equation

1.8. Figure 5.17, explains the diversity gain when the first port is excited and all three ports

are terminated with 50-ohm load impedance. The DG value in all three cases is more than
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9.95 dB which is greater than the practical accepted value of 9.5 and the ideal value for
diversity gain of 10 dB. It means that the prototype antenna shows a very good diversity

performance.

5.6.2 Mean Effective Gain

It is an important parameter for diversity performance and is defined as the ratio of power
received from the prototype antenna to the reference antenna under the same working

condition. MEG can be evaluated from S-parameter as [151],

MEG; = 0.5[1 - X)_, |S;1?] (5.4)

The mean effective gain at each port can be calculated from equation 5.4 after considering
N=4.

MEG; = 0.5[1 — |S111% — 1S121% — |S13]% — [S14?] (5.5)
MEG, = 0.5[1 — [S511% = 52217 = S231% = 1S241%] (5.6)
MEG; = 0.5[1 — [S31|% = [S321% = S33]% = |S34/%] (5.7)
MEG, = 0.5[1 — [S411® — 1S421? — |Saz|? — |S4al’] (5.8)

The mean effective gain at each port should be less than —3 dB and the magnitude of the
difference in MEG between each port <—3 dB for the effective performance of the
prototype model. From Figure 5.18, it is found to be a value of MEG at all ports and the
difference between the two ports is less than the practical limit for the entire frequency
band.
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Figure 5.18 Mean effective gain at different ports

5.6.3 Total Active Reflection Coefficient

In the MIMO system, operating bandwidth and efficiency will be affected when all the

antenna elements operate simultaneously. S-parameter result is not sufficient to judge how

good the antenna is, so we tried to introduce another important parameter known as TARC.
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-60

TARC(simulated)

TARC (measured)
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Frequency (GHz)

Figure 5.19 Measured and simulated TARC

16

18

It provides complete characteristics to measure MIMO efficiency. In the proposed MIMO

antenna, all incoming signals irrespective of any port are of the same amplitude and phase
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(0° phase difference), then TARC can be evaluated from equation 1.21. As shown in Figure
5.19, the measured and simulated TARC are less than - 15 dB in the entire frequency range.
A slight difference was found in simulated and measured results due to the variation in the

phase of all incoming signals and measurement of the S-parameter from VNA.

5.6.4 Channel Capacity Loss

The channel capacity loss occurs due to uncorrelated Rayleigh fading in the MIMO system.
The value of CCL is calculated from equation 1.13. The measured and simulated result of
CCL is reflected in Figure 5.20, and it is found to be CCL < 0.35 bits/s/Hz over the entire

operating frequency range which satisfies the practical limit < 0.4 bits/s/Hz.
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Figure 5.20 Measured and simulated CCL

5.7 Comparison of the Proposed Antenna with the Existing MIMO

Antenna

The performance of this work is compared with that of the previously published work in
Table 5.4. The proposed prototype design has a miniature size, a large frequency band, and
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high isolation along with very low mutual coupling. By considering a single rectangular

antenna approximately 88.5 % compactness is achieved. Furthermore, for better bandwidth

and impedance matching, it is further modified step by step.

TABLE 5.4 Performance comparison of the prototype proposed model with the

existing work

Previous | Size No | Frequency | Isolation | Maximum | Efficiency
Work | (mm?) | of Range (dB) Gain (%) ECC | Technique Used
port (GH2) (dB)
[99] 30 x 2 3.1-10.6 >15 | - 70-77.5 < L-shaped
40= 0.10 | parasitic strip
1200
[138] 30 x 2 3-10.9 > 20 3.8 < Defected
50= 0.06 ground
1500 structure
[87] 32 x 2 | 3.1-10.6 >20 4.2 60-80 < Orthogonal
32= 0.02 | orientation and
1024 narrow slot
[45] 35 x 2 3.1-10.6 > 16 65 | - < Tree-like
40= 0.01 structure on
1400 Ground
[136] |27.2x%x| 2 3.6-17.9 >18 4 78-96.7 < | Electromagnetic
46= 0.018 band gap
1251 structure
[137] 60 x 4 3-16.2 >17.5 8.4 25-91.2 | <0.30 | Mushroom-like
60= EBG structure
3600
[142] 26 x 2 3.1-12.3 > 20 4 | - <0.10 Orthogonal
55= orientation
1430 arrangement
[135] 48 x | 4 3.52- > 23 291 70.01- < Neutralization
34= 10.08 79.87 | 0.039 line
1632
This | 30x30| 4 2.8-18 > 18 3.6 50- 84 < L-shape stub
Work = 0.02 and CSRR
900
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5.8 Summary

In this paper, a very compact 30 mm x 30 mm quad-port high isolation CSRR-loaded UWB
MIMO antenna is presented. The compactness is achieved owing to closely spaced
elements, and isolation is improved due to the CSRR structure. The impedance bandwidth
was achieved in the range of 2.8-18 GHz with the maximum peak gain of 3.6 dB and
radiation efficiency varied from 50-84%. The proposed antenna has a very low ECC value,
TARC <-15 dB, MEG <—3 dB and CCL < 0.35 bits/s/Hz. Therefore, this proposed
prototype antenna satisfies all the characteristics of the MIMO application and is quite
suitable for various UWB portable devices, making it multi-dimensional. From the
technical point of view, sometimes notch bands are invited to make necessary changes in
the results. More elaborately, this band will assist to minimize the interference that is
present in a narrow band system. Therefore, we have included a detailed design and its

responses in the next chapter.
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Chapter-6

High Isolation Miniature Antenna with Dual Band
Notch Characteristics for UWB MIMO Applications

6.1 Introduction

The UWB technology has many advantages for wireless communication but it suffers from
certain interference problems due to a few narrowband systems such as WLAN, WiMAX,
and X-band satellite communication. It degrades the quality and the signal strength of the
whole system. Furthermore, the MIMO system along with the UWB technology leads to
enhance the reliability of the system, because it allows several users to access the device
simultaneously. The MIMO system also reduces the multipath fading issue and increases
the transmission capacity. Due to this, the channel capacity is enhanced. The MIMO
antenna is designed in such a way that, the isolation should be less than —15 dB. In most
MIMO systems, antennas are typically positioned with a distance of half-wavelength
pertaining to the lowest operating frequency to improve the isolation between them,
resulting in an overall increment in the dimension. The design of the MIMO antenna
generally fetches compactness in size and it enhances the isolation performance, which
assists the antenna designer tremendously for further work. Including this, in many
situations rejection of notch band characteristics has been developed, which reduces the
interference level significantly [146-153]. In [152], A notch band at 5.5 GHz is obtained
by etching a pair of L-shaped strips on the ground plane. The isolation is enhanced due to
the positioning of antennas in an orthogonal fashion, along with the inclusion of a T-shaped
decoupling structure. The mushroom-type electromagnetic structure (EBG) is used to
reject the single and triple-band [153]-[131] and the isolation is enhanced by adjusting the
length of the MMR stub on the top of the substrate. A CSRR structure is used to achieve
dual-band notch characteristics. The author highlighted getting a dual-band notch due to C
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— shaped and unsymmetrical H-shaped [124]. At the same time, improve the isolation due
to inserting the stub in the particular corner of the antenna element. A thin stub is used on
the ground plane which acts as an LC notch filter and rejects the WLAN [154]-[155], and
the antenna elements are placed orthogonally to reduce the mutual coupling. A C-shaped
slot is etched on the radiator to create band notch characteristics [156] and the vertical stub
is introduced on the ground plane to reduce the mutual coupling between antenna elements.
Furthermore, there are several other techniques for isolation improvement is also
investigated by researcher like defected ground structure (DGS) [157],[96], parasitic
element [26], neutralization line [25],[150] , metamaterial structure [158]-[159] and
decoupling network [160]-[161].

Wi

i

We2

(a) (b)
Figure-6.1 (a) Structure of the proposed MIMO antenna (b) Modified minkowski
fractal structure

In this chapter, designed and developed a high isolation miniature UWB MIMO antenna
having quad ports. This designed antenna simultaneously reduces the interference that
exists in the WLAN and X-band. The high isolation and miniaturization are achieved due
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to the L-shape stub and modified fractal structure on the ground plane. This restricts the
flow of current from one element to another. In the above statement, the kind of noise found
in the WLAN and X- band system is very much reduced by involving U-shaped and C-
shaped slots on the radiating element. As per our findings, this antenna is likely to work in
the multipath environment without any obstruction, which brings the feasibility to the
fading environment. The antenna layout is presented in Figure 6.1 and optimized

parameters of the designed antenna are available in Table 6.1.

TABLE-6.1: Optimized design parameter of the proposed antenna with dimension

Parameter | Wg | Ls | Wy | L¢ | Ly | L | Ly | Ly | Lp | Lgy | Lg

Unit 30| 34 (62|98 |64 | 4 4 169(105|05
(mm) 30
Parameter | Lgs | Lgs | Wp | Wy | Wgy | Wz | Wy | Wes | 0 | Lyg

Unit 1 |04]108] 4 [ 1 [02]04] 2 [12] 5
(mm)

6.2Antenna Design and Analysis

This design consists of four identical radiating elements which are placed on the top layer
of the substrate and modified the ground structure. The overall dimension of the proposed
MIMO antenna is 30 x 30 mm? and it is fabricated on a 1.6 mm thick FR4 substrate whose
& = 4.4 and tand = 0.02. The feeding mechanism to each radiator is provided with a 50-

ohm microstrip feed having a dimension of L, x W;. The simulation and optimization of

the antenna parameter are carried out on the Ansys HFSS 3-D electromagnetic simulator.

6.2.1 Evolution Steps of Single Antenna Element

The step-by-step procedure to get the dual-band notch characteristics UWB antenna is
illustrated in Figure 6.2. In stepl, the design starts with the rectangular patch radiator,
excited by a 50-ohm microstrip feed line with a partial ground plane depicted in Figure 6.2
(a). The monopole antenna achieved an ultra-wideband, due to the partial ground and it

resonates at 4.4 and 8.4 GHz within the UWB frequency range. Furthermore, a C-shaped
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slot is etched on the radiator as shown in Figure 6.2 (b), to get a single notch band that
suppresses the noise present in the WLAN band. The theoretical center frequency for the

lower notch band can be calculated as:

(6.1)

Where f,,; represents the lower notch band center frequency, C denotes the speed of light,
&, indicates the dielectric constant, g illustrates the gap, L, and L, represent design
parameters. The calculated notch frequency is 5.7 GHz, which is very close to the simulated
result of 5.5 GHz as shown in Figure 6.3. Later on, upper notch band characteristics are
achieved due to the etching of a U-shaped slot on the radiator. Subsequently in Figure 6.2
(c), C-shaped and U-shaped slots combine to get a dual-band notch characteristic, which
suppresses the noise that presents in the WLAN and X-band.

(a) (b) (c)
Figure 6.2: Evolution steps (a) Rectangular patch (b) With C-slot (¢c) With C-slot and
U-slot

The theoretical center frequency for the upper notch band can be calculated as:

fr2 =

¢ (6.2)

Er+1

2(2L3+Ly) |7
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Figure 6.3: Reflection coefficient of single antenna element at various steps

Where L; and L, represent the design parameter. The calculated center frequency for the
upper notch band is 7.62 GHz, which is very close to the simulated result of 7.5 GHz as
illustrated in Figure 6.3.

6.2.2 Effect of Ground Plane on the UWB MIMO Antenna

(a) Design-1 (b) Design-2
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(c) Design-3

Figure 6.4: (a) Only partial ground (b) partial ground with L — shaped stub (c) partial

ground, L-shape stub along with modified minkowski fractal structure

The four identical radiators are placed on one side and a partial ground plane on the other
side of the substrate layer as illustrated in Figure 6.4(a). The antenna is achieved wider
impedance bandwidth due to the partial ground plane. But, the isolation between the
antenna elements is very less (S;, <—14 dB, S;3 <—15dB, S;4 <-—12 dB). Further, four L-
shaped stubs are introduced on the ground plane between antenna elements, which
improves the isolation (S;, < —20 dB, S;5 < —17 dB, S;, <—18 dB) as depicted in Figure
6.4 (b). The L-shaped stub restricts the flow of current from one element to another.
Moreover, high isolation is achieved by etching a modified minkowski fractal structure
along with an L-shaped stub on the ground plane between the radiating elements as
illustrated in Figure 6.4(c). After introducing the modified minkowski structure, the
isolation between the antenna elements S;,< —22 dB, S;3 <—22 dB and S;, < —22 dB are

achieved in the entire frequency band as depicted in figure 6.5.
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Figure 6.5 Isolation parameter with different ground structure

6.3 Results and Discussion

The prototype antenna is designed and developed on the FR4 substrate, which is reflected
in Figure 6.6. The various MIMO diversity parameters are measured using an Agilent
N5247A vector network analyzer. The measurement setup with VNA and inside an

anechoic chamber is depicted in Figure 6.7.

Figure 6.6 Fabricated prototype (a) Top View (b) Bottom View
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() (d)
Figure 6.7: Measurement setup with VNA (a), (b) and inside an anechoic chamber (c)
front view (d) back view

6.3.1 Return Loss and Isolation Parameter

It has been noticed that in Figure 6.8(a), the simulated and the measured reflection
coefficient find identical results. It is less than —10 dB in the entire operating band except
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at the notch band. But, there is a minute deviation found, which is due to the presence of
the SMA connector soldering and cabling effect.

I : 1 ' 1 X I

=)
=)
m,': —&— §44 (sim.)
-30 —&— $44 (meas.)]
40 - o
_50 1 T 1 1
2 4 6 8 10 12
Frequency (GHz)
(a)
0 1 1 1 Ll
m -20 4
2
2
[}
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= -40
o
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Ke) T \ - i
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g 80 4 \\ —— S12(meas.)
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Figure 6.8 Simulated and measured (a) reflection coefficient and (b) isolation parameter
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This is quite obvious for any design. While measuring the diversity parameters at port -1,
other ports are terminated with 50-ohm load impedance. A similar process was repeated at
ports 2, 3, and 4 respectively. From Figure 6.8 (b), the measured and the simulated isolation
parameter at port 1 with respect to the other ports are below — 22 dB in the entire operating
band.

6.3.2 Gain and Radiation Efficiency

The antenna gain is measured inside an anechoic chamber using a standard horn antenna.
Figure 6.9 shows the measured and the simulated, gain and radiation efficiency for the
prototype MIMO antenna. In this design, the gain is maintained from 2.2 to 6.2 dB except
at the notch band, where its value drops to —3.6 dB at the lower notch band and —3.8 dB at
the upper notch band respectively. This gain is fit enough for several short-range

communication purposes such as a smartwatch, handheld wireless devices, etc.
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Figure 6.9: Gain and radiation efficiency of the proposed model
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The radiation efficiency of the prototype model varies from 50 % to 92 % and is
significantly reduced at notch frequency as depicted in Figure 6.9. The maximum measured
radiation efficiency of 78 % at 4.2 GHz, 56 % at 6.4 GHz, and 84 % at 8.4 GHz are
achieved. The radiation efficiency decreases at the notch band, this is due to the low

dielectric loss tangent and frequency dependency of the dissipation factor of the substrate.

6.3.3 Surface Current Distribution

The simulated surface current distribution with the different ground planes at 4.2, 6.4, and
8.4 GHz are presented in Figure 6.10. The surface currents are strongly coupled to all the
four antenna elements when a partial ground plane is used. The amount of surface current
is reduced by introducing an L-shaped stub between antenna elements. Further, more
surface current is reduced by etching a modified minkowski fractal structure on the center
of the partial ground plane. This reduction in coupling current enhanced the isolation
between antenna elements. As a consequence of the gain and radiation efficiency of the

antenna which depends on the isolation, the parameter has improved.
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Figure 6.10 Surface current distribution with various ground structures at (a) 4.2 GHz
(b) 6.4 GHz (c) 8.4 GHz

6.3.4 Radiation Characteristics

The two-dimensional co-pol and cross-pol radiation pattern in xz- plane (E-plane, ¢=0°)
and yz - (H-plane, $=90°) at 4.2, 6.4, and 8.4 GHz are depicted in Figure 6.11. The cross-
pol level in E-plane and H-plane are approximately less than —20 dB for all the above-said
frequencies. While measuring the radiation pattern one particular antenna is excited at a
time keeping others terminated with a matched load of 50 ohms to avoid reflection. There
is a good amount of agreement noticed between the simulated and measured ones. The
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radiation pattern is quasi omnidirectional at a lower frequency and slight distortion occurs

at a higher frequency due to the higher-order mode.

(b) E-Plane and 6.4 GHz H-Plane

0
% 330 /«*ﬁ 30

0- 7

-40 - 270

(c) E-Plane and H-Plane at 8.4 GHz
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—e—o—a— Simulated co-pol —e—o——o— Simulated cross-pol

—a—8—8— Measured co-pol —dbe—dhe—a@— Measured cross-pol

Figure 6.11 E-plane and H-plane radiation characteristic at (a) 4.2 (b) 6.4 and (C) 8.4
GHz

6.4 Diversity Performance

The ECC, DG, TARC, and CCL are the few important consequences, which are simply
termed as diversity parameters. It decides the effective performance of the MIMO system.
More elaborately, the practical accepted limit for above said parameters are ECC < 0.5,
DG >9.5dB, TARC < -10 dB and CCL< 0.4 bits/s/Hz respectively.

6.4.1 ECC and DG

Though all the above parameter results are equally important, still ECC has got the highest
priority in decision making as the MIMO system is a concern in general. Because it
measures the amount of coupling between antenna elements, which should be as minimum
as possible. In other words, the lesser the value better would be the performance of the
MIMO system. The ECC can be computed either from the scattering parameter or using a
far-field radiation pattern [162].

| (I [Ei (B.6.1) Ej (8,6.0)]d2]?
[0 E0.0.012a0 || [15E;0.0.0 an |

Pe(i,)) = [ (6.3)

Where E; and E; denote the magnitude of the electric radiated field of it" and jt" antenna,
Q represents the solid angle, ¢ and 6 illustrate the azimuthal and the elevation angle for the
spherical coordinate respectively. The ECC value at each port is lower than 0.02 throughout
the frequency band except at the notch band illustrated in Figure 6.12, which confirms the
prototype antenna has excellent diversity performance. The diversity gain at port 1 with
respect to other ports is more than 9.9 dB as depicted in Figure 6.12. This diversity gain is
very close to the ideal value of 10 dB in the entire operating band except at the notch band,

where diversity gain is a very low value.
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Figure 6.12 ECC and DG of the proposed design

6.4.2 TARC and CCL

In the multiport system, the only reflection coefficient is not enough to evaluate the
effective radiation performance and correct frequency bandwidth. Because of the self-
impedance and the mutual impedance alter, due to random phase excitation and reflection
from other ports. A new parameter TARC has been introduced to give the complete
characteristics of the MIMO antenna. TARC for the four ports MIMO antenna system can
be computed from equation 1.21. It can be seen that the value of TARC is less than —10

dB in the entire operating band except at the notch band as shown in Figure 6.13.
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Figure 6.13: TARC and CCL of the proposed design

The channel capacity loss is due to the uncorrelated fading in the MIMO system. The CCL
can be calculated from equation 1.13. The measured and simulated CCL is depicted in
Figure 6.13, which is lower than the practical acceptable value in the whole frequency band

except at the notch band.

6.5 Comparison of the Proposed Model with the Previous Work

To justify the differences with respect to other existing work, we made a comparative
analysis which is available in Table 6.2. From the outcome of the comparison, it is easy to
estimate the size, isolation, number of antenna elements, and number of notch bands along

with gain. The most interesting part is the size is very much reduced and isolation improves

significantly.
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TABLE 6.2: Comparison of various existing UWB MIMO antennas with the prototype

antenna
No of Isolatio
Antenna | Antenn Band Notch Band n Gain | No. of
Ref Size a width (GH2) (dB) ECC (dB) | Notch
(mm?) | Elemen | (GHz) Bands
t
[95] 38.5 x 2 3.08-11.8 5.03-5.97 <-15 <0.02 1.4- 1
38.5 3.6
[153] | 60 x 60 4 2.73-10.6 5.36-6.34 <-15 2-6 1
[131] | 64 x 45 2 3-11 3.3-3.6,5-6 <-15 <0.02 -- 3
and
7.1-7.9
[163] | 35% 68 2 3.1-10.6 3.35-3.55, <-20 <0.002 1.7- 3
5.65-5.95 4.2
[164] | 50 x50 4 3.1-104 |3.1-42,51-59| <-14 <0.30 1-7 2
[165] | 72x 72 4 2.8-13.3 | 3.25-3.75, 5.3- <-18 <0.06 | 2-6.7 2
5.7
[124] | 45x 45 4 2-16.8 48-59,7-79 <-22 <0.10 2-4 2
[154] | 50 x 25 4 2-12 4.9-6.4 <-17 <0.45 3.15 1
[155] | 40 x40 4 2.4-10.6 5-6 <-20 <0.02 -- 1
[156] | 29 x 40 2 3.1-11 5.72-5.82 <-20 < 2-4.9 1
0.0005
This | 30x30 4 3.1-12 5-59, 7.1-7.9 <22 <0.02 2.2- 2
Wor 6.2
k
6.6 Summary

This chapter exploits a quad-port high isolation miniature antenna. It identifies with the

dual notch band characteristics which reject the structure to use for X-band downlink

satellite communication and WLAN application with the frequency band of 5-5.9 GHz and

7.1-7.9 GHz. This is due to the inclusion of loading C-shaped and U-shaped slots on the
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radiator. In addition to this, the design also included an L-shaped stub along with a
modified minkowski fractal structure to achieve high isolation which is an essential
parameter in the MIMO system. The proposed antenna is fabricated and tested to measure
the various MIMO diversity parameters. It has been observed that the prototype antenna
has many advantages over other reported antennas in terms of size, low mutual coupling
(less than 0.02), number of antenna elements, and high isolation (less than —22 dB).
Moreover, the MIMO diversity antenna is quite suitable to work in the UWB system. The

Conclusion and future scopes are presented in the next chapter.
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Chapter-7

Conclusion and Future Scope

7.1 Summary

In this research work, systematically we have investigated the design and the analysis of
the UWB MIMO diversity antenna. There are four different types of antenna structures that
were designed and simulated through HFSS software. In this process, we obtained various
parameters such as return loss, isolation parameter, gain, radiation efficiency, surface
current distribution, ECC, DG, TARC, MEG, and CCL. Finally, the antenna is fabricated
and the results are measured through VNA as well as inside an anechoic chamber. The
obtained results are then compared with the simulated one to find the amount of
resemblance. It is found that both the results are matched perfectly with slight deviation
and this is due to the effect of cable, SMA connecter soldering, and environmental effect.
In this chapter, I am trying to put all the final outputs which briefly justify my work.

In chapter 1, a brief introduction to UWB and MIMO technology, MIMO
performance parameter, various techniques for isolation improvement and antenna
miniaturization techniques has been presented. Further, the detailed literature survey on the
UWB monopole and the MIMO antenna for various applications has been extensively
discussed in the next chapter.

In chapter three, Four-port multiple input multiple output antenna with the microstrip fed
for the UWB applications is proposed. The antenna consists of four fork-shaped radiators,
out of the four two are placed on the top and the rest are on the bottom part of the substrate.
The isolation has been improved by placing the two antennas in an orthogonal position at
the top and bottom, which provides dual polarization.

Four symmetrical radiating elements which are orthogonally placed on
the top surface of the substrate with the partial slotted ground plane is presented in the next
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chapter. The isolation among the antenna elements is improved by placing the antenna
element orthogonally without any additional decoupling structure.

In chapter five, a four-port miniature MIMO antenna along with a complementary
split-ring resonator (CSRR) structure embedded in the ground plane is presented. The
isolation of the prototype antenna has been improved by taking 4 L-shape strips and two
rectangular CSRR structures on the ground plane between antenna elements. A dual notch
band characteristics UWB MIMO antenna is designed and developed, which is reflected in
chapter six. The specialty of this design finds the compactness and high isolation, which is
achieved by the etching of modified minkowski fractal structure and inverted L-shaped
stubs on the ground plane.

Finally, the results that we have obtained can claim the efficacy towards the design of the
5 G system, short-distance communication, and many other power full applications on

various wireless devices.

7.2 Future Scope

It is customary to say that, for any technology, there will a saturation point due to the
demand or maybe the evolution of some other technology that is more efficient than the
existing one. Keeping view of that, we can suggest some of the clues which may be
implemented in this existing work to fulfill future demand. The following could be the

possible solution which is listed below.

e Design and development of UWB MIMO antenna for high channel capacity. So a
new technique massive MIMO can be implemented.

e Design and development of miniature antenna. It could be achieved by adding
metamaterial, metasurface, or a combination of both or by adopting any other
suitable method.

e The performance of the designed antenna can be evaluated after being embedded
into a device such as a mobile, laptop, or other wireless portable devices.

e One can further extend this work to estimate the radiation effect on environment.
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