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Abstract

High gain, low-cost planar antennas are desired in many point to point wireless

communication applications. The fundamental TM10 mode of rectangular patch

antenna has a drawback of low gain in broadside direction. Higher-order TMm0

(m = 3, 5, · · · ) modes can provide large broadside gain but suffers from high E-

plane sidelobe levels (SLL) and non-optimum gain. In this thesis, two techniques

namely slot-loading and partial notch-loading techniques for improving the radi-

ation characteristics of higher-order TMm0 (m = 3, 5, · · · ) modes in rectangular

patch antennas are presented. Different single-layer high gain TMm0 mode patch

antennas having high gain (12-16 dBi) and reduced SLLs (< -12 dB) suitable for

broadside medium-range applications are demonstrated.

In 1st part of the thesis, a slot-loading technique inspired by slotted waveguide

antennas is proposed. In this technique, a pair of resonant slots is placed in

the center out-of-phase region of TM30 mode rectangular patch antenna, which

acts as a new radiating edge. Superposition of radiated fields of TM30 mode

patch and fundamental mode of slots results in high directivity with reduced SLL.

The placement of resonant slots also has a slight adverse effect on the in-phase

current distribution resulting in an asymmetric radiation pattern. It is shown

that a differential feeding scheme can be employed to achieve symmetric radiation

pattern and gain enhancement by keeping the desired in-phase current distribution

intact. The proposed antenna shows a measured gain of 12.8 dBi and SLL of -12

dB, and it can be used as a substitute for 2×2 array of patch antennas operating in

fundamental mode. Furthermore, since some applications require single-fed patch

antennas; therefore, a method for designing single-fed high gain TM30 mode patch

with symmetric radiation pattern using a planar 2×2 slot array etched at the

center of the patch is also presented.

In the 2nd part, a novel notch-loading technique for gain enhancement and E-plane

SLL reduction in TMm0 (m = 3, 5, · · · ) mode patch antennas is presented. In

this method, undesired out-of-phase surface current distribution regions of higher-

order mode TMm0 (m = 3, 5, · · · ) patch are partially removed (notch-loaded) to



x

create additional radiating edges. It is demonstrated using an analytical model

that the superposition of radiated fields due to these new radiating edges and

unperturbed TMm0 (m = 3, 5, · · · ) mode results in gain enhancement and E-

plane SLL reduction. Moreover, the proposed antennas are easy to fabricate due

to their single-layer configuration. To verify the design, two notch-loaded higher

mode patch antennas operating in TM30 and TM70 mode are fabricated and tested.

Notch-loaded TM30 mode patch shows a measured E-plane SLL of -10.5 dB and

gain of 12.9 dBi whereas, notch-loaded TM70 mode patch shows a measured E-

plane SLL of -12.8 dB and gain of 16 dBi which is the highest reported antenna gain

for single-layer TM70 mode rectangular patch antenna so far. In some applications,

further reduction in SLL is desired. A method for designing low SLL TM30 mode

patch with improved return loss using a combined notch and fractal slot loading

is also presented. The new antenna shows a 5 dB reduction in SLL and 7 dB

improvement in return loss compared to notch loaded TM30 mode patch.

Finally, in the 3rd part of the thesis, high gain frequency reconfigurable dual-band

patch antennas are investigated. A new technique based on metamaterial loaded

patch antennas is developed. In this technique, a composite right/left-handed

transmission line (CRLH TL) unit cell is gap-coupled with the radiating edge

of a rectangular patch antenna. The dual-band behavior is achieved due to the

coupling of zeroth-order resonance mode of CRLH TL and TM10 mode of the

patch antenna. It is shown that the frequency ratio can be changed by varying

the gap between the patch and CRLH TL unit cell. The proposed configuration

enables frequency reconfigurability by changing the CRLH TL unit cell using a

switch. A prototype of the antenna having frequency ratio f2/f1 = 1.08 is designed

and fabricated. The proposed antenna shows measured S11 ≤ −10 dB bandwidth

of 100 MHz and 50 MHz at resonance frequencies of f1 = 4.84 GHz and f2 =

5.22 GHz, respectively. A 2×2 dual-band CRLH TL coupled patch array is also

presented, showing more than 12.7 dBi gain at both resonant frequencies.
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Chapter 1

Introduction

Microstrip patch antennas are popular due to their several attractive features such

as low profile, light-weight, ease of fabrication, and conformability with planar and

non-planar surfaces. With the advent in wireless communication technology, small

size and low profile antennas are sought and patch antenna is a good candidate for

these applications. Unlike other antennas, patch antenna can easily be designed to

achieve multiband operation, polarization diversity, and different pattern shapes.

In fact, the variety in the design of patch antenna exceeds any other antenna type.

Thousands of research papers have been published so far in this area and still

continue to come in abundance.

Most of the work done in patch antenna is for fundamental mode and little at-

tention have been paid to higher mode operation due to undesirable features such

as null in broadside direction and high E-plane SLL. With the exception of a few

early references [1, 2], the work on higher order mode patch antennas lay dor-

mant till now, especially in the area of radiation pattern shaping of higher order

mode patch antennas. Recently, there is a renewed interest in higher order mode

patch antennas for broadside medium range applications, having gain of 10-16

dBi. However, high E-plane SLL and low gain limits their use for practical ap-

plications. Thus, there is need to develop techniques for E-plane SLL suppression

and gain enhancement in higher order mode patch antennas. The first part of the

research focuses on the improvements in radiation characteristics of higher order

1
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mode rectangular patch antennas. Several novel techniques such as slot loading

and partial notch loading are proposed for gain enhancement and SLL reduction

of higher order mode rectangular patch antennas.

Metamaterials, which are artificial materials exhibiting unique properties not found

naturally, have started new paradigm in microwave engineering. They have made

possible the realization of many novel microwave devices and antennas. Metama-

terial based antennas can be divided into two types: leaky wave antennas and

resonant type small antennas [3]. Leaky wave antennas based on metamaterials

can achieve forward and backward beam scanning, which is not possible in con-

ventional antennas. Resonant type small antennas based on composite right/left

handed (CRLH) transmission line (TL) metamaterials make use of unique disper-

sion characteristics. The phase constant, β of CRLH TL can have positive, zero

and negative values, corresponding to positive order, zeroth order and negative

order modes (resonances).

The multiple resonances of CRLH TL can be used for multi-band antenna oper-

ation. In addition, zeroth order mode having infinite wave length (β = 0) has

drawn huge interest. The resonant frequency of zeroth order mode is indepen-

dent of resonator length, which is very useful for realizing small antennas [4]. In

most cases, miniaturized antenna based on zeroth order resonance have ominidi-

rectional (monopole like) patterns. Multiband antennas based on metamaterial

loaded patch antennas are also reported in literature by utilizing ±1st order and

zeroth order mode. However, these antennas have several drawbacks such as design

difficulty, fixed frequency ratio, monopole like pattern at zeroth order resonance

and low efficiency.

With recent advancement in wireless communication technology, reconfigurable

systems are gaining popularity and have spurred research interest for reconfig-

urable antennas. The second part of the research focuses on the development of

new methods for designing multiband reconfigurable patch antennas [5, 6]. Novel

high gain reconfigurable patch antennas based on the concept of zeroth order

CRLH TL resonator and patch antenna coupling are presented.
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1.1 Microstrip Patch Antenna

The basic geometry of microstrip antenna is shown in Fig. 1.1. It consists of a

metallic radiating patch on top of a dielectric substrate with metalization or ground

plane on the bottom side. Radiating patch can have variety of different shapes

like rectangular, circular, triangular, and annular ring. In this thesis, we will

focus on rectangular patch radiator which is the most commonly used shape. The

geometry of rectangular patch antenna is shown in Fig. 1.2. It is characterized by

two parameters namely: patch length L and patch width W . The patch is printed

on a substrate having dielectric constant εr and substrate thickness h.

Microstrip antenna can be considered as discontinuity in the microstrip transmis-

sion line. A microstrip line terminated on an open boundary causes radiation due

to fringing electric field at the open end. The radiation can be enhanced by in-

creasing the width of microstrip line. A microstrip antenna is basically a λ/2 open

end transmission line resonator whose width has been increased to achieve good

radiation efficiency. It behaves like a parallel RLC resonator. For the fundamental

mode, length L of patch antenna is about 0.5λ. The exact length is slightly less

than λ/2 due to fringing effect at both sides of length L [7]. The patch width

W affects the input impedance and gain of patch antenna. The larger value of

W results in lower input impedance and higher gain. The width of patch usually

lies between 0.5L ≤ W ≤ 2L. A common choice which ensures good radiation

efficiency is to select W equal to half wavelength corresponding to average of two

dielectric mediums i.e. air and patch substrate.

The substrate parameters affect the radiation efficiency and bandwidth of patch

antenna. The radiation efficiency is directly proportional to substrate height h and

inversely proportional to dielectric constant εr. In order to achieve good radiation

efficiency thick substrate with low εr must be chosen [8]. Different type feeding

methods can be used to excite the patch antenna. Four most common feeding

mechanisms are microstrip line feed, coaxial probe feed, proximity coupled feed

and aperture coupled feed.
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Figure 1.1: Basic geometry of patch antenna.

Figure 1.2: Geometry of rectangular patch antenna.
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Microstrip antennas have several advantages which make them suitable for a va-

riety of commercial and military applications. The have low profile, light weight,

conformability to shaped surfaces and can be easily integrated with microwave

circuits. In addition, they are easy to fabricate using low cost photo lithography

technique. However, like any technology they also have some drawbacks. They

have narrow bandwidth (typically 2-5%) [8], low gain (typically 5-8 dBi) [9] and

low power handling capability. Over the years different techniques have been de-

veloped to overcome some of these disadvantages, e.g., impedance bandwidth can

be improved by using proximity coupled patches [10] and stacked patches [9] .

Similarly directivity can be enhanced using array of patch antenna [11, 12] and

other techniques presented in Chapter 2.

It is worthwhile to comment on ease of fabrication for patch antennas which is

also directly related to cost of fabrication. In general, patch antennas are easy

to fabricate compared to other antennas. However, in case of patch antennas

fabrication difficulty depends on two main factors. 1) single-layer or multilayer

configuration and 2) need for plated through hole (PTH). Single-layer patch is

more preferable because unlike multilayer configurations such as aperture coupled

patch antennas it doesn’t require alignments of different layers which is critical for

RF performance. This issue become more severe for high frequency designs. In

addition, high frequency substrate are costly and multilayer patch design will be

more expensive. Simlarly, patch antennas which don’t require PTH are less costly

and easy to fabricate.

1.2 Higher Order Modes in Rectangular Patch

Antenna

Rectangular patch antenna is commonly operated in the fundamental or dominant

mode which has broadside radiation pattern. However, patch antenna also exhibit

higher order resonances which can be found using the cavity model. In this model,

patch is treated as a cavity with perfect electric conductor (PEC) or short circuit
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Table 1.1: Calculated resonance frequencies of TMmn modes.

Mode TM01 TM10 TM11 TM02 TM20 TM12 TM21 TM22 TM03 TM30

Frequency (GHz) 1.04 1.14 1.52 2.03 2.27 2.32 2.48 3.04 3.04 3.4

boundary at the top and bottom, and perfect magnetic conductor (PMC) or open

circuit boundary along the periphery. The resonance frequencies for TMmn modes

of rectangular patch antenna can be obtained using the following formula [7]:

fmn =
c

2
√
εe

√(m
L

)2

+
( n
W

)2

(1.1)

where

m = No. of E-field variations along x-direction (along L)

n = No. of E-field variations along y-direction (along W )

c = Speed of light

εe = Effective dieletric constant

The effective dielectric conatant can be found using the following formula:

εe =
εr + 1

2
+
εr − 1

2

1√
1 + 10h

W

(1.2)

The calculation of resonance frequencies can be improved by taking into account

the fringing fields. Resonance frequencies for first 10 modes of rectangular patch

antenna (L = 9 cm, W = 10 cm, εr = 2.2, h = 0.15 cm) are given in Table 1.1.

Among different resonant modes, TM10, TM01 and TM30 modes have broadside

radiation patterns [1]. For a given resonance frequency and substrate TM10 modes

has largest bandwidth [13]. The TM10 and TM01 modes have orthogonal linear po-

larization which can be utilized in polarization diversity applications or to achieve

circular polarization using appropriate feeding mechanism. TM10 and TM30 modes
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Figure 1.3: Resonance frequencies of excited TMmn modes for rectangular
patch antenna.

have same linear polarization and they can be used to achieve dual frequency op-

eration. The directivity of higher order TM30 mode is larger than the TM10 mode

but at the expense of larger size (about three time larger). In addition, it suffers

from high E-plane SLL. The excitation of different mode depends on feed point

location. For a coaxial probe located along x-axis (−L/2 ≤ x ≤ L/2, y = W/2)

six modes namely TM10, TM02, TM20, TM12, TM22, and TM30 will be excited as

shown in Fig. 1.3. For W > L and probe located along x-axis, dominant (lowest

frequency) mode is TM01 but it is not well matched (therefore not visible in Fig.

1.3). Hence, the dominant excited mode of patch is TM10.

A rectangular patch antenna having L = 9 cm, W = 10 cm, εr = 2.2 has been

simulated using full wave EM simulation software HFSS. A coaxial probe is used

to feed the antenna. The resonance frequencies of different TMmn modes can be

observed in Fig. 1.3. The simulated electric field magnitudes and surface current

distributions for six excited modes i.e. TM10, TM02, TM20, TM12, TM22 and TM30

are shown in Figs. 1.4 and 1.5. It can be seen from the surface current distribution

or electric field plots that radiated field will not add constructively in broadside
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direction except for TM10 and TM30 modes. In general, all TMm0 modes (with

odd m) of rectangular patch antenna have broadside radiation patterns.

To summarize, rectangular patch antennas are usually operated in the fundamental

TM10 mode. Higher order modes namely TM20, TM02, TM12 and TM22 have end

fire radiation. Higher order TMm0 modes (with odd m) such as TM30 mode has

broadside radiation pattern and can provide high directivity due to increase in

antenna size but is avoided due to higher E-plane SLL. Thus, there is a need to

improve the radiation characteristics of higher order TMm0 modes (with odd m)

of rectangular patch antennas.

1.3 CRLH TL Metamaterials

Left handed (LH) metamaterials are artificial materials having negative permittiv-

ity (ε) and permeability (µ). They were first predicted theoretically by Vaselago in

1967 [14]. LH metamaterial have negative refractive index (n = −
√
|εr||µr|) and

antiparallel phase and group velocities (backward waves). LH metamaterials were

experimentally verified in 2000 using thin wires and split ring resonators structure

[15]. Since then many applications of LH metamaterials have emerged includ-

ing novel microwave guided wave devices and antennas [4, 16]. Metamaterials

can be described using transmission line theory. An equivalent circuit supporting

backward wave is given in [17] which consists of a series capacitance and shunt

inductance. The circuit is dual of conventional right handed (RH) lossless trans-

mission line. However, due to parasitic effects practical realization of pure LH

metamaterial is difficult. To circumvent this issue concept of composite right/left

handed (CRLH) TL was proposed [18, 19].

The equivalent circuit models of conventional RH TL, LH TL and CRLH TL are

shown in Fig. 1.6. It can be seen that CRLH TL includes a RH part in the form of

a series inductance (LR) and shunt capacitance (CR), beside the required LH part

which is composed of series capacitance (CL) and shunt inductance (LL). CRLH

TL consists of two resonant circuits, a series resonator having impedance Z and
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(a) (b)

(c) (d)

(e) (f)

Figure 1.4: Electric field magnitude for TMmn modes of rectangular patch
antenna. (a) TM10, (b) TM02, (c) TM20, (d) TM12, (e) TM22, and (f) TM30.



Introduction 10

(a) (b)

(c) (d)

(e) (f)

Figure 1.5: Surface current distribution for TMmn modes of rectangular patch
antenna. (a) TM10, (b) TM02, (c) TM20, (d) TM12, (e) TM22, and (f) TM30.
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(a) (b)

(c)

Figure 1.6: Equivalent circuit models for homogeneous lines (a) RH TL (b)
LH TL (c) CRLH TL.

a shunt resonator having admittance Y . CRLH TL is known as balanced when

series and shunt resonances are equal (ωse = ωsh). The characteristic impedance

of balanced CRLH TL is independent of frequency which means that broadband

impedance matching is possible. The phase constant β for balanced CRLH TL is

given by β =
√
ZY = ω

√
LRCR−

1

ω
√
LLCL

[20]. The dispersion characteristics of

CRLH TL can be understood using ω−β diagram as shown in Fig. 1.7. Depending

on frequency CRLH TL behave like LH or RH, the transition between two regions

occurs at transition frequency ω0. The phase constant is zero at ω0 which means

that phase shift (θ = β`) for a TL of length ` is zero. However, propagation of

wave will occurs because of non zero phase velocity at ω0. The corresponding

guided wavelength λg =
2π

β
is infinite.
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Figure 1.7: Dispersion diagram of balanced CRLH TL.

Although ideal homogeneous (∆z → 0) case provides a good insight about the

fundamental properties of CRLH TL, it cannot be realized practically. However, an

effective homogeneous case can be achieved using a cascade of LC based CRLH TL

unit cells as shown in Fig. 1.8. In order to ensure effective homogeneity, physical

size of CRLH TL unit cell p must be less than
λg
4

or equivalently its electrical

length must be less than
π

4
[16]. LC based CRLH TL can be implemented either

using discrete surface mount components or distributed components in the form of

transmission line e.g. microstrip TL. Physical size p of CRLH TL unit cell depends

on the technology used for implementation of CRLH TL. For antenna applications,

distributed CRLH TL is used along with open or short circuit termination. A

CRLH TL implemented using microstrip technology is shown in Fig. 1.9. It

consist of an interdigital capacitor and a short circuited shunt stub.

1.4 Positive, Negative and Zeroth Order Modes

In CRLH TL

For CRLH TL, phase constant β can take positive, negative and zero value which

corresponds to positive, negative and zeroth order resonant modes of CRLH TL.
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Figure 1.8: LC based CRLH TL.

The resonance frequencies of a short or open circuit CRLH TL resonator, composed

of cascade of N unit cell occurs when length ` =
nλg
2

(n = 0,±1,±2, ...., ,±N−1)

or equivalently β =
nπ

`
(n = 0,±1,±2, ....,±N − 1). Depending on the value

of n different resonances (modes) are generated including positive order, zeroth

order and negative order resonances. The total number of resonances depends

on the number of unit cells in the CRLH TL. Figure 1.10 shows the resonance

frequencies of a 3-stage (N = 3) CRLH TL. The resonance frequencies are calcu-

lated by sampling the dispersion curve at
nπ

`
intervals. It can be seen that due
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Figure 1.9: Microstrip TL implementation of CRLH TL.

to non-linear nature of phase constant β(ω), the resonance frequencies are not an

integer multiple. The voltage of open circuited CRLH TL resonator for different

resonant modes is plotted in Fig. 1.11. The field distribution for (±n) modes are

identical. This property is useful for designing dual band components [16]. For

zeroth order mode n = 0, field distribution is constant which means that resonance

frequency is independent of length. The zeroth order mode is useful for realization

of miniaturized resonators.

1.5 Thesis Contributions

As mentioned previously, the thesis focuses on two main research topics namely

gain enhancement and SLL suppression of higher order TMm0 mode (with odd m)

of rectangular patch antennas, and high gain CRLH TL based frequency recon-

figurable patch antennas. The main contributions of the research are summarized

below:
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Figure 1.10: Resonance frequencies of 3-stage CRLH TL.

1.5.1 High Gain Low SLL TMm0 Mode Rectangular Patch

Antennas

The main causes of low gain and high E-plane SLL in conventional TMm0 mode

rectangular patch antennas are investigated. Two approaches are proposed for im-

proving the radiation characteristics of higher order TMm0 mode rectangular patch

antennas i.e. slot loading and partial notch loading. Both methods use superposi-

tions of radiated fields of conventional TMm0 mode patch and some new radiators

present in the out of phase current distribution regions of higher order mode patch

antenna. The main advantage of these techniques is that gain enhancement and

SLL reduction is achieved without increasing the size of antenna. Moreover, due

to single layer configuration they provide ease of fabrication. The proposed TMm0

mode rectangular patch antennas are very suitable for medium range broadside

applications having gain requirements in the range of 12-16 dBi. It is worthwhile

to point out that proposed antennas achieve the high gain performance as a single
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Figure 1.11: Voltage distribution for open circuited CRLH TL resonator.

radiator and can be use as a subsitute for equivalent array antennas. A summary

of contributions are listed below.

1.5.2 Slot Loading Technique

1. A slot loading technique which uses superposition of radiated fields of con-

ventional TM30 mode and new in-phase radiators created using an array of

1×2 slots in the out-of-phase surface current distribution region of higher

mode patch is proposed and demonstrated.

2. Analysis of proposed slot loaded TM30 mode patch antenna using cavity

model and superposition principle.

3. A differential feeding scheme is proposed to circumvent asymmetric radiation

pattern and high cross polarization of slot loaded TM30 mode patch antenna.

In addition, it simplifies integration with differential circuits.

4. It is shown that compared to conventional TM30 mode patch 2.4 dB im-

provement in gain and about 10 dB improvement in SLL is possible using

proposed slot loading technique while size remains same.
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5. In many practical applications, single-fed antennas are more desired. A

single-fed, high gain TM30 mode patch using a planar 2×2 slot array etched

at the center of patch is presented.

1.5.3 Notch Loading Technique

1. A partial notch loading technique which uses superposition of radiated fields

of conventional TMm0 mode and new in-phase radiators created by partially

removing the out-of-phase surface current distribution region of higher mode

patch is proposed.

2. Two novel single layer higher mode patch antennas, namely, notch loaded

TM30 mode rectangular patch antenna and TM70 mode rectangular patch

antenna are designed and demonstrated.

3. Analysis of proposed notch loaded TM30 mode and TM70 patch antennas

using cavity model and superposition principle.

4. It is shown that compared to conventional TM30 mode patch 3 dB improve-

ment in gain and about 8 dB reduction in SLL is possible using proposed

notch technique while size remains same.

5. A method for further reduction in SLL and improvement in return loss of

TM30 mode patch using a combined notch and fractal slot loading is also

presented. The proposed notch and fractal slot loaded TM30 mode patch

can achieve more than 5 dB reduction in SLL and about 7 dB improvement

in return loss compared to notch loaded TM30 mode patch antenna.

6. It is demonstrated that proposed TM70 mode patch has peak gain of 16 dBi,

which is the highest reported gain for single layer TM70 mode patch antenna

reported so far.

7. It is shown that proposed notch loaded TM70 mode patch can achieve more

than 5 dB improvement in gain and about 15 dB reduction in SLL compared

to conventional TM70 mode antenna while size remains same.
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1.5.4 High Gain CRLH TL Coupled Reconfigurable Patch

Antennas

1. A method for realizing dual band antenna for broadside applications is pro-

posed using gap-coupled TM10 mode patch and ZOR mode of CRLH TL

unit cell.

2. A CRLH TL coupled patch having resonance frequency ratio of 1.08 is de-

signed and demonstrated.

3. It is shown that proposed scheme enables frequency reconfigurability by

changing the resonance frequency of ZOR mode CRLH TL unit cell.

4. High gain dual band CRLH TL coupled patch array having more than 12.7

dBi gain at both resonance frequencies is demonstrated.

1.6 Thesis Organization

The outline of thesis is as follows: Chapter 1 provides an introduction of two re-

search problems investigated in this thesis namely, methods for improving the high

E-plane SLL and low gain in TMm0 mode rectangular patch antennas and possibil-

ity of using ZOR mode of CRLH TL for achieving multiband reconfigureable patch

antennas. A brief background of microstrip antenna technology, microstrip rectan-

gular patch antenna, higher order mode in rectangular patch antennas, CRLH TL

based metamaterials and their unique modal behavior supporting positive, zeroth

and negative order resonances is discussed. The main contributions of the research

and an outline of thesis is also presented.

Chapter 2 presents detail literature review about gain enhancement techniques

for microstrip patch antennas. The existing methods for SLL suppression and gain

enhancement of higher order mode patch antennas are also investigated. Moreover,

a brief overview for multiband techniques in CRLH TL loaded patch antennas is

presented. Motivation of thesis and its main objectives are stated.
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In Chapter 3, slot loading technique for SLL reduction and gain enhancement in

TM30 mode rectangular patch antenna is presented. In this method, new in-phase

radiators are created by cutting slots in the center of patch. Theoretical analysis

based on cavity method and superposition principle is presented. The results were

verified using full wave EM simulations. Parametric analysis describing effect of

different slot parameters on antenna performance is presented. The problem of

asymmetric radiation pattern in slot loaded TM30 mode patch antenna is inves-

tigated. A differential loading technique was proposed to overcome this issue. A

detailed comparison of conventional and proposed slot loaded TM30 mode patch

is also presented.

Chapter 4 describes another technique for gain enhancement and SLL suppres-

sion of TMm0 mode rectangular patch antennas. In this technique, out-of-phase

surface current distribution regions are partially removed to create new radiating

edges between the radiating edges of conventional TMm0 mode rectangular patch

antennas. Theoretical far field expressions for proposed notch loaded higher mode

patch antennas are presented. Two novel single layer designs based on TM30 mode

and TM70 mode patch antennas are proposed. Effect of notch loading on perfor-

mance of both antennas is investigated using full wave simulations. Comparison

of proposed and conventional TMm0 mode rectangular patch antenna is presented.

Chapter 5 describe two methods for improving the performance of TM30 mode

patch antennas. The first method is applicable to slot loaded TM30 mode patch

presented in Chapter 3. In this method, a 2×2 slot array is etched at the center

of TM30 mode patch to achieve single-fed, high gain and low SLL antenna with

symmetric radiation pattern. The second method is applicable to notch loaded

TM30 mode patch as presented in Chapter 4. It is demonstrated that SLL reduc-

tion and return loss improvement can be achieved by etching a fractal slot in the

center of TM30 mode patch.

Chapter 6 presents a method for designing multiband reconfigurable patch anten-

nas. In this method, a CRLH TL unit cell is gap-coupled with the patch antenna.

The working principle of proposed antenna is investigated. Parametric analysis
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using full wave EM simulations is presented. As a design example a dual band

CRLH TL coupled patch is proposed and investigated. A high gain 2x2 dual band

CRLH TL coupled patch array is also presented .

In Chapter 7, conclusion of this research work is presented along with some future

recommendations.
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Literature Review

2.1 Gain Enhancement Techniques for Patch

Antennas

High gain planar antennas with low SLL are desired in various wireless communica-

tion applications. Microstrip patch antenna due to its low cost, ease of fabrication

and integration with integrated circuits is an attractive candidate. However, mi-

crostrip antenna operating in the dominant mode has low gain usually 5-8 dBi

[9]. Several single layer and multilayer techniques have been proposed over the

years to overcome this issue. The gain of patch antenna can be improved using

array, proximity coupling in horizontal (coplanar) or vertical (stacking) plane, and

superstrate loading as shown in Fig. 2.1.

A microstrip patch array can be employed to increase the gain [1, 11]. However,

feednetwork is required to excite the individual antennas which add complexity.

Moreover, losses associated with feednetwork due to conductor, dielectric and

radiation losses results in low antenna efficiency. Directivity can also be increased

by utilizing parasitic patches either in the plane of antennas or vertically in a

stacked configuration. In coplanar configuration, parasitic patches are coupled

to a driven patch along the radiating and or non-radiating edges. However, this

is primarily a bandwidth enhancement technique and directivity increases due to

21
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Superstrate

(a) (c)

(b) (d)

Figure 2.1: Gain enhancement techniques for patch antenna (a) Patch ar-
ray (b) Proximity coupled patch (c) Stack patch configuration (d) Superstrate

loading

increase in the surface area of the antenna. Moreover, radiation pattern is not

stable and varies over the frequency band [10].

An electromagnetically coupled stacked patch configuration is proposed in [9, 21].

In this technique, a parasitic patch is placed vertically in a stacked configuration

above a driven or fed patch. Bandwidth or directivity enhancement is possible de-

pending on spacing between the driven patch and parasitic patch. For spacing less

than 0.1λ, impedance bandwidth is increased due to close resonance frequencies

of fed and parasitic patches, two-frequency resonance. When the spacing between

the patches is on the order of half wavelength 0.3-0.5λ [9], gain is enhanced due to

existence of standing wave in the cavity between patches. Both current and elec-

tric field of patches are 1800 out of phase (resonance condition). The radiated field

is in-phase in the broadside direction resulting in gain enhancement. Although,

stacked patches can provide high directivity but distance between the patches

needs to be order of half wave length thus occupying larger volume. Moreover,
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antenna complexity increases due to multilayer structure.

Another technique for gain enhancement is to use high dielectric substrates known

as superstrates above the patch antenna [22, 23]. The basic idea is to achieve res-

onance condition, substrate-superstrate resonance. In [24, 25] partially reflective

surfaces (PRS) are used as superstrate for gain enhancement. However, in both

dielectric and PRS superstrates half wavelength spacing is required (for form-

ing Fabry-Perot type resonance) between the patch and the superstrate which

increases the overall antenna profile. Another technique for directivity enhance-

ment is to used metasurface lens [26] half wave distance above the patch antenna

which reduce the half power beamwidth and thus enhances the overall antenna

gain. Although, efforts have been made to reduce antenna profile using artificial

magnetic conductor (AMC) and metamaterial supersubstrate [27, 28] but they

increase the design complexity. Moreover, due to multilayer structure fabrication

cost increases.

2.1.1 Use of Higher Order Modes for Gain Enhancement

Gain can be enhanced by using higher order localized modes known as fracton or

fractino mode in boundary or mass fractal antennas respectively [29, 30]. Localized

modes (fracton or fractino modes) are regions of high current densities. Gain

increases because current density maxima are in phase and have large spacing

between them in terms of wavelength, resulting in an antenna with larger electrical

size and coherent radiation in broadside direction. It was shown by A.B.Younas

and Z. Ahmed et al.[31] that directivity can be increased further by introducing

another radiating surface in the form of a slot.

In case of Euclidean geometry, higher order mode patch antennas can provide

high directivity due to increase in antenna size. For example, higher order TMm0

modes (with m odd) of rectangular patch have broadside pattern. The electric field

distribution of TMm0 modes patch antenna are shown in Fig. 2.2. The theoretical

E- and H-plane radiation patterns of TMm0 modes patch antenna are shown in
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Figure 2.2: Electric field distribution in TMm0 mode patch cavity.

Fig. 2.3 (a) and 2.3 (b). It can be seen from Fig. 2.3 (a) that higher order

TMm0 modes have high E-plane SLL, an issue which limits their use for practical

applications. In addition, they have lower gain than their fractal counterpart e.g.,

a fractal antenna of size 1.38λ has a directivity of 12.7 dBi [29] while a TM30 mode

patch antenna of size about 1.5λ has directivity of 9.09 dBi [13].

For TMm0 mode (with m odd) of rectangular patch several questions can be asked:

1. What are the possible causes of higher SLL in E-plane?
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2. Why SLL are not high in H-plane?

3. What are the possible causes of lower directivity?

In order to answer these question let’s take a closer look at the expression for

radiation pattern of rectangular patch antenna. The radiation pattern of patch

antenna can be calculated using transmission line model. This model assumes

that radiated field is mainly due to two fringing fields located along the width

of patch antenna (also called the radiating edges) which are separated by a half

wave length distance L. The fringing fields from both ends add constructively in

the broadside direction. The radiated field of patch antenna can be calculated by

treating the fringing fields as two equivalent radiating slots separated by distance

L. The radiated far field of patch antenna for TMm0 mode is given by [32]

Eθ = E0 cosφ f(θ, φ) (2.1)

Eφ = −E0 cos θ sinφ f(θ, φ) (2.2)

where

f(θ, φ) =

sin

[
βmW

2
sin θ sinφ

]
βmW

2
sin θ sinφ

cos

(
βmL

2
sin θ cosφ

)

E0 = constant representing the maximum magnitude of field

Eθ = theta component of elctric field vector

Eφ = phi component of elctric field vector

β =
2π

λ

Here, first factor of f(θ, φ) is the element pattern (pattern factor) due to y-directed

line source of width W and second factor is array factor due to two element array

along x-axis. E- and H-plane patterns can be evaluated by putting φ = 0 and

φ = 900 in above expressions.
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For E-plane (φ = 0)

Eθ = E0 cos

(
βmL

2
sin θ

)
, Eφ = 0 (2.3)

For H-plane(φ = 90)

Eφ = E0 cos θ

sin

[
βmW

2
sin θ

]
βmW

2
sin θ

, Eθ = 0 (2.4)

In E-plane, pattern consists of only array factor (AF) term consisting of a cosine

function while pattern factor (PF) is unity. The argument of cosine function is

m times a constant. For higher order TMm0 modes (m=3,5,.......), multiple phase

variation in aperture field which is also a cosine function (e.g., there are three half

wave phase variation for TM30 mode) as well as large spacing between the radiating

edges (not meeting Nyquist criteria) results in high E-plane SLL as shown in Fig.

2.3(a).

In H-plane, pattern consists of only PF term consisting of a sinc function whereas

AF is 1. This makes sense because aperture field and far-field radiation patterns

are Fourier transform pair and in present case both uniform aperture field and sinc

function are transform pairs. The argument of sinc function is m times a constant

term. H-plane pattern for TMm0 modes (m=1, 3, 5, · · · ) are shown in Fig.2.3(b).

It can be seen that for m=1 and 3, there are no SLL in H-plane whereas for m=5

and 7, H-plane SLL corresponds to a sinc function and are less than -15 dB. The

possible reason for lower directivity in TMm0 mode (for odd m) patch antenna

can be associated to high SLL in E-plane. A second reason is out of phase surface

current distributions regions of TMm0 mode patch.

Different methods are proposed in the past to overcome the drawbacks associated

with the radiation properties of TMm0 mode (with odd m) of rectangular patch as

well as other patch geometries. In [33, 34], a corporate feed network was used for

excitation of an oversized higher mode patch in dominant mode. However, similar
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(a)

(b)

Figure 2.3: TMm0 mode (with odd m) patch antenna patterns (a) E-plane
and, (b) H-plane.
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to array antenna feed network is required which add complexity. In [35], genetic

optimization was applied to a TM12 mode square patch having endfire radiation

pattern to achieve a broadside radiation pattern.

Recently, there is a renewed interest to improve the radiation characteristics of

higher order mode patch antennas [36–39]. A differential feeding was proposed

in [36] to excite a shorted TM30 mode rectangular patch. Although, SLL are

eliminated but resulting antenna gain is low and fabrication cost increases due to

presence of via holes. In [37], E-plane SLL of TM12 mode circular patch antenna

was reduced by employing a high dielectric constant substrate. However, surface

wave losses in high dielectric substrates can cause ripple in main beam and re-

duction in antenna efficiency. A dual mode circular patch antenna was proposed

in [38] wherein superposition of radiated field was used to achieve gain enhance-

ment and SLL reduction by employing simultaneous excitation of TM11 and TM13

mode in a stacked configuration. However, due to multilayer nature antenna has

complex geometry and is difficult to fabricate.

2.1.1.1 Slot Loading Technique

In the past, slot loading has been employed to improve the impedance bandwidth

or SLL reduction of higher mode patch antenna. U, E and H slots [40–42] can

be used to achieve wide impedance bandwidth in patch antennas by coupling

the different resonance frequencies. Although, extensive literature can be found

to improve impedance bandwidth using slot loading, but very few references are

available for radiation pattern shaping using slot loading approach. Reactive slot

loading can be employed to modify the higher mode current distribution and make

it similar to dominant one. A dual band modified TM30 mode rectangular patch

was proposed in [43] by placing two reactive slots along the radiating edges. As a

result SLL are eliminated but at the expense of reduction in antenna directivity.

A modified TM12 mode patch with broadside pattern was presented in [44] by

placing T-slots along the non-radiating edges. In [39], a non-resonant slot loading
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Table 2.1: Comparison of single layer higher order mode patch antennas.

Ref.
Frequency

Mode Patch Shape Height
Directivity SLL

(GHz) (dB) (dB)

[29] 3.5 Fractino Fractal 0.09λ 12.7 -4

[31] 3.3 Fractino Fractal 0.093λ 14.15 -12.5

[36] 60 TM30 RMPA 0.0254λ 10 -

[37] 10 TM12 CMPA 0.042λ 10.55 -12.1

[39] 10 TM12 CMPA 0.026λ 10.9 -20

is used to reduce the SLL of TM12 mode circular patch antenna. However, antenna

has asymmetric radiation pattern and high cross polarization level.

A comparison of different single layer higher mode high gain patch antennas with

broadside radiation pattern is shown in Table 2.1. Many observations can be

made from Table 2.1 . First, both [29] and [31] use fractal gemetries operating

in higher order mode. A fractal slot is used in [31] to increase the directivity

and SLL suppression compared to orignal design presented in [29]. Second, patch

antenna given in [36],[37] and [39] use Euclidian geometries. In [36], a differential-

fed TM30 mode shorted patch with slot is used to achieve about 10 dBi gain. In

[37], a stacked circular patch configuration operating in TM12 and TM11 modes

is used to achieve high gain. As mentioned before, [39] use slot-loaded circular

patch operating in TM12 for SLL reduction. It can be noted from Table 2.1 that

higher mode patch antennas using Euclidean geometries have maximum directivity

<11dBi. On the other hand, maximum directivity of patch antennas using fractal

geometries is >14 dBi. Although, different techniques are available to reduce SLL

in higher mode patch antenna with Euclidean geometries but no such technique

is available for directivity enhancement and SLL reduction simultaneously.

2.1.1.2 Notch Loading Technique

One way to achieve patch antenna miniaturization is notching (cutting the slot

or slit from) the patch radiator. Basic principle is to increase the path length of
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surface current resulting in lowering of antenna resonant frequency. Different form

of notch loading can be employed to achieve this goal. A C-shaped patch antenna

with notch placed along one of non-radiating edge was proposed in [45, 46]. In

[47–49] an H-shaped patch antennas were presented by cutting notches along both

non-radiating edges. A variation of H-shaped patch antenna is a bowtie antenna in

which triangular shaped notches are cut along the radiating edges [50]. Similarly,

a rectangular ring microstrip antenna can be formed by cutting a notch in the

center of patch antenna [47, 51]. In all these configurations, notch loading is used

to reduce patch antenna size operating in fundamental TM10 mode. No significant

work have been reported where notch loading is uses for gain enhancement and

SLL reduction of higher order TMm0 modes.

2.2 Multiband Patch Antennas

Multiband planar antennas are essential for covering different wireless communi-

cation band using single antenna. In the past, different techniques have been used

for achieving multiband planar antennas such as stacked patch configuration, us-

ing multiple broadside modes in patch, reactive loading in the form of slots, and

metamaterial inspired antennas.

In stacked patch configuration, patches are placed vertically above each other.

The top patch known as the driven patch is fed by a coaxial probe, whereas other

patches beneath the driven patch are called the parasitic patches. The spacing

between the patches and resonant length of each patch can be varied to control

the frequency ratio. Dual band and multiband operation can be achieved using

this arrangement depending on the number of patches. Dual band circular and

annular ring patches are reported in [52, 53] using stack of two patches. Multiband

patch antenna covering five bands using a stack of one driven and four parasitic

rectangular patches is demonstrated in [54]. The drawbacks of stack patch configu-

ration are fabrication difficulty and large volume. Another technique for achieving

multiband operation is to use different patch modes having same polarization and
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broadside radiation pattern. As an example, TM10 and TM30 mode of rectangular

patch can be used to achieve dual band operation. However, frequency ratio is

fixed in this case and is approximately equal to 3. Shorting pins can be placed on

patch to lower the frequency ratio [55]. Alternately, reactive slots can be placed

on the patch to decrease the frequency ratio [43]. Similarly, triband operation is

possible using broadside TM10,TM20 and TM21 modes in triangular patch antenna

[56]. However, frequency ratio is fixed in multi mode based multiband antennas

which can cause difficulty for applications requiring exact frequency band.

Slot loading in the form of U slot can be used to achieve multiband behavior.

A dual and triple band U slot patch antennas are presented in [57]. For dual

band operation a single U slot is introduced whereas two U slots are required

for tri band operation. A miniaturized multiband patch antenna using multiple

inverted U slots and shorting pins is reported in [58]. Design of different multiband

miniaturized patch antennas with dual band, triband and quadband operation are

demonstrated.

2.2.1 Metamaterial Inspired Multiband Antennas

Left handed (LH) metamaterials exhibit both negative permittivity and perme-

ability. One way to realize LH metamaterials is to use CRLH TL. CRLH TL based

antenna can be designed to achieve miniaturization and multi band behavior. Ze-

roth order resonance (ZOR) mode which is independent of operating frequency

is popular for antenna miniaturization application. Multifrequency operation is

achieved by using negative order, zeroth order and positive order resonances. How-

ever, only fixed large frequency ratio is possible using this method [16]. In [59]

single layer patch antenna partially filled with mushroom type CRLH structure

was proposed to achieve non-integer frequency ratio. However, antenna has low

efficiency at −1st resonance. In [60] a patch antenna loaded with combination of

mushroom type CRLH structure and reactive impedance surface was presented.

It is shown that dual band dual linear polarization can be achieved by using two

orthogonal -1st modes. Moreover, single band circular polarization can be realized
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Table 2.2: Comparison of different CRLH TL based dual band antennas.

Ref.
f1/f2 Gain

Structure
Resonance

Efficiency Reconfig.
(GHz) (dBi) Modes

[59] 1.8/2.2 4.5/6.8 Single layer n = ∓1 60/83 No

[60] 2.4/2.9 2.25/3.11 Single layer n = −1(x,y) - No

[61] 2.45/3.5 10.3/5.1 Multilayer n = ∓1 80/88 No

by exciting orthogonal -1st modes with 900 phase shift. A multilayer CRLH TL

based patch antenna is presented in [61] with improved efficiency but proposed

structure is difficult to design and fabricate. It is worth mentioning that none of

the aforementioned designs offers frequency reconfigurability. In this work single

layer, dual band frequency reconfigurable CRLH TL based patch antennas with

improved radiation efficiency will be explored.

2.3 Research Objectives

Recently, the need for low profile antennas with medium gain( about 10-16 dBi

) is increasing. Higher order TMm0 (m = 3, 7,.....) mode rectangular patch an-

tennas have broadside radiation patterns and higher gain than the fundamental

TM10 mode. However, they suffer from high E-plane SLL and non-optimum gain.

Very few work has been reported in this area and there is a need to develop new

techniques for improving the radiation characteristics of TMm0 (m = 3, 7,.....)

modes patch. In first part of research, main cause of high E-palne SLL and low

directivity in rectangular patch antennas operating in higher order TMm0 mode

will be explored. The objective is to design single layer higher order TMm0 mode

rectangular patch antennas with improved gain and SLL performance. Two tech-

niques namely slot loading and notch loading will be employed to achieve this

objective. First, a slot loading approach will be used to improve the radiation

characteristics of higher order mode rectangular patch antennas. Theoretical for-

mulation of radiation characteristics of enhanced performance patch antennas will

be explored.
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In the past notch loading has been employed to reduce the size of patch antennas.

No significant work have been reported to improve the gain enhancement and

SLL reduction of higher mode patch antennas using notch loading. In this work,

notch loading approach will be investigated to achieve gain enhancement and SLL

reduction of higher order mode rectangular patch antennas.

Metamaterials, due to their unique properties enables new ways of antenna design.

In particular, Composite Right Left Handed Transmission line (CRLH TL) based

metamaterials are attractive due to their ease of fabrications. They can be used to

achieve size reduction using zeroth order resonant (ZOR) mode. CRLH TL based

antenna can also be used to achieve multiband operation but usually have fixed fre-

quency ratio. Current techniques to address this issue using metamaterial loaded

patches suffer from low efficiency or fabrication difficulty. Moreover, none of these

technique offers frequency reconfigurability. In second part of research, different

multiband patch antenna configurations consisting of patch and CRLH TL meta-

material will be investigated. The objective is to realize single layer multiband

patch antennas having controllable frequency ratio and reconfigurability.



Chapter 3

Diffrential-Fed Slot-Loaded TM30

Mode Rectangular Patch Antenna

3.1 Introduction

High directivity planar antennas with low SLL are desired in various wireless

communication applications. Although, higher order mode operation in patch

antennas can be used to increase directivity due to increase in size but high E-

plane SLL limits their use for most practical applications.

Recently, there is a renewed interest to improve the radiation characteristics of

higher order mode patch antennas [36–39, 62]. A dual mode circular patch antenna

was proposed in [38], wherein superposition of radiated field was used to achieve

gain enhancement and SLL reduction by employing simultaneous excitation of

TM11 and TM13 modes in a stacked configuration. However, due to multilayer

nature, antenna has complex geometry which causes both design and fabrication

difficulty. A differential fed shorted TM30 mode rectangular patch is presented in

[36] which has no E-plane SLL but resulting antenna has low gain. Moreover, due

to presence of via holes fabrication cost increases. In [37], E-plane SLL of TM12

mode circular patch antenna was reduced by employing a high dielectric constant

34



Differential Fed Slot-Loaded TM30 Mode Rectangular Patch Antenna 35

substrate. However, surface wave losses in high dielectric substrates can cause

ripple in main beam and reduction in antenna efficiency.

As mentioned in Section 2.1.1, slot loading can also be used for SLL reducton

in higher modes patch antennas. In this thesis, we propose a resonant slot load-

ing technique and differential feeding to achieve high gain, low SLL single layer

patch antenna with symmetric radiation pattern and low cross polarization. The

method employs a linear 1×2 array of slots which perturbs the out of phase cur-

rent distribution in TM30 mode patch to create additional in phase radiators. It

is shown that by perturbing only out of phase higher mode current distribution

while keeping in phase current distribution intact, both directivity enhancement

and SLL reduction can be achieved simultaneously.

The slot loading technique presented here is different in the sense that it is used to

improve the radiation characteristics of patch rather than impedance bandwidth

enhancement. Moreover, in the proposed technique instead of removing the out

of phase surface current distribution, it has been utilized to achieve performance

enhancement of antenna. Different parameters that influence the performance of

antenna are investigated. It is shown that by making the resonant frequency of

patch and slots equal, good impedance matching and gain flatness can be achieved.

It is worthwhile to mention that differential feeding is usually employed to suppress

cross-polarization [63] or to achieve symmetric radiation pattern [36], whereas

current work demonstrates that differential feeding can also be used to increase

directivity. A peak directivity of 13.3 dB is achieved by means of proposed resonant

slot loading and differential feeding technique with good SLL of -12.7 dB.

To the best of our knowledge, this is the highest reported peak directivity for

TM30 mode patch antenna in single layer configuration using Teflon based sub-

strate. In the past, fractal antennas operating in higher order fracton or fractino

mode showed higher directivity [29] compared to their Euclidian counterpart. The

proposed antenna demonstrates a practical realization of high directivity patch

antenna employing simple Euclidian geometry and larger directivity compared to

fractal antennas.
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Figure 3.1: Geometry of the proposed antenna (W = 10.1, L = 9, ` = 2.6,
d = 6, t = 0.18, F = 2) all dimensions in cm.

3.2 Antenna Geometry and Radiation

Mechanism

The proposed antenna geometry is shown in Fig. 3.2. The antenna is designed to

operate at resonant frequency of 3 GHz. Arlon CuClad substrate having εr = 2.2

and thickness h = 1.524 mm was used for antenna design. The rectangular patch

has length L and width W . A pair of slots, each having length ` and width t is cut

at the center of patch parallel to the radiating edges. The distance between the

centers of slots is d. The antenna is fed using two differential probes symmetrically

located around the center and a distance F apart.

The working of antenna can be explained by taking an analogy with slotted waveg-

uide antenna. In a waveguide, radiating slot can be created by placing a resonant

slot such that surface current lines are interrupted [64]. Simulated surface current

distribution of conventional TM30 mode patch is shown in Fig. 3.1(a). It consists
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Figure 3.2: Simulated surface current distribution (a) Conventional TM30

mode patch, (b) Proposed antenna.

of two in phase regions located along the radiating edges and a center out of phase

undesired region. By placing half wave length slots in the center region, slots can

be excited in their fundamental mode as shown in Fig. 3.1(b). Use of differential

feeding ensures the symmetric surface current distribution on the patch. The slots

placed in the center portion of the patch interrupt the out of phase current distri-

bution such that the induced slot field is in phase and polarization matched with

the aperture field associated with the radiating edges of the TM30 mode patch.

It is worthwhile to mention that a single higher order mode slot cannot be used

in this case as in phase radiation condition would not be satisfied. An additional

radiating edge is thus created in the form of two slots at the center of antenna. By

combining the radiating field of higher order mode patch and fundamental mode

of slots a simple single layer, low SLL and high directivity antenna is realized.

3.3 Theoretical E-plane Radiation Pattern

Theoretical radiation pattern of slot loaded patch antenna can be calculated by

using superposition principle. The total far-field is given by the linear combination

of patch and slot fields.

ET = EPatch + ESlot (3.1)
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The equivalent aperture model of the antenna is shown in Fig. 3.3. Here slot

1 and 2 correspond to the effective radiating aperture of TM30 mode patch [65]

with resonant length along x-axis and represent the patch field, while slot 3 and

4 are radiating aperture corresponding to the resonant slots of about half lambda

located at the center of the patch and represent the slot field. The aperture E-field

in center slots i.e., slots 3 and 4 is out of phase relative to radiating slots i.e., slot

1 and 2. Theoretical justification of why center slots aperture field distribution is

out of phase with respect to radiating slots is given in [66]. It will be shown later

that out of phase aperture field of center slots with respect to radiating slot field

is necessary to make the radiated far-field in phase.

Assuming infinite ground plane, the E-plane (φ =0) radiated field of TM30 mode

patch (slot 1 and slot 2) can be calculated [32] and is given as

EPatch
θ = C1 cos

(
3k0L

2
sin θ

)
(3.2)

where

C1 = j
k0EahW

π

h = Substrate height

Ea = Magnitude of slot aplerture elctric field

k0 =
2π

λ

The radiating field of slot (slot 3 and slot 4) due to two element y-directed slot

array may be determined using pattern multiplication. For single resonant slot of

about half lambda located at origin, electric field can be modeled as that of TE10

mode of rectangular waveguide [67] as shown in Fig. 3.3. The slot aperture field

can be written as

Ex = Ea cos
(πy
`

)
(3.3)

The radiated field of single slot can be calculated using equivalence principle and

is given by
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Eθ =
−jk0Ea`t

π2

cos

(
k0`

π
sin θ sinφ

)
1−

(
k0`

π
sin θ sinφ

)2

sin

(
k0t

2
sin θ cosφ

)
(
k0t

2
sin θ cosφ

) cosφ (3.4)

Array factor due to two slots along y-axis a distance d apart is given by

AF34 = 2 cos

(
k0d

2
sin θ sinφ

)
(3.5)

Using pattern multiplication the radiated field of slot (slot 3 and slot 4) can be

written as

ESlot
θ = C2

cos

(
k0`

π
sin θ sinφ

)
1−

(
k0`

π
sin θ sinφ

)2

sin

(
k0t

2
sin θ cosφ

)
(
k0t

2
sin θ cosφ

) cosφ× AF34 (3.6)

where

C2 = −j 2k0Ea`t

π2

For t� λ sinc function is approximately equal to 1 and we can write E-plane

(φ=0) pattern as

ESlot
θ = C2 (3.7)

Using Eq. (3.1) the radiated field of slot loaded patch becomes

ET
θ = C1 cos

(
3k0L

2
sin θ

)
+ C2 (3.8)

It is important to note that in (3.8) both terms are adding in phase because al-

though slot far-field given by (3.7) has negative sign, recall that slot aperture field

was also negative due to its out of phase nature with respect to radiating slot,

making C2 positive overall. In other words, by making the center slot field and

radiating slot field of patch out of phase we make the radiated far-field in phase.

Using the optimized slot-loaded patch antenna dimensions, given in Fig. 3.2, the

far-field amplitude ratio was evaluated and is given by
C2

C1

= 0.46. Fig. 3.4 shows
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Figure 3.3: Equivalent aperture model of the proposed antenna.

Figure 3.4: Simulated and calculated E-plane radiation patterns with infinite
ground plane.
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the theoretical and simulated E-plane radiation patterns of the proposed antenna.

The simulation was performed in HFSS using infinite ground plane. Both simu-

lated and calculated pattern are in good agreement thus validating the theoretical

model. For reference theoretical E-plane radiation pattern of conventional (with-

out slots) TM30 mode antenna is also shown in Fig. 3.4. The reduction in SLL

compared to conventional TM30 mode patch antenna can be observed from the

plot.

3.4 Parametric Study

The effect of various parameters on the performance of proposed slot loaded patch

antenna has been investigated in this section. Commercial EM simulator Ansys

HFSS was used for this parametric study. A finite ground plane 14cm x 15cm has

been used, and all the simulations were performed in single fed configuration by

changing only one parameter at a time while keeping all other parameters constant.

The initial parameters of the antenna were L = 9 cm, W = 10 cm, ` = 2.9 cm,

t = 0.21 cm, d = 6 cm, and F = 2 cm (defined from patch center for single fed

configuration). It is important to point that single-fed configuration suffers from

pattern asymmetry due to asymmetric surface current distribution (see Fig. 5.7).

A differential feeding can be used to circumvent this issue which will be discussed

later on.

Simulated S11 and directivity plots of the proposed antenna are shown in Figs.

3.5(a, b). Two resonance peaks can be observed in the simulated S11 curve which

correspond to resonance frequency of the patch and slot respectively (see Section

3.4.2). Moreover, it can be seen from the directivity plot that although antenna

exhibit peak directivity of 12.97 dB at first resonance frequency of 2.915 GHz but

directivity flatness is poor as directivity falls very sharply with frequency, reaching

a value of -3 dB at 3 GHz. In addition, impedance matching is also poor at the

first resonance peak where directivity is high. Impedance matching cannot be

improved by just changing the feed point location. It is shown in Section 3.4.5
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that by bringing these two resonance peaks together first and then changing the

feed point location good impedance matching can be achieved.

3.4.1 Effect of Patch Width, W

It can be seen from Fig. 3.5(a) that with increase in W upper resonance peak

moves downward while lower resonance peak moves upward. For W = 10.5 cm,

both peaks merge together at f = 2.935 GHz with slightly better impedance

matching. Moreover, Fig. 3.5(b) shows that with increase in W directivity flatness

improves significantly. For W = 10.5 cm, good directivity flatness is achieved but

at the expense of reduction in peak directivity.

3.4.2 Effect of Slot Length, `

The slot length ` mainly influences the lower resonance peak of the S11 curve

which corresponds to resonance frequency of slot. It is evident from Fig. 3.6(a)

that lower resonance peak moves upward as ` decreases. The upper resonance

frequency (patch resonance) is not influenced by changing slot length. For ` = 2.6

cm, both peaks merge together at f = 3 GHz. By combining the two resonance

peak together directivity flatness improves greatly as shown in Fig. 3.6(b). For

` = 2.6 cm, good directivity flatnessis achieved but at the expense of reduction

in peak directivity. Thus, resonant slot is more desired as it improves directivity

flatness of antenna.

3.4.3 Effect of Patch Length, L

Effect of patch length L on S11 is shown in Fig. 3.7(a). By increasing length

L both resonance peaks move downward. This makes sense as L corresponds to

resonant length of the patch antenna and increase in resonant length should result

in decrease in resonance frequency. A similar effect can be observed in directivity

curve shown in Fig. 3.7(b) which also shifts downward with increase in L.
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(a)

(b)

Figure 3.5: Effect of patch width W on the proposed slot loaded patch antenna
(a) S11 and, (b) directivity.
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(a)

(b)

Figure 3.6: Effect of slot length ` on the proposed slot loaded patch antenna
(a) S11 and, (b) directivity.
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(a)

(b)

Figure 3.7: Effect of patch length L on the proposed slot loaded patch antenna
(a) S11 and, (b) directivity.
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(a)

(b)

Figure 3.8: Effect of feed point position F (non-resonant slots, ` = 2.9 cm)
on the proposed slot loaded patch antenna (a) S11 and, (b) directivity.
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(a)

(b)

Figure 3.9: Effect of feed point position F (resonant slots, ` =2.6 cm) on the
proposed slot loaded patch antenna (a) S11 and, (b) directivity.
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3.4.4 Effect of Slot Width, t and Slot Spacing, d

No significant change in S11 and directivity was observed for small variation of slot

width t and inter slot spacing d from the nominal values. However, their behavior is

similar to that of slot length ` and lower resonance peak moves slightly upward as t

or d decreases. Moreover, no significant change in directivity flatness was observed

for both parameters due to slight change in resonance frequency. Nevertheless,

directivity flatness improves slightly with decrease in either slot width t or inter

slot spacing d.

3.4.5 Effect of Feed Point Location, F

The effect of feed point locationF on the S11 is shown in Fig. 3.8(a) and Fig.

3.9(a). As mentioned previously, the feed point location is defined from patch

center for single fed configuration. Two cases are considered, namely resonant slot

loading and non resonant slot loading. For resonant slots, slot length ` = 2.6 cm

whereas for non resonant slots, slot length ` = 2.9 cm (same as the nominal value).

It can be observed from Fig. 3.8(a) that S11 curve has two resonance peaks for non

resonant slots. By varying the feed location F from the nominal value F = 1.5

cm, S11 at both peaks degrades. Thus no improvement in S11 can be achieved by

changing the feed point location for non resonant slots. In contrary, for resonant

slots varying the feed point location significantly improves the S11 and it can be

observed from Fig. 3.9(a) that by changing the feed point F from 1.5 cm to 1.8

cm, the value of S11 decreases from –10 dB to –22 dB. Thus feed point location F

improves the impedance matching only for resonant slots.

The effect of feed point location F on the directivity is shown in Fig. 3.8(b)

and Fig. 3.9(b). In general, directivity flatness for resonant slots is much better

compared to non resonant slots. Moreover, it can be observed that directivity

flatness is also affected by change in feed location for both cases. This is due

to modification of surface current distribution of patch with change in feed point

location. The change in surface current also affects the pattern symmetry and



Differential Fed Slot-Loaded TM30 Mode Rectangular Patch Antenna 49

cross polarization levels. Thus if a single fed antenna is desired, feed position can

be changed to achieve good matching but at the expense of asymmetric radiation

pattern and directivity flatness. A differential feeding scheme can be employed to

overcome these issues. It is shown in Section 3.5 that differential feeding scheme

can be used to achieve symmetric radiation pattern, better directivity flatness and

higher directivity compared to single fed design.

Based on the parametric study a slot loaded differential fed patch antenna was

optimized. The optimized antenna dimensions are shown in Fig. 3.2.

3.5 Comparison of Conventional and Proposed

Antenna

In this section, comparison of the proposed differential fed slot loaded patch an-

tenna has been carried out with conventional (without slot) higher order TM30

mode patch antenna. Commercial EM simulator Ansys HFSS was used for all the

simulations. Figure 3.10 shows the simulated E-plane radiation patterns for the

proposed differential fed antenna along with single fed antenna and conventional

TM30 mode patch antenna.

Significant reduction of SLL compared to conventional TM30 mode patch can be

observed. The simulated E-plane SLL for TM30 mode patch antenna are –2.4

dB while the proposed differential fed slot loaded patch antenna shows SLL of

–12.7 dB. Thus, the proposed slot loaded antenna can achieve SLL improvement

of more than 10 dB compared to conventional antenna (TM30 mode patch without

slot). Moreover, compared to single fed design, the differential fed antenna has

symmetric radiation pattern. Moreover, the proposed antenna can be directly

integrated with differential circuits.

As shown in Table 3.1, directivity of the proposed differential fed slot loaded

patch antenna is 13.3 dB compared to 10.9 dB for conventional TM30 mode patch

antenna. An improvement of 2.4 dB in directivity is thus achieved while the size
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Figure 3.10: Comparison of simulated E-plane radiation patterns.

Figure 3.11: Simulated S11 of the proposed and conventional antenna.
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Table 3.1: Comparision of the proposed, single fed and conventional patch
antennas.

Antenna Type
SLL 3 dB

Directivity
Impedance

(E-plane) Beamwidth Bandwidth

Conventional -2.4 dB 250 10.9 dB 35 MHz

Single fed
-13.7 dB (L)

360 12.1 dB 20 MHz
-12.0 dB (R)

Proposed -12.7 dB 360 13.3 dB 21 MHz

remains the same. Moreover, compared to single fed scheme 1.2 dB enhancement

of directivity is achieved using differential feeding because it ensures desired in-

phase surface current distribution intact as shown in Fig. 3.1(b). It can be seen

from Table 3.1 that the proposed antenna exhibits larger 3 dB beamwidth of 360

compared to conventional TM30 mode patch which has 3 dB beamwidth of 250.

The beam broadening can be attributed to reduction in SLL.

The S11 plot of the proposed and conventional TM30 mode is shown in Fig. 3.11.

Conventional TM30 mode patch antenna has a resonance frequency of 3.3 GHz

as indicated by the dash line in Fig. 3.11. In addition, the second resonance

frequency at 3 GHz can also be seen in the graph which corresponds to endfire

TM22 mode. The resonance frequency of the proposed slot loaded patch antenna

is at 3 GHz indicated by the solid line in Fig. 3.11. Thus, in comparison with

TM30 mode patch having no slot loading, resonance frequency is shifted downward

from 3.3 GHz to 3 GHz.

This can be attributed to the increase in current path length due to presence of

slot. Moreover, as given in Table 3.1, slot loaded patch antenna shows reduction

in impedance bandwidth compared to conventional antenna. The S11 ≤ –10 dB

impedance bandwidth of the proposed antenna is 21 MHz [2989.5 - 3010.5 MHz]

compared to conventional TM30 mode patch which has an impedance bandwidth of

35 MHz [3282.5 - 3317.5 MHz]. The relative bandwidths of conventional (without

slot) and proposed slot loaded patch are 1.06% and 0.7% respectively. Thus, the
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Figure 3.12: Simulated directivity and realized gain of the proposed and
conventional antenna.

reduced impedance bandwidth is a drawback of the proposed solution. This reduc-

tion in impedance bandwidth can be attributed to increase in antenna directivity

owing to fundamental gain bandwidth product.

The proposed antenna has narrow impedance bandwidth of 0.7% which might

not be adequate for some parctical applications. However, the narrow impedance

bandwidth of the proposed antenna can be increased by using different bandwidth

enahancement techniques given in literature such as increase in substrate thickness,

proximity coupling or stacked patch configuration. Thus narrow bandwidth of the

proposed antenna is not a limitation and can be improved using the aforementioned

techniques to meet the actual practical application requirement.

Figure 3.12 shows the directivity plot of the proposed and conventional antenna

as a function of frequency. It is evident from Fig. 3.12 that the proposed slot

loaded antenna has an improved directivity performance. Maximum directivity

of the proposed slot loaded antenna is 13.6 dB at 3.15 GHz compared to conven-

tional TM30 mode antenna which has maximum directivity of 10.9 dB. Moreover,
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differential fed slot loaded antenna has better directivity flatness compared to con-

ventional antenna. In fact, for conventional antenna, directivity decreases sharply

and reaches a value of –8 dB at 3 GHz. This is due to presence of endfire TM22

mode at 3 GHz as shown in Fig. 3.11. TM22 mode is not supported in the proposed

differential fed slot loaded antenna as a result it exhibits larger gain bandwidth

than the conventional TM30 mode patch. Thus in contrary to conventional TM30

mode patch antenna, impedance bandwidth enhancement techniques can be uti-

lized with only slight reduction in antenna directivity.

3.6 Simulated and Measured Results

In order to validate the performance of the proposed slot loaded patch antenna,

a prototype was fabricated. Photograph of the fabricated antenna is shown in

Fig. 3.13. The antenna was differentially fed by using 1800 Wilkinson divider

shown in Fig. 3.14. A meander line was utilized in one of the output ports to

achieve the desired 1800 phase shift. Agilent PNA Network Analyzer was used

to measure the reflection coefficient. The simulated and measured S11 of the

proposed antenna are shown in Fig. 3.15. The measured S11 ≤ –10 dB impedance

bandwidth is 19 MHz compared to simulated S11 which was 21 MHz. The measured

center frequency is 3.003 GHz whereas the simulated center frequency is 2.995

GHz. The slight shift in resonance frequency can be attributed to variation in

substrate removal in the milling process used for fabricating the antenna. In

addition, substrate parameters like permittivity and thickness can also vary from

the nominal value due to fabrication tolerances. Figures 3.16 and 3.17 show the

simulated and measured normalized co-polarization and cross-polarization E and

H-planes radiation patterns of the proposed antenna. A compact antenna test

range (CATR) was used to measure the far-field radiation patterns of the antenna.

The measured antenna gain is 12.8 dBi at 3 GHz. The measured SLL of the

antenna is –12 dB and –21.5 dB in E and H-planes, respectively. Moreover, the

proposed antenna shows a measured cross-polarization level of less than 28.5 dB

below co-polarization pattern in both E and H-planes.
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Figure 3.13: Prototype of the fabricated differential fed slot loaded TM30

mode patch antenna.

Figure 3.14: Fabricated 1800 Wilkinson divider used for differential feeding.

Table 3.2 shows a comparison of different high gain single layer patch antennas

found in literature. The proposed antenna demonstrates a high directivity of 13.3

dB using simple Euclidian geometry, previously achieved using Fractal geometries

[29]. To the best of our knowledge this is the highest reported peak directivity for

TM30 mode patch antenna in single layer configuration.
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Figure 3.15: Simulated and measured S11 of the proposed differential fed slot
loaded patch antenna.

Figure 3.16: Simulated and measured E-plane radiation patterns of the pro-
posed differential fed patch antenna.
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Figure 3.17: Simulated and measured H-plane radiation patterns of the pro-
posed differential fed patch antenna.

Table 3.2: Comparison of single layer higher order mode patch antennas.

Ref.
Frequency

Height % BW
Directivity SLL Dimensions

(GHz) (dB) (dB)

[29] 3.5 0.09λ0 12 12.7 -4 1.38λ0

[36] 60 0.025λ0 18 10 - 2.26λ0 × 0.4λ0

[37] 10 0.042λ0 0.7 10.55 -12.1 0.34λ0

[39] 10 0.026λ0 1.56 10.9 -20 0.46λ0

Proposed 3 0.015λ0 0.7 13.3 -12.7 0.9λ0 × 1λ0

3.7 Summary

High E-plane SLL and low directivity problem of higher order TM30 mode patch

antenna is resolved by employing resonant slot loading technique and differential

feeding. Inspired by slotted waveguide antennas, a pair of resonant slots is placed

in the center out of phase region of TM30 mode rectangular patch antenna which
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acts as a new radiating edge. The basic idea of this scheme is to achieve superpo-

sition of radiated fields in single layer configuration. This is achieved practically

by placing in phase slot radiators, operating in fundamental mode, in the out of

phase current distribution region of TM30 mode patch antenna. Superposition of

radiated fields of TM30 mode patch and fundamental mode of slots results in high

directivity radiator with reduced SLL. It is shown that by making the resonant

frequencies of patch and slots equal, good impedance matching and gain flatness

can be achieved. The placement of resonant slots also has a slight adverse affect

on the in phase current distribution resulting in asymmetric radiation pattern. It

is demonstrated that a differential feeding scheme can be employed to achieve gain

enhancement and symmetric radiation pattern by keeping the desired in phase cur-

rent distribution intact. The proposed differential fed slot loaded patch antenna

has symmetric radiation pattern with reduced cross polarization levels.

A novel low profile, single layer high gain patch antenna having dimensions of

0.9λ0 × 1λ0 × 0.015λ0 is demonstrated. It shows a measured gain of 12.8 dBi,

SLL of –12 dB and S11 ≤ –10 dB impedance bandwidth of 21 MHz [2989.5 -

3010.5 MHz]. The proposed differential fed slot loaded higher order mode patch

antenna exhibits a 2.4 dB increase in directivity and a reduction of about 10

dB in SLL compared to conventional TM30 mode patch antenna. The proposed

antenna can be used as a substitute for 2×2 array of patch antennas (having outer

dimensions 9 cm × 10.1 cm) operating in the fundamental mode and is suitable

for integration with differential circuits. Moreover, the proposed technique can be

utilized to improve the radiation characteristics of higher order mode rectangular

patch antennas operating in TMm0 (m = 3,5,..) mode.



Chapter 4

Notch-Loaded TM30 and TM70

Modes Rectangular Patch

4.1 Introduction

In this chapter, a partial notch-loading technique for gain enhancement and SLL

suppression of TMm0 mode (with odd m ) rectangular patch antennas is presented.

As mentioned previously, different methods can be used to overcome the low gain

issue in patch antennas such as array design, stacked patch configuration, super-

strate loading, shunt inductive loading and higher order mode operation.

Array design [8, 68] is the most common technique for gain enhancement in patch

antenna operating in fundamental mode. However, it requires feed network which

adds design complexity and reduces the radiation efficiency. In stacked patch con-

figuration [9, 21], a parasitic patch is placed vertically above the driven patch, both

operating in the dominant mode. The separation between the driven and parasitic

patches can be chosen to enhance either the gain or the impedance bandwidth.

For gain enhancement, separation between the patches need to be order of half

wavelength which increases the antenna profile. Directivity can also be increased

using superstrate loading. In this method, a high dielectric substrate [23, 69] or

a partially reflective surface (PRS) [24, 70, 71] is placed about half wavelength

58
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above the patch antenna. The main idea is to achieve cavity resonance condition

which results in gain enhancement. However, this method increases the overall

antenna profile. Another technique for gain enhancement is shunt inductive load-

ing [72, 73]. In this technique, shorting pins are placed on the surface of patch

antenna. The shunt inductive effect of these shorting pins increases the electrical

size of patch at resonance. Gain enhancement is achieved due to enlarged radiating

aperture of antenna.

Directivity of patch antenna can also be enhanced by using higher order mode

operation. For example, rectangular patch antennas operating in higher order

TMm0 (m = 3, 5, 7, ..) modes have broadside radiation pattern with higher direc-

tivity. The overall size of higher mode patch is larger than the dominant mode

patch which results in increased directivity. However, higher order mode patch

antennas suffer from high E-plane SLL and non-optimum gain. Over the years,

different techniques have been proposed for SLL suppression and gain enhance-

ment in higher order mode patch antennas. Radiation properties of higher order

mode patch antennas can be improved using high dielectric substrate, superposi-

tion of broadside modes, and slot loading. In [37], a high permittivity substrate

was used for E-plane SLL suppression of circular patch antenna operating in TM12

mode. The basic idea of this technique is to reduce the size of patch at resonance.

However, due to surface wave losses radiation efficiency is also reduced. Another

technique for SLL reduction of higher order mode patch antenna is to use linear

superposition of different broadside modes. A dual mode circular patch antenna

was proposed in [38] wherein a TM11 mode patch is placed above a higher order

TM13 mode patch in a stacked configuration. SLL reduction and gain enhance-

ment is achieved due to superposition of radiated fields of these two modes. The

drawbacks of this technique are narrow impedance bandwidth and complex geom-

etry. In [74], a single layer implementation of this technique was demonstrated

using superposition of TM12 and TM14 modes. A wideband or dual band circular

patch with high gain and low SLL was demonstrated in [75], which employed su-

perposition of TM11 and TM13 modes at one frequency and superposition of TM12

and TM14 modes at another frequency.
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Another way for improving the radiation properties of higher order mode patch

antennas is to use slot loading technique [2, 39, 76–81]. In [2], SLL of a higher

order TM30 mode patch antenna are eliminated by placing two reactive slots close

to radiating edges. The main idea is to make the current distribution of higher

order TM30 mode similar to fundamental TM10 mode, which eliminates the SLL

but at the expense of antenna gain. A non-resonant slot loading technique was

employed in [39] for E-plane SLL suppression of TM12 mode circular patch. How-

ever, antenna has high cross polarization and asymmetric radiation pattern. In

[76], a low SLL differential fed TM30 mode slot loaded rectangular patch was

demonstrated which can achieve low cross polarization and symmetric radiation

pattern. A dual band differential fed high gain circular patch antenna operating

in TM11 and TM12 modes was presented in [78] by using a combination of slot

and shorting pins. In [79], a wideband low SLL differential fed rectangular patch

antenna operating in TM10 and TM12 modes was realized by adding shorting pins

and slots. A high gain slot loaded TM03 mode rectangular patch with reduced SLL

and adjustable beamwidth was presented in [80]. Recently, a dual polarized slot

loaded TM90 mode rectangular patch antenna with high gain and SLL suppression

was demonstrated in [81].

In this chapter, a notch loading technique is proposed for gain enhancement and

E-plane SLL reduction of higher order TMm0 (m = 3, 7) mode rectangular patch

antennas. In this technique, out of phase surface current distribution regions of

higher order mode patch antenna are partially removed. New in-phase radiating

edges are created in this process. It is demonstrated that superposition of radi-

ated field of these additional radiating edges and radiated field of unperturbed

TMm0 (m = 3, 7) mode can be used to achieve both gain enhancement and SLL

reduction. The proposed technique is different in the sense that it uses removal of

out-of-phase surface current distribution regions to create new in phase radiators

instead of reshaping it using slot [2, 39, 76–81]. A partial notch loaded TM70 mode

patch is presented showing > 16 dBi gain with good E-plane SLL of about -13

dB. As far as this author knows, this is the highest reported peak gain for single

layer TM70 mode rectangular patch antenna. Previously, notch loading technique
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has been used in the form of C and H slots [45, 82, 83] to achieve size reduction

in patch antenna operating in fundamental mode; whereas, current work demon-

strates use of notch loading for improving the radiation properties of higher order

mode patch antennas.

4.2 Antenna Design and Modeling

In this section, working principle and theoretical analysis of two novel higher order

TMm0 mode rectangular patch antennas namely notch loaded TM30 mode patch

antenna (Antenna 1) and notch loaded TM70 mode patch antenna (Antenna 2)

are described. Comparison of proposed notch loaded antennas with conventional

(without notch) antennas is also presented.

4.2.1 Notch Loaded TM30 Mode Patch Antenna

4.2.1.1 Antenna Geometry and Working Principle

The proposed antenna geometry is shown in Fig. 4.1. It consists of rectangular

patch of length L and width W fed by a coaxial probe at a distance F from

the patch center. A partial notch loading of length ` and width w is applied

at the center of both non-radiating edges. The ground plane size is given by

L1 × W1. Arlon CuCLad substrate having permittivity εr = 2.2 and thickness

h = 0.15 cm is used for antenna design. The operating frequency of notch-loaded

TM30 mode patch is 3.23 GHz. The dimensions of proposed antenna are L = 9

cm, W = 10.1 cm, ` = 3 cm, w = 3 cm, L1 = 14 cm, W1 = 15 cm and F = 1.5 cm.

The basic idea of proposed partial notch loading technique can be understood with

the help of surface current distribution plot on higher order mode rectangular patch

antenna. Figure 4.2(a) shows the surface current distribution plot of conventional

TM30 mode patch antenna. Two in-phase and one out-of-phase regions can be

identified between the two radiating edges. The out-of-phase current distribution
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Figure 4.1: Geometry of the proposed notch loaded TM30 mode patch.

region is undesired as it causes reduction in directivity and raise in SLL [76].

Alternately, one can think that low directivity and high E-plane SLL is due to

large inter element spacing between the two radiating edges of TM30 mode [80].

The main idea of proposed notch loading technique is to create new in-phase

radiators between the two radiating edges by partially removing the undesired

current distribution regions.

Figure 4.2(b) shows the surface current distribution plot of proposed notch loaded

TM30 mode patch antenna. It can be seen that the surface current distribution of

the desired in-phase regions is intact. In addition, new radiating edges are created

in the process. This can be verified by looking at the electric field (E-field) plot

of proposed antenna shown in Fig. 4.3(b).

The corresponding equivalent magnetic current lines of the proposed antenna are

shown in Fig. 4.4. It can be observed that contrary to conventional TM30 mode

patch four new in-phase radiating edges are created using proposed notch loading

technique. It will be shown in Section 4.2.1.2 that superposition of radiated field

of these new radiating edges and radiated field of unperturbed (without notch)

TM30 mode results in SLL reduction and gain enhancement.
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Figure 4.2: Surface current distribution plots (a) TM30 mode, (b) Notch
loaded TM30 mode.

Figure 4.3: Electric field plots (a) TM30 mode, (b) Notch loaded TM30 mode.

4.2.1.2 Theoretical Analysis

Theoretical radiation characteristics of the proposed notch loaded TM30 mode

patch antenna are presented in this section. An infinite ground plane is assumed

for all the calculations. Figure 4.4 shows the equivalent aperture model for pro-

posed antenna. It consists of y-directed magnetic line sources which can be found

using equivalence principle and small substrate height assumption [67]. Here, two

magnetic line sources of width W represent aperture field of conventional (without

notch) TM30 mode, whereas four magnetic line sources of width w represent the

aperture field created due to notch loading. Theoretical radiation pattern of notch
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loaded TM30 mode patch antenna can be found using superposition principle and

can be written as the linear combination of unperturbed TM30 mode patch far

field E1 and far field due to notch loading E2

E = C1E1 + C2E2 (4.1)

The radiated far field components of E1 and E2 can be calculated using the cavity

model [32] and are given by

Eθ = cosφ [C1f1(θ, φ) + C2f2(θ, φ)] (4.2)

Eφ = − cos θ sinφ [C1f1(θ, φ) + C2f2(θ, φ)] (4.3)

where

f1(θ, φ) =
sin(WY )

WY
cos(LX) (4.4)

f2(θ, φ) =
sin(wY )

wY
[cos(`X) cos((W − w)Y )] (4.5)

X =
k0

2
sin θ cosφ (4.6)

Y =
k0

2
sin θ sinφ (4.7)

Here k0 is free space phase constant. The first factor, i.e. sine terms in Eqs. (4.4)

and (4.5) are the pattern factors for y-directed magnetic line sources of widths

W and w, respectively. Second term in Eq. (4.4) is the array factor due to two

element array of distance L along x-axis. Whereas second term in Eq. (4.5) is the

array factor due to 2× 2 array of distance ` along x-axis and W −w along y-axis.

The E-plane (φ = 0) radiation pattern is given by
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Figure 4.4: Equivalent magnetic current lines for the proposed notch loaded
TM30 mode patch.

Figure 4.5: Simulated and theoretical normalized E-plane radiation patterns
of Antenna 1.
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Eθ = C1 cos

(
k0L

2
sin θ

)
+ C2 cos

(
k0`

2
sin θ

)
(4.8)

Here amplitude ratio

∣∣∣∣C2

C1

∣∣∣∣ =
2w

W
. Theoretical normalized E-plane radiation pat-

tern of notch loaded TM30 mode patch antenna, for the dimension given in Sec.

4.2.1.1, is shown in Fig. 4.5. For comparison, simulated radiation pattern of an-

tenna is also plotted. Simulation were performed using commercial EM simulator

HFSS with infinite ground plane. Theoretical and simulated results are in rea-

sonable agreement thus, validating the theoretical formulation. Theoretical and

simulated radiation patterns of conventional TM30 mode patch are also plotted in

Fig. 4.5. It can be seen that compared to conventional TM30 mode patch antenna,

proposed notch loaded TM30 mode patch has reduced E-plane SLL. Theoretical

directivity of the proposed notch loaded patch antenna can be evaluated using

D =
4πUmax
Prad

(4.9)

where U =
1

2η
|E|2 and Prad =

∫ ∫
Usinθdθdφ. Using E-field expressions given by

Eqs. (4.2) and (4.3), the directivity of the proposed notch loaded TM30 mode patch

is evaluated numerically and is found to be equal to 13.11 dB. For comparison,

the directivity of conventional patch antenna is also evaluated by setting C2 = 0

in Eqs. (4.2) and (4.3). The directivity of conventional TM30 mode patch is found

to be equal to 10.04 dB. Thus compared to its conventional counterpart about 3

dB improvement in directivity is achieved in the proposed notch load TM30 mode

patch antenna.

4.2.1.3 Parametric Study

In this section, effect of notch dimensions on the E-plane SLL and return loss of

proposed antenna is studied. As mentioned before, one objective of notch loading

is to remove the undesired out of phase surface current distribution region of higher

mode patch antenna.
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For TM30 mode patch we have one center out-of-phase region as shown in Fig.

4.2(a). For patch of length L, length of undesired region is about L/3, whereas

its width is equal to W . However, complete removal of undesired region is not

possible as it results in two separate antennas. One solution is to apply partial

notch loading and use two notches at the center of both non-radiating edges as

shown in Fig. 4.1. Here, lengths of both notches is fixed and equal to L/3, wheres

width w is varied to achieve the optimum results. It is worthwhile to mention

that a rectangular notch offer two advantages compared to other geometries such

as circular notch. First, it ensures complete removal of undesired reigion in the

x-direction. Second, it simplfies the theoretical modeling of the proposed antenna.

Figure 4.6 shows the effect of notch width w on E-plane SLL and S11 of the

proposed antenna. It can be seen from Fig. 4.6(a) that by changing the notch

width w from 2 to 4 cm, SLL are decreased from -7.7 dB to -12.5 dB, showing

an improvement of about 4.8 dB. An asymmetry in radiation pattern can also be

observed for w = 4 cm. Figure 4.6(b) shows the effect of notch width w on the

S11 of antenna. It can be seen that by increasing the notch width w from 2 to

4 cm, S11 is degraded from -20.6 dB to -11.8 dB. A downward shift in resonant

frequency can also be observed. Thus, decrease in SLL is possible by increase in

notch width w but at the cost of degradation in S11 and asymmetric radiation

pattern. For this particular case, a square notch loading of w = ` is selected which

gives a symmetric pattern with SLL of -10.8 dB and S11= -16.1 dB.

It is worthwhile to point out that coaxial probe position in notch loaded TM30

mode patch is fixed, located at L/3 from edge or `/2 from center of patch, see Fig.

4.1. We can not change the location of probe because it will in turn change the

surface current distribution of TM30 mode patch. As a result for a given notch

width w, return loss of notch loaded TM30 mode patch is also fixed. A technique

for improvement in return loss of notch loaded TM30 mode patch will be presented

in Chapter 5. It will be shown that improvement in SLL and S11 of Antenna1 can

be achieved by introducing a slot at the center of notch loaded patch antenna.

The slot can be cut in different shapes such as circular, or a fractal slot.
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(a)

(b)

Figure 4.6: Effect of notch width w on (a) E-plane SLL, (b) S11.
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4.2.1.4 Comparison of Conventional and Notch Loaded TM30 Mode

Antenna

As mentioned before, notch loading was applied to remove the undesired surface

current distribution regions of TM30 mode which results in SLL reduction and gain

enhancement. However, the effect of notch loading on surface current distribution

of other TM modes will be quite different. So it is worthwhile to investigate

the effect of notch loading on other higher order modes. In this section, the

effect of notch loading on the resonance frequencies of different TM modes, gain,

SLL, and cross-polarization of Antenna1 is investigated. Figure 4.7(a) shows the

input resistance of Antenna1 as a function of frequency before and after the notch

loading. Four resonance peaks can be observed for conventional antenna which

corresponds to TM30 ,TM22,TM12 and TM20 modes. The resonance frequency of

desired TM30 mode is 3.3 GHz which has broadside pattern. All other higher order

modes are undesired as they have end fire pattern. For notch loaded antenna, a

downward shift in the resonance frequencies of all TM modes can be observed.

The resonance frequency of desired TM30 mode is 3.23 GHz.

The effect of notch loading on the gain of TM30 mode patch is shown in Fig.

4.7(b). For conventional antenna, gain at TM30 mode is 10.9 dBi, whereas notch

loaded antenna has gain of 13.9 dBi. A 3 dB improvement in gain is thus achieved

for notch loaded antenna compared to conventional antenna. The effect of notch

loading on E-plane SLL of Antenna 1 is shown in Fig. 4.7(c). The SLL of con-

ventional antenna for TM30 mode is -2.4 dB compared to notch loaded antenna,

which has a SLL of -10.8 dB. An improvement of about 8 dB in SLL is achieved

for notch loaded TM30 antenna compared to its conventional counterpart. The

H-plane cross polarization of conventional and notch loaded antenna are shown in

Fig. 4.7(d). For conventional antenna, maximum cross-polarization level below

main lobe is 27.6 dB, whereas notch loaded antenna has cross polarization level

of 35 dB below main lobe. Notch loaded antenna shows about 7 dB improvement

in cross-polarization level compared to conventional antenna. The effect of notch

loading on E-plane cross- polarization is negligible and not shown here.
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(a)

(b)

(c)
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(d)

Figure 4.7: Comparison of conventional and notch loaded Antenna 1 (a) Input
resistance, (b) Gain, (c) SLL and, (d) Cross polarization

4.2.2 Notch Loaded TM70 Mode Patch Antenna

4.2.2.1 Antenna Configuration and Working Principle

Figure 4.8 shows the geometry of proposed notch loaded TM70 mode patch an-

tenna. The antenna is designed to operate in TM70 mode at 7.7 GHz. Arlon

CuCLad substrate having permittivity εr = 2.2 and thickness h = 0.15 cm is used

for antenna design. The dimensions of the antenna are L = 9 cm, W = 9 cm,

` = 1.28 cm, w1 = 0.64 cm, w2 = 1.92 cm, w3 = 1.28 cm, L1 = 14 cm, W1 = 14 cm

and F = 0.64 cm.

The working principle of the proposed antenna can be understood using the surface

current distribution plot of the conventional TM70 mode patch antenna shown in

Fig. 4.9(a). It consists of alternate in-phase and out-of-phase current distribution

regions. Four in-phase and three out-of-phase current distribution regions can be

identified. The fundamental idea of proposed notch loading technique is the partial

removal of undesired current distribution regions. It is worthwhile to mention

that full removal of these undesired regions is not possible as it will result in

four separate antennas. The proposed partial notch loading scheme is shown in
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Figure 4.8: Geometry of the proposed notch loaded TM70 mode patch

Figure 4.9: Surface current distribution of patch (a) Conventional TM70 mode,
(b) Proposed notch loaded TM70 mode

Fig. 4.8. Each undesired region is notch loaded with four slots. The notches are

symmetric with respect to y-axis. The widths of notches are w2 and w3, whereas

length of each notch is fixed and is equal to L/7. The partial notch loading creates

24 new in-phase radiating edges between the two radiating edges of unperturbed

TM70 mode patch as shown in Fig. 4.10. It will be shown in the next section

that superposition of radiated field of these additional radiating edges and that of

unperturbed TM70 mode results in SLL reduction and gain enhancement.
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Figure 4.10: Equivalent magnetic current lines of the proposed notch loaded
TM70 mode patch

4.2.2.2 Theoretical Radiation Characteristics

The equivalent aperture model of the proposed notch loaded TM70 mode patch

antenna is shown in Fig. 4.10. Using the equivalent principle and small substrate

height assumption, the aperture field of the radiating edges can be represented

by y-directed magnetic line currents. Here, two magnetic line sources of width

W represents the radiating edges of unperturbed TM70 mode, whereas 24 new

radiating edges created due to partial notch loading are represented by magnetic

line sources of width w2 and w3.

Theoretical radiation patterns of notch loaded TM70 mode patch can be found

using the superposition principle. The total far field can be written as the linear

combination of field due to unperturbed TM70 mode and field due to notch loading.
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E = C1E1 + C2E2 + C3E3 (4.10)

Here, E1 represents the field of unperturbed TM70 mode due to 2 magnetic line

currents of width W , E2 represents the field due to 12 magnetic line currents of

width w2 and E3 represents the field due to 12 magnetic line currents of width w3.

The radiated far field components of E1, E2 and E3 can be calculated using the

cavity model [32] and are given by

Eθ = cosφ [C1f1(θ, φ) + C2f2(θ, φ) + C3f3(θ, φ)] (4.11)

Eφ = − cos θ sinφ [C1f1(θ, φ) + C2f2(θ, φ) + C3f3(θ, φ)] (4.12)

where

f1(θ, φ) =
sin(WY )

WY
cos(LX) (4.13)

f2(θ, φ) =
sin(w2Y )

w2Y
[cos((w1 + w2)Y )

∑
n

cos(`X)] (4.14)

f3(θ, φ) =
sin(w3Y )

w3Y
[cos((W1 − w3)Y )

∑
n

cos(`X)] (4.15)

where

n = 1, 3, 5; X =
k0

2
sin θ cosφ; Y =

k0

2
sin θ sinφ

The E-plane (φ = 0) radiation pattern is given by

Eθ = C1 cos

(
k0L

2
sin θ

)
+ (C2 + C3)

∑
n

cos

(
k0`

2
sin θ

)
(4.16)

Figure 4.11 shows the theoretical normalized E-plane radiation pattern of the pro-

posed notch loaded TM70 mode antenna. Simulated radiation pattern of antenna
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Figure 4.11: Simulated and theoretical normalized E-plane radiation patterns
of Antenna 2

is also shown for comparison. Theoretical and simulated radiation patterns are

in reasonable agreement. Small discrepancy in the result can be attributed to

excitation of undesired higher order modes present in the EM simulation. Contri-

bution of these modes are not taken into account in the theoretical analysis. It can

be seen from Fig. 4.11 that proposed antenna has reduced SLL compared to its

conventional counterpart. Directivity of the proposed antenna is calculated using

Eq. (4.9) and is equal to 17.3 dB. In comparison, directivity of conventional TM70

mode patch antenna is equal to 12 dB. An improvement of > 5 dB in directivity

is thus achieved using the proposed notch loading scheme.

4.2.2.3 Effect of Notch Loading on Performance of Antenna 2

In this section, effect of notch loading on resonance frequencies of different TM

modes, gain, E-plane SLL, and cross-polarization of Antenna 2 is investigated.

Figure 4.12(a) shows the input resistance of Antenna 2 as a function of fre-

quency, before and after the notch loading. For conventional antenna (without
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(a)

(b)

(c)
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(d)

Figure 4.12: Comparison of conventional and notch loaded Antenna 2 (a)
Input resistance, (b) Gain, (c) SLL and, (d) Cross polarization.

notch loading), four resonance peaks can be observed which corresponds to TM26,

TM54,TM36, and TM70 modes. The desired TM70 mode has resonance frequency

of 7.72 GHz. The TM36 mode is the closest higher order mode having a resonant

frequency of 7.45 GHz. However, there is significant difference in antenna gain at

both frequencies. The antenna gain for TM70 mode is 11.3 dBi and it drops to 0

dBi for TM36 mode as shown in Fig. 4.12(b). In addition, SLL of conventional

antenna at TM36 and TM70 mode are 0.7 and 1.5 dB, which are undesirable for

many practical applications.

The effect of notch loading on the resonance frequencies of antenna after the

notch loading is shown in Fig. 4.12(a). Two resonance peaks can be observed for

notch loaded antenna. The upper peak having resonance frequency of 7.28 GHz

corresponds to TM70 mode, whereas lower peak having resonance frequency of 7.14

GHz corresponds to TM36 mode. The resonance frequencies of both modes are

close to each other, resulting in wide impedance bandwidth. The antenna gain at

TM70 and TM36 modes is 16.6 and 11.7 dBi as shown in Fig. 4.12(b). Significant

improvement in antenna gain is achieved for notch loaded antenna compared to

conventional antenna. An enhancement in antenna gain of about 5dB at TM70

mode and more than 11 dB at TM36 mode is achieved. Figure 4.12(c) shows the
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(a)

(b)

Figure 4.13: Fabricated notch loaded patch antennas (a) Antenna 1, (b) An-
tenna 2
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E-plane SLL of notch loaded antenna as a function of frequency. The SLL of notch

loaded antenna at TM36 and TM70 mode are -2.5 dB and -13.8 dB, respectively.

The notch loaded antenna has lowest SLL of -16 dB at 7.4 GHz. Moreover, SLL

of notch loaded antenna remains < -10 dB in frequency range of 7.25-7.75 GHz.

The H-plane cross-polarization of TM70 mode patch before and after the notch

loading is shown in Fig. 4.12(d). The cross-polarization level of conventional

antenna is 22.3 dB below main lobe, whereas notch loaded antenna has cross-

polarization level of 27.7 dB. An improvement of about 5 dB in cross-polarization

is thus achieved for notch loaded antenna compared to conventional antenna.

4.3 Results and Discussions

Prototypes of the proposed notch loaded higher mode patch antennas are fab-

ricated and measured. The snapshots of fabricated antennas are shown in Fig.

4.13. Antennas were fabricated with CNC milling process using LPKF protomat

H60. Agilent PNA network analyzer E220 was used for S-parameter measure-

ments. Aluminum plates were used at the back of both antennas for mechanical

support and SMA connector assembly.

4.3.1 Simulated and Measured Results of Antenna 1

Simulated and measured E- and H-planes radiation patterns of the proposed notch

loaded TM30 mode patch antenna are shown in Fig. 4.14. Reasonable agreement

between simulated and measured results is achieved. It can be observed from Fig.

4.14(a) that measured E-plane SLL are -10.5 dB compared to simulated value of

-10.8 dB. Simulated and measured H-plane SLL of the antenna are -17.6 dB as

shown in Fig. 4.14(b). The measured realized gain of the antenna is equal to 12.9

dBi. The measured efficiency of proposed Antenna 1 is about 79%. Simulated

and measured S11 of the antenna are shown in Fig. 4.15. It can be seen that

measured resonance frequency is shifted slightly upward compared to simulated
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one, which may be attributed to fabrication tolerances. The measured S11 ≤ -10

dB impedance bandwidth of the antenna is 33 MHz around a center frequency

of 3.25 GHz. Table 4.1 shows a summary of simulated and measured results

of Antenna 1. Simulated results of conventional TM30 mode patch antenna are

also shown for comparison. It can be observed that proposed antenna shows an

improvement of 8 dB in E-plane SLL compared to conventional TM30 mode patch.

In addition, 3 dB improvement in gain is also achieved, while size remains same.

4.3.2 Simulated and Measured Results of Antenna 2

Figure 4.16 shows the simulated and measured E- and H-planes radiation patterns

of Antenna 2. The measured E-plane SLL of the antenna are -12.8 dB compared

to simulated value of -14.4 dB. The measured and simulated H-plane SLL of the

antenna are -24.9 dB and -21 dB, respectively. The measured realized gain of the

antenna is 16 dBi. The measured efficiency of proposed Antenna 2 is about 87%.

The simulated and measured return loss of Antenna 2 are shown in Fig. 4.17. The

measured S11 ≤ -10 dB impedance bandwidth of the antenna is 280 MHz from

7.21 GHz to 7.49 GHz. The measured bandwidth of Antenna 2 is almost 4% which

is about 4 times greater than Antenna 1 having bandwidth of 1%. The reason for

wider bandwidth of Antenna 2 is existance of closein TM36 mode as shown in Fig.

4.12(a).

Table 4.1 shows a summary of simulated and measured results of Antenna 2.

Simulated results of conventional TM70 mode patch antenna are also shown for

comparison. It can be observed that proposed antenna shows an improvement

of about 15 dB in E-plane SLL compared to conventional TM70 mode patch.

Moreover, > 5 dB improvement in gain is also achieved. The proposed antenna

shows measured gain of 16 dBi. As far as this author knows, this is the highest

reported gain for higher order TM70 mode rectangular patch antenna in single

layer configuration.
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(a)

(b)

Figure 4.14: Simulated and measured radiation patterns of Antenna 1 (a)
E-plane, (b) H-plane
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Figure 4.15: Simulated and measured S11 of Antenna 1

Table 4.1: Simulated and measured radiation characteristics.

Antenna
Gain (dBi) E-plane SLL (dB)

Sim Meas Sim Meas

Proposed TM30 13.9 12.9 -10.8 -10.5

Conventional TM30 10.9 - -2.4 -

Proposed TM70 16.6 16 -14.4 -12.8

Conventional TM70 11.1 - 0.9 -

4.3.3 Comparison With Other Related Works

Over the years, different techniques have been employed to improve the radiation

characteristics of higher order mode patch antennas. Table 4.2 shows a comparison

of proposed antenna with the previous reported single-layer higher order mode

patch antennas operating in a single band. It can be seen that the proposed

antenna gives a reasonable compromise in terms of gain, SLL, and impedance

bandwidth. The antenna reported in [81] shows the a high measured gain of 15.5

dBi. However, due to TM90 mode operation it has large aperture size of 2.92 λ0 ×
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(a)

(b)

Figure 4.16: Simulated and measured radiation patterns of Antenna 2 (a)
E-plane, (b) H-plane
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Figure 4.17: Simulated and measured S11 of the Antenna 2

Table 4.2: Comparison of single layer higher order mode patch antennas.

Ref.
Frequency Mode Measured Gain E-plane SLL Bandwidth

(GHz) (dBi) (dB) (%)

[74] 11 TM12 14.8 -11 1

[39] 10 TM12,TM14 9.9 -20 1.56

[76] 3 TM30 12.8 -12 0.7

[79] 1.9 TM12 10 -12 10

[80] 4.2 TM03 12.7 -18.6 0.4

[81] 12.5 TM70 15.5 -11 2.3

This work 7.3 TM70 16 -12.8 3.8

2.92 λ0 × 0.06 λ0. The measured gain of antenna presented in [74] is 14.8 dBi but

it has narrow impedance bandwidth 1%. The technique presented in [39] achieves

the lowest SLL of -20 dB but it has low gain and narrow impedance bandwidth.

The antenna reported in [79] has largest impedance bandwidth of 10% but it has

low gain of about 10 dBi. The proposed antenna has the highest reported measured

gain in single-layer higher order mode patch antennas. It shows a measured gain
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of 16 dBi along with good SLL of about -13 dB. In addition, it has reasonable

impedance bandwidth of 3.8%. The aperture size of antenna is 2.2 λ0 × 2.2 λ0 ×

0.04 λ0. Due to its high gain, large bandwidth and good SLL proposed antenna

is attractive for medium range wireless communication applications such as Wi-Fi

directional antennas working in 900 MHz (902- 928 MHz), 2.4 GHz (2.4-2.4835

GHz), 3.6 GHz (3.655–3.695 GHz), 4.9 GHz (4.94-4.99 GHz) or 5 GHz (5.15-5.25

GHz, 5.25-5.35 GHz, 5.725-5.825 GHz) bands.

4.4 Summary

A new notch loading technique for gain enhancement and E-plane SLL suppression

in higher order TM30 and TM70 mode rectangular patch antennas is presented. In

this technique, out of phase surface current distribution regions of TMm0 (m =

3, 7) mode patch antennas are partially removed to create new in-phase radiators

between the two radiating edges of conventional higher mode patch antennas. In

this way, problem of large inter element spacing between the radiating edges of

higher order mode patch is resolved. Due to superposition of radiated far fields,

a high directivity patch antenna with reduced SLL is realized. Notch loading

technique, which has been used previously for size reduction in patch antenna

operating in fundamental mode, is used here to achieve E-plane SLL reduction

and gain enhancement in higher order mode patch antennas.

Two novel single layer, easy to fabricate higher order mode patch antennas, namely,

notch loaded TM30 mode patch antenna (Antenna 1) and notch loaded TM70 mode

patch antenna (Antenna 2) are presented. Antenna 1 shows a measured gain of

12.9 dBi and E-plane SLL of -10.5 dB, whereas Antenna 2 shows a measured gain

of 16 dBi and SLL of -12.8 dB. To the best of our knowledge, this is the highest

reported antenna gain for single layer TM70 mode rectangular patch antenna. It is

demonstrated that the proposed notch loaded TM30 mode patch can achieve about

8 dB reduction in SLL and 3 dB improvement in gain compared to conventional

TM30 mode patch, whereas the proposed notch loaded TM70 mode patch antenna
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shows about 15 dB reduction in SLL and > 5 dB improvement in gain compared

to its conventional counterpart. Due to their high gain proposed antennas are

suitable for short range point to point communication applications. The proposed

notch loading scheme can also be used to improve the radiation properties of higher

order mode patch antennas with circular and triangular geometries.



Chapter 5

Some Methods for Improving the

Performance of TM30 Mode Patch

5.1 Introduction

In this chapter, two methods for improving the performance of slot and notch

loaded TM30 mode patch antennas are presented. First, it is demonstrated that

SLL and return loss performance of notch loaded TM30 mode patch described

in Chapter 4 can be improved by etching a fractal slot at the center of patch.

Second method is applicable to slot loaded TM30 mode patch antenna presented

in Chapter 3 wherein symmetric radiation pattern and gain enhancement was

realized using differential feeding. However, in some applications single coaxial

feed is more preferred. It is demonstrated that by using a two dimensional 2×2

slot array, single-fed TM30 mode patch antennas can be realized.

5.2 Notch and Slot Loaded TM30 Mode Patch

It is demonstrated in Section 4.2.1 that notch loading technique can be applied for

gain enhancement and SLL reduction in conventional TM30 mode patch antenna.

It is shown that notch loaded TM30 mode patch has reduced SLL of about -11 dB,

87
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an improvement of 8 dB compared to its conventional counter part. However, in

many applications low SLL are desired. Thus, it is useful to look for techniques

resulting in further reduction in SLL. Moreover, coaxial probe position in notch

loaded TM30 mode patch is fixed, located at L/3 from edge or `/2 from center of

patch, see Fig. 4.1. As a result return loss of notch loaded TM30 mode patch is also

fixed. Since we can not change the location of probe because it will in turn change

the surface current distribution of patch, we need to explore other mechanism for

improvement in return loss. In this section, it will be demonstrated that by using

a fractal slot loading at center of TM30 mode patch both SLL reduction and return

loss improvement in TM30 mode patch can be realized.

5.2.1 Antenna Geometry

The proposed notch loaded TM30 mode patch with fractal slot loading is shown

in Fig. 5.1. Please note that all the antenna dimensions as well as the substrate

parameters are same as that of notch loaded TM30 mode patch given in Chapter

4. An additional fractal slot is embedded in the center of patch. In order to under-

stand the working principle it is useful to look at the surface current distribution

of the fractal loaded patch as shown in Fig. 5.2. It can be seen that fractal slot

mainly affects center undesired current distribution whereas its effect on outer

desired surface current distribution regions is negligible. By introducing a fractal

slot undesired surface current distribution is reduced.

A question can be asked how this will effect the radiation characteristics such as

gain, SLL and cross polarization of antenna? A related question is that how will

it influence the impedance matching of patch? In the next section, answers of

these questions will be explored. It will be demonstrated that improvement in

SLL of notch loaded TM30 mode patch antenna can be achieved by introducing a

fractal slot at the center of notch loaded patch. Moreover, it will be shown that

introduction of additional slot adds a new degree of freedom for S11 improvement,

rather than to move the feed.
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Figure 5.1: Geometry of notch and fractal slot loaded TM30 mode patch.

Figure 5.2: Surface current distribution of notch and fractal slot loaded TM30

mode patch.

5.2.2 Fractal Slot Loading for Improvement in SLL and

Return Loss

A 3rd iteration koch fractal slot is created at the center of notch loaded TM30

mode patch antenna as shown in Fig. 5.1. The fractal slot is obtained by applying

three fractal iterations to an equilateral triangle (also known as initiator) with side

length of 2.51 cm. The effect of fractal slot size on the SLL and S11 of proposed

antenna is shown in Fig. 5.3. Three normalized slot sizes namely: s = 0, s = 0.5

and s = 1 are investigated. Here, zero slot size represent no fractal slot loading i.e.,

notch loaded patch without fractal loading, whereas slot size equal to 1 represents

the full slot loading with initiator edge length of 2.51 cm (Fig. 5.1). It is shown
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in Fig. 5.3(a) that by changing the slot size s from 0 to 1, E-plane SLL are

reduced from -10.8 dB to -16.1 dB. An improvement of about 5.3 dB in SLL is

thus achieved by using fractal slot loading. Figure 5.3(b) shows the effect of slot

size on S11 of the proposed antenna. It can be observed that by increasing the

slot size, resonant frequency is shifted downward. More importantly impedance

matching is also improved with the introduction of slot. The value of S11 changes

from -16 dB to -23 dB by increasing the slot size s from 0 to 1. An improvement

of around 7 dB in S11 is thus achieved by using a fractal slot loading. Thus,

introduction of frcatal slot adds a new degree of freedom for S11 improvement,

rather than to move the feed.

5.2.3 Simulated Radiation Characteristics

Simulated radiation characteristics namely E and H-plane radiation patterns, gain,

SLL , and cross polarization of notch and fractal slot loaded TM30 mode patch are

investigated in this section. Fractal slot size s = 1 is used in all the cases.

Simulated E- and H-plane co-polarization radiation patterns are shown in Fig.

5.4(a). The simulated gain of fractal and notch loaded TM30 patch is 13.4 dBi. E-

plane SLL of the antenna is -16.1 dB whereas simulated H-plane SLL are less than

-26 dB. However, it is important to note that in H-plane back lobes levels are higher

than the SLL. Infact, if we consider the backlobe levels as SLL then simulated H-

plane SLL are -19.3 dB. The simulated E- and H-plane cross polarization radiation

patterns are shown in Fig. 5.4(b). It can be seen that H-plane cross polarization

are more dominant compared to E-plane. The peak value of cross pol in H-plane

is -22 dB which is about 35 dB below main lobe.

5.2.4 Simulated S11 and Impedance Bandwidth

Simulated S11 of fractal loaded antenna is shown in Fig. 5.3(b), (s = 1). The

resonant frequency of the antenna is 3.09 GHz. The value of S11 at the resonant

frequency is -23 dB. The impedance bandwidth of the antenna, S11 ≤ −10dB, is
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(a)

(b)

Figure 5.3: Effect of fractal slot size s on (a) E-plane SLL, (b) S11.
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(a)

(b)

Figure 5.4: Simulated E and H-plane radiation patterns for fractal and notch
loaded TM30 mode patch (a) Co, (b) Cross.
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Table 5.1: Notch loaded TM30 mode patch with and without slot loading.

Antenna
Frequency Gain SLL Return Loss Bandwidth

(GHz) (dBi) (dB) (dB) (MHz)

Notch loaded 3.23 13.9 -10.8 16 32

Notch and fractal slot loading 3.09 13.4 -16.1 23 52

Notch and circular slot loading 3.14 13.6 -14.5 38 51

52 MHz (1.68%). The relative bandwidth of TM30 mode patch with and without

fractal slot loading is about 1% and 1.68%, respectively. Thus, fractal slot loading

also improves the impedance bandwidth of the antenna by a factor of 1.68.

Table 5.1 shows a comparison of notch loaded TM30 mode patch with and without

fractal slot loading. Introduction of fractal slot results in about 5 dB reduction in

E-plane SLL and 7 dB improvement in return loss. Slight reduction of 0.5 dB in

fractal slot loaded patch antenna gain can also be observed which can be attributed

to reduction in resonance frequency resulting in decrease in the effective area of

antenna.

5.2.5 Possiblities of Using Non-Fractal Slot Loading

It is shown that a fractal slot loading in notch loaded TM30 mode patch can be

used for improvement in E-plane SLL and return loss. A question can be asked

that why is fractal slot needed? Is it possible to use simpler slot geometry for

instance a circular slot? To answer this question a circular shape slot of varying

radius was investigated. It was found that for a circular slot radius of r= 1.3 cm

gives better return loss compared to fractal slot. However, SLL and bandwidth are

slightly degraded compared to fractal slot as shown in Table 5.1. Thus, a simple

circular slot gives almost similar performance as that of fractal slot and can also

be used to improve the notch loaded TM30 mode patch performance.
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5.3 Single Fed Slot Loaded TM30 Mode Patch

It is demonstrated in Chapter 3 that slot loading technique, in the form of a 1×2

slot array located at the center of patch, can be used for gain enhancement and SLL

reduction in conventional TM30 mode patch antenna. However, slot loading results

in asymmetric radiation pattern and reduction in gain which can be circumvented

by using differential feeding. In some applications single fed antennas are more

desired. Thus, it is useful to look for techniques which can be used to realize

single-fed slot loaded TM30 mode patch. Since the main cause of asymmetric

radiation pattern in slot loaded TM30 mode patch proposed in Chapter 3 was

asymmetric surface current distribution. If somehow symmetric surface current

distribution can be realized then it is possible to achieve single-fed slot loaded

TM30 mode patch antenna. How can we realize symmetric current distribution

without differential feeding? In this section, it will be demonstrated that by using

a 2×2 slot array at the center of patch single fed high gain TM30 mode antenna

with symmetric radiation pattern can be realized.

5.3.1 Antenna Design

The proposed slot loaded TM30 mode patch with a planar 2×2 slot array etched

at the center is shown in Fig. 5.5. Please note that all the antenna dimensions as

well as the substrate parameters are same as that of slot loaded TM30 mode patch

given in Chapter 3. The only difference is that now we are employing a planar

2×2 slot array instead of a linear 1×2 slot array used previously.

The design of antenna was carried out based on the maximum directivity crite-

rion. First, a single slot was introduced at the center region of the patch and its

length and width were optimized to achieve the maximum directivity at the center

frequency. Next a linear 1×2 array of optimized slot was created on one side of the

patch center. The slots dimensions and inter slot spacing were optimized again

with the goal of achieving maximum directivity. The optimized 1×2 linear slot

array dimensions were then used as a starting point for creating planar 2×2 slot
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Figure 5.5: Geometry of single-fed slot loaded TM30 mode patch.

array. The slots dimensions and inter slot spacing in x and y directions were opti-

mized again to achieve the maximum directivity. Final 2×2 slot array dimensions

are ` = 2.9 cm, t = 0.23 cm, x1 = 2.19 cm,and y1 = 5.98 cm.

It is worthwhile to look at the surface current distribution of the single-fed 2×2 slot

loaded TM30 mode patch antenna and compare it with single-fed 1×2 slot loaded

patch. Fig. 5.6 shows the surface current distribution of 2×2 slot loaded TM30

mode patch antenna. It can be seen that contrary to surface current distribution

of single-fed 1×2 slot loaded antenna shown in Fig. 5.7, the proposed single-

fed 2×2 slot loaded antenna has symmetric current distribution. This is very

important as surface current distribution and far-field radiation pattern are related

to each other. As we will see in the next section, 2×2 slot loaded antenna yields

a symmetric pattern. This is not surprising because if cause (surface current

distribution) is symmetric effect(radiation pattern) will also be symmetric.

5.3.2 Simulated Radiation Characteristics

Simulated radiation characteristics namely E and H-plane radiation patterns, gain,

SLL , and cross polarization of single-fed 2×2 slot loaded TM30 mode patch are
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Figure 5.6: Surface current distribution of single-fed 2×2 slot loaded TM30

mode patch.

Figure 5.7: Surface current distribution of single-fed 1×2 slot loaded TM30

mode patch.
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investigated in this section. All the simulations were performed in full-wave EM

simulator HFSS.

Simulated E- and H-plane co-polarization radiation patterns are shown in Fig.

5.8(a). The simulated gain of 2×2 slot loaded TM30 patch is 13.3 dBi. E-plane

SLL of the antenna is -9.2 dB whereas simulated H-plane SLL are -23 dB. However,

it is important to note that in H-plane back lobes levels are considerably higher

than the SLL. Infact, if we consider the backlobe levels as SLL then simulated H-

plane SLL are -16 dB. The simulated E and H-plane cross polarization radiation

patterns are shown in Fig. 5.8(b). It can be seen that H-plane cross polarization

are more dominant compared to E-plane. The peak value of cross polarization in

H-plane is -17 dB which is about 30 dB below main lobe.

5.3.3 Simulated S11 and Impedance Bandwidth

Simulated S11 of 2×2 slot loaded TM30 mode patch is shown in Fig. 5.9. The

resonant frequency of the antenna is 3.18 GHz. The value of S11 at the resonant

frequency is -18 dB. The impedance bandwidth of the proposed antenna, S11 ≤

−10dB, is about 30 MHz (relative bandwidth of 0.94 %).

Table 5.2 shows a comparison of slot loaded TM30 mode patch with 1×2 (dif-

ferential fed) and 2×2 (single-fed) slot loading. Both antennas have similar gain

performance. E-plane SLL of 2×2 slot loaded TM30 mode patch is -9.2 dB whereas

2×2 slot loaded patch has SLL equal to -12.7 dB. Therefore 1×2 slot loaded patch

shows about 3 dB reduction in E-plane SLL compared to 2×2 slot loaded patch.

The possible reason for degraded SLL in 2×2 slot loaded patch can be attributed

to the maximum directivity design criteria used for antenna optimization which

ignores the SLL performance. The impedance bandwidth of 2×2 and 1×2 slot

loaded TM30 mode patch antennas are 30 MHz (relative bandwidth of 0.94%) and

21 MHz (relative bandwidth of 0.7%), respectively. Therefore, single fed 2×2 slot

loaded TM30 mode patch has better bandwidth performance.
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(a)

(b)

Figure 5.8: Simulated E and H-plane radiation patterns for 2×2 slot loaded
TM30 mode patch (a) Co, (b) Cross.
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Figure 5.9: Simulated S11 of 2×2 slot loaded TM30 mode patch.

Table 5.2: Differential and single-fed slot loaded TM30 mode patch antennas.

Antenna
Frequency Gain SLL Bandwidth

(GHz) (dBi) (dB) (MHz)

Differential fed slot loaded TM30 3 13.2 -12.7 21

Single-fed slot loaded TM30 3.18 13.3 -9.2 30

5.4 Summary

In this chapter, two methods for improving the radiation characteristics of TM30

mode patch antennas are presented. In first method, it is shown that by combining

the fractal and notch loading technique SLL reduction and return loss improve-

ment can be realized. It is demonstrated that fractal and notch loaded TM30

mode patch can achieve more than 5 dB in reduction in E-plane SLL and 7 dB

improvement in return loss. In second method, a solution for asymmetric radia-

tion pattern in single-fed 1×2 slot loaded TM30 mode patch is proposed. In this

method, a planar 2×2 slot array is etched in the center of TM30 mode patch. It is

demonstrated that single-fed 2×2 slot loaded TM30 mode patch can achieve high

gain and symmetric radiation pattern without the need of differential feeding used
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earlier. The proposed 2×2 slot loaded TM30 mode patch has better bandwidth

compared to 1×2 slot loaded patch. However, the SLL of 2×2 slot loaded patch

are higher than the 1×2 slot loaded patch. One possible reason can be that op-

timized antenna dimensions were found using maximum directivity criteria which

ignores the SLL. In future, antenna optimization based on SLL performance can

be explored.



Chapter 6

Dual Band CRLH Transmission

Line Coupled Patch Antenna

6.1 Introduction

Multiband planar antennas are an integral part of many wireless communication

systems. Microstrip antennas are widely used due to their low profile and ease of

fabrication. In the past, different techniques have been reported to realize dual

band microstrip patch antennas, which usually employ stacked patch configuration

[52], or reactive loading in the form of slots [43, 57, 84].

Metamaterials due to their unique properties provide new ways of antenna design

[3, 4, 20]. In particular, composite right/left handed transmission line (CRLH TL)

metamaterials are attractive due to their ease of fabrication. They can be used

to achieve antenna size miniaturization using zeroth order resonance (ZOR) mode

and mutifrequency operation [4, 16, 59–61, 85, 86]. A dual band CRLH TL antenna

using ±1st order resonance is reported in [16]. However, only fixed large frequency

ratio is possible using this method. A linearly polarized multiband patch antenna,

partially filled with mushroom type CRLH structure is presented in [59], wherein

it is shown that two antenna configurations are possible: a dual mode tri band

antenna having broadside pattern at ±1st order resonances and omnidirectional

101
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(monopolar) pattern at ZOR mode; or a dual band antenna having broadside

pattern employing ±1st order resonances. Although, arbitrary frequency ratio can

be obtained using this technique but it suffers from low radiation efficiency at -1

resonance. A dual band circularly polarized antenna loaded with mushroom type

CRLH structure is reported in [60]. Circular polarization is achieved by exciting

two orthogonal -1 resonances with 900 phase difference. Recently, a dual band

pattern diversity patch antenna using CRLH TL is presented in [61]. It employs

an annular ring with circular patch antenna placed at the center, both loaded with

CRLH TL. The annular ring provides broadside pattern using ±1st order modes

while circular patch provides monopolar pattern. Although, the reported antenna

has good radiation efficiency but broadside radiation patterns are not identical at

upper and lower frequency bands. Moreover, fabrication complexity increases due

to multilayer structure.

In general, most of the metamaterial loaded antennas reported in the literature

are based on the mushroom type CRLH structure wherein dual band operation

with broadside pattern is achieved using symmetric ±1 modes. ZOR mode is

primarily used for antenna size reduction or to achieve omnidirectional pattern

in the horizontal plane [59, 85, 86]. However, as per our knowledge no work has

been reported where ZOR mode is used for dual band frequency reconfigurable

applications, with broadside radiation pattern and arbitrary non-integer frequency

ratio.

In this chapter, we propose a novel dual band CRLH TL coupled patch antenna. In

the proposed configuration, a CRLH TL unit cell is gap-coupled with the radiating

edge of the patch. The dual band operation is achieved by resonant coupling

the ZOR mode of CRLH TL and TM10 mode of patch antenna. The proposed

antenna is distinct in the sense that dual resonance is not obtained using symmetric

±1 modes but ZOR mode and TM10 mode coupling. Good radiation efficiency

and almost identical broadside radiation patterns are achieved at both resonance

frequencies. Another advantage of the proposed configuration is that by changing

the inductance of CRLH TL unit cell resonance frequency can be changed. This

feature can be used to realize frequency reconfigurable dual band patch antenna.
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Figure 6.1: Geometry of the proposed antenna (W = 23.72, L = 18.65,
W1 = 50, L1 = 55, d = 13.12, s = 0.25, lc = 5.75, wc = 6, ls = 4.8, ws = 2,

g = 0.25, all dimensions in mm).

In addition, proposed antenna is simple to fabricate and suitable for single layer

dual band array applications.

6.2 Dual Band CRLH TL Coupled Patch

Antenna

6.2.1 Antenna Configuration and Working Principle

The proposed antenna geometry is shown in Fig. 6.1. It consists of a rectangular

patch antenna, which is gap-coupled to a symmetrical CRLH TL unit cell along

the radiating edge of the patch using a coupling gap s. The CRLH TL cell is

composed of an interdigital capacitor and a meander line inductor. A virtual

ground capacitor is employed to achieve via less design. Antenna is designed using

Rogers RT/Duroid 5880 substrate having εr = 2.2 and thickness h = 1.58mm. A

single coaxial probe is used to feed the patch antenna.

An approximate equivalent circuit model of the proposed CRLH TL coupled patch

antenna is shown in Fig. 6.2. A T-type equivalent circuit is used to represent
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Figure 6.2: Equivalent circuit model of the proposed antenna (LS = 0.84nH,
RP = 180 Ω, LP = 0.29 nH, CP = 3.56 pF , C = 0.7 pF , CL = 0.62 pF ,

LR = 1.63 nH, LL = 0.23 nH, CR = 4.32 pF ).

the symmetric CRLH unit cell [4] and a parallel RLC resonator with series probe

inductance Ls is used to model the patch antenna. The patch antenna is capacitive

coupled to the CRLH TL unit cell by a capacitance C. A brief explanation for

the parameters of CRLH TL unit cell is as follows, LL and LR represent the left

hand shunt and right hand series inductances whereas CL and CR represent the

left hand series and right hand shunt capacitances as explained in Section 1.3.

The equivalent circuit parameters of CRLH TL unit cell are extracted using an off

resonance technique given in [87].

One of the advantages of the proposed antenna is that the CRLH TL unit cell and

patch antenna can be designed separately thus providing design simplicity. The

design of antenna can be carried out in three steps: a) patch antenna design, b)

CRLH TL unit cell design and c) coupling design. First, a coaxial fed rectangular

patch antenna is designed operating in the fundamental TM10 at resonance fre-

quency of 5 GHz. Next, a symmetrical CRLH TL unit cell is designed operating

in ZOR mode. The phase constant β for CRLH TL unit cell is given by [20].

β = z(ω)

√
ω2LRCR +

1

ω2LLCL
−
(
LR
LL

+
CR
CL

)
(6.1)

where ω is the frequency in radian and z(ω) can be calculated by using below

mentioned expression.
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Figure 6.3: Dispersion diagram of CRLH TL unit cell.

Figure 6.4: Electric field distributions of the proposed dual band patch an-
tenna (a) lower resonance frequency f1 and (b) upper resonance frequency f2.

z(ω) =


−1 if ω < ωΓ1 = min

(
1√
LRCL

,
1√
LLCR

)

+1 if ω > ωΓ2 = max

(
1√
LRCL

,
1√
LLCR

)

Figure 6.3 shows the dispersion diagram of the CRLH TL. Two separate regions,

i.e. left hand (LH) region and right hand (RH) region can be observed. The

ZOR mode is obtained at 5.06 GHz which corresponds to β = 0 in the dispersion
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diagram. Finally, the dual mode behavior is realized by coupling the TM10 mode

patch and ZOR mode CRLH TL unit cell. The spacing between the patch and

CRLH TL unit cell affects the coupling. It will be shown in Section 5.2.2 that this

can be used to vary the frequency ratio of the proposed dual band patch antenna.

In fact, it is possible to initially design the patch antenna and CRLH TL unit

cell operating at the same resonance frequency and to control the frequency ratio

later by changing the spacing between them. Since the resonance frequencies of

coupled resonators (synchronously or asynchronously tuned) are different from the

uncoupled single resonators. As an example, a frequency ratio of f2/f1 = 1.08 is

demonstrated in the proposed design which corresponds to s = 0.25mm.

Further insight into the working of the proposed CRLH TL coupled dual band

patch antenna can be gained by examining the electric field (E-field) distribution.

Figure 6.4 shows the E-field distributions of antenna at lower and upper resonance

frequencies. It can be seen that the coupling mechanism at both resonance fre-

quencies is different. At lower resonance frequency, the E-field of TM10 mode and

ZOR mode is out of phase. By contrast, the E-field of both modes is in phase

at upper resonance frequency. This behavior is similar to odd and even mode

coupling in coupled resonators [88].

6.2.2 Parametric Study

A parametric study was conducted to investigate the effects of different parameters

on the performance of the proposed CRLH TL coupled patch antenna. All the

simulations were performed using full wave EM simulator HFSS by changing only

one parameter at a time. Figure 6.5 shows the simulated reflection coefficient (S11)

of the proposed antenna for different values of coupling gap s . It can be observed

that by changing the value of s , lower resonance frequency f1 is effected more

as compared to upper resonance frequency f2 . Thus, it can be used to control

the frequency ratio f2/f1 . The smaller coupling gap results in larger frequency

ratio. The effect of interdigital capacitor length lc on the S11 is shown in Fig. 6.6.

By increasing lc , upper and lower resonance frequencies decrease and both peaks
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Figure 6.5: Effect of coupling gap s on the S11 of the proposed antenna.

Figure 6.6: Effect of interdigital capacitor length lc on the S11 of the proposed
antenna.
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shift downward. Thus, frequency ratio is not affected by changing interdigital

capacitor length lc but it can be used to set the desired dual band resonance

frequencies. Figure 6.7 shows the effect of patch length L on the S11. Its behavior

is similar to interdigital capacitor length lc . As the patch length L increases from

L = 18.3 mm to L = 19 mm, both resonance peaks move down towards a lower

resonance frequency.

6.2.3 Frequency Reconfigurable Patch Antenna

Reconfigurable antennas are crucial to cater the ever increasing demand of high

data rates in modern wireless communication applications [5, 6]. The proposed

CRLH TL coupled patch antenna can achieve frequency reconfigurablity by chang-

ing the CRLH TL unit cell. This can be realized practically by switching on and

off, one of the two meander line arm of symmetric CRLH TL unit cell. This essen-

tially reduces the left hand inductance by half and affects the resonance frequencies

of dual band structure. Figure 6.8 shows the simulated S11 plot of the proposed

antenna as a function of frequency with two positions of switch S. Switching is

implemented by simulating the switch S as open and short circuit, representing the

off and on state respectively. It can be observed from Fig. 6.8 that by switching

off one meander line arm of CRLH unit cell, first resonance frequency peak moves

up from 4.75 GHz to 4.95 GHz, whereas second resonance frequency peak move

down from 5.12 GHz to 4.41GHz. Thus beside change in resonance frequencies,

frequency ratio is also affected by the switch position. The frequency ratio f2/f1

before and after switching is 1.08 and 1.12 respectively. Although not shown,

switching off both the meander line arms (using two switches) will result in a

single band patch antenna.

6.3 Results and Discussions

A prototype of the proposed CRLH TL coupled patch antenna was fabricated.

LPKF PCB milling machine was used to fabricate the antenna. A snapshot of
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Figure 6.7: Effect of patch length L on S11 of the proposed antenna.

Figure 6.8: S11 of frequency reconfigurable dual band patch antenna.
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the fabricated antenna is shown in Fig. 6.9. The simulated and the measured

S11 are shown in Fig. 6.10. Agilent PNA network analyzer E8362B was used

to measure the S11. Measurement result (Fig. 6.10) shows a dual impedance

bandwidth (S11 ≤ −10 dB) of 100 MHz (from 4.78-4.88 GHz) and 50 MHz (from

5.2-5.25 GHz). The relative bandwidths of dual band antenna are 2.07 % and 0.96

% , respectively. Simulated and measured results are in reasonable agreement.

Slight shift in the measured S11 may be attributed to the fabrication tolerances.

Figure 6.9: Fabricated dual band CRLH TL coupled patch antenna.

Simulated and measured E and H-planes normalized radiation patterns of the

proposed antenna at resonance frequencies of 4.84 GHz and 5.22 GHz are shown

in Figs. 6.11 and 6.12, respectively. Antenna shows broadside almost identical

radiation patterns at both resonance frequencies. The measured cross polarization
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Figure 6.10: Simulated and measured S11 of dual band CRLH TL coupled
patch antenna.

levels are less than -16 dB at both frequencies. The measured antenna gain is 7.4

dBi and 5.8 dBi at lower and upper resonance frequencies.

Table 6.1 shows a comparison of different CRLH TL based dual band patch an-

tennas found in the literature. In contrast to previously reported works which use

symmetric ±1 modes for dual band operation, the proposed antenna uses ZOR

and TM10 modes coupling to achieve dual band behaviour. Another advantage of

the proposed configuration is that it allows frequency reconfigurablity. Moreover,

proposed antenna has good radiation efficiency and similar gain at both upper and

lower resonance frequencies bands. In addition, due to single layer structure and

via less design, it provides ease of fabrication.

6.4 Dual Band CRLH TL Coupled Patch Array

The proposed antenna can be used to design dual band high gain patch arrays.

As an example, a 2 × 2 corporate fed dual band CRLH TL coupled patch array
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(a)

(b)

Figure 6.11: Simulated and measured normaized radiation patterns of dual
band CRLH TL coupled patch antenna at f1 = 4.84 GHz (a) E-plane and (b)

H-plane.
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(a)

(b)

Figure 6.12: Simulated and measured normalized radiation patterns of dual
band CRLH TL coupled patch antenna at f2 = 5.22 GHz (a) E-plane and (b)

H-plane.
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Table 6.1: Comparison of different CRLH TL based dual band antennas.

Ref.
f1/f2 Gain

Structure
Resonance

Efficiency Reconfig.
(GHz) (dBi) Modes

[59] 1.8/2.2 4.5/6.8 Single layer n = ∓1 60/83 No

[61] 2.45/3.5 10.3/5.1 Multilayer n = ∓1 80/88 No

This work 4.84/5.22 7.4/5.8 Single layer TM10, n = 0 89/72 Yes

Figure 6.13: Geometry of dual band CRLH TL coupled patch array (W1 =
96, L1 = 90, dx = 42, dy = 42, lq = 11.1, wq = 3.2, w = 1.4, all dimensions in

mm).

is demonstrated. The array geometry is shown in Fig. 6.13. Since microstrip

feeding is more suitable for a patch array design, an inset fed dual band CRLH

TL coupled patch antenna was optimized with an input impedance of 100 Ω and

used as an array element. A corporate feed network was used to uniformly excite

the individual elements. The interelement spacing between the center of patches

is 42 mm, which is equal to 0.67 λ0 at lower frequency of 4.82 GHz and 0.72λ 0 at

upper frequency of 5.15 GHz, respectively. The array is fed by means of a coaxial

probe at the center as illustrated in Fig. 6.13.
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Figure 6.14: Simulated S11 of dual band CRLH TL coupled patch array.

The simulated S11 of the dual band patch array is shown in Fig. 6.14. The

antenna shows dual impedance bandwidth (S11 ≤ −10 dB) of 100 MHz (from

4.77-4.87 GHz) and 50 MHz (from 5.13-5.18 GHz). The relative bandwidths of

dual band antenna are 2.07 % and 0.97 % , respectively. Figure 6.15 shows the

simulated E and H-planes radiation patterns of the proposed antenna at resonance

frequencies of 4.82 GHz and 5.15 GHz. It can be observed that the simulated gain

of the antenna is 13.1 dBi and 12.7 dBi at lower and upper resonance frequencies.

6.5 Summary

A new technique for designing frequency reconfigurable dual band patch antennas

is presented. In this technique, a CRLH TL unit cell is gap-coupled with the

radiating edge of patch antenna. The working principle is based on resonance

frequency coupling of CRLH TL unit cell operating in ZOR mode and patch an-

tenna operating in TM10 mode. ZOR mode, which has been used in the past

typically for antenna miniaturization and monopolar pattern, has been used here
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(a)

(b)

Figure 6.15: Simulated radiation patterns of dual band CRLH TL coupled
patch array (a) f1 = 4.82 GHz and (b) f2 = 5.15 GHz.
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to achieve dual band operation with broadside pattern. It is shown that the pro-

posed antenna has almost identical broadside radiation patterns at both resonance

frequencies with reasonable radiation efficiencies. A prototype of antenna having

frequency ratio f2/f1 = 1.08 is designed and fabricated. The proposed antenna

shows measured S11 ≤ −10 dB bandwidth of 100 MHz and 50 MHz at resonance

frequencies of f1 = 4.84 GHz and f2 = 5.22 GHz, respectively. A 2× 2 dual band

CRLH TL coupled patch array is also presented, showing more than 12.7 dBi gain

at both resonance frequencies.

One of the benefits of proposed scheme is that it can be used to realize frequency

reconfigurable dual band patch antenna by changing the ZOR mode frequency

of CRLH TL unit cell. Moreover, it can also be used to design tri-band patch

antennas by gap coupling CRLH TL cell along both radiating edges of the patch.

The proposed CRLH TL gap coupling technique can be employed to design single

layer, multiband band frequency reconfigurable patch antennas and arrays.



Chapter 7

Conclusion and Future Work

7.1 Conclusion

One of the objectives of this thesis was to develop broadside medium gain (10- 16

dBi) planar antennas based on higher order TMm0 (with odd m)mode rectangular

patch antennas. Large inter element spacing between the radiating edges of TMm0

mode rectangular patch antenna was identified as the main cause of high E-plane

SLL. To overcome this issue, two techniques namely slot-loading and partial notch-

loading were proposed. Both these techniques employ superposition principle and

provide ease of fabrication due to single layer configuration. A number of TMm0

mode patch antennas having low SLL and improved gain compared to conventional

design were developed. A summary of these designs is given below.

High E-plane SLL and low directivity problem of higher order TM30 mode patch

antenna was resolved by employing resonant slot-loading technique and differential

feeding. This scheme was discussed in Chapter 3. The basic idea of this scheme was

to achieve superposition of radiated fields in single layer configuration. This was

achieved practically by placing in-phase slot radiators, operating in fundamental

mode, in the out-of-phase current distribution region of TM30 mode patch antenna.

A novel low profile, single layer high gain patch antenna having dimensions of 0.9λ0

× 1λ0 × 0.015λ0 is demonstrated. The proposed differential fed slot loaded higher

118
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order mode patch antenna exhibits a 2.4 dB increase in directivity and a reduction

of about 10 dB in SLL compared to conventional TM30 mode patch antenna. The

proposed technique can be utilized to improve the radiation characteristics of

higher order mode rectangular patch antennas operating in TMm0 (m = 3,5,..)

mode.

A new notch-loading technique for gain enhancement and E-plane SLL suppression

in higher order TM30 and TM70 mode rectangular patch antennas was presented

in Chapter 4. In this technique, out-of-phase surface current distribution regions

of TMm0 (m = 3, 7) mode patch antennas were partially removed to create new

in-phase radiators between the two radiating edges of conventional higher mode

patch antennas. In this way, problem of large inter element spacing between the

radiating edges of higher order mode patch was resolved. Due to superposition of

radiated far fields, a high directivity patch antenna with reduced SLL was realized.

Notch loading technique, which has been used previously for size reduction in

patch antenna operating in fundamental mode, is used here to achieve E-plane

SLL reduction and gain enhancement in higher order mode patch antennas. Two

novel probe fed single layer notch loaded patch antennas operating in higher order

TM30 and TM70 modes were presented. It was demonstrated that the proposed

notch loaded TM30 mode patch can achieve about 8 dB reduction in SLL and 3

dB improvement in gain compared to conventional TM30 mode patch, whereas the

proposed notch loaded TM70 mode patch antenna showed about 15 dB reduction

in SLL and greater than 5 dB improvement in gain compared to its conventional

counterpart.

The proposed TM70 mode patch has the highest reported measured gain in single-

layer higher order mode patch antennas. It showed a measured gain of 16 dBi

along with good SLL of about -13 dB. In addition, it has reasonable impedance

bandwidth of 3.8%. Due to its high gain, large bandwidth and good SLL proposed

antenna is attractive for many wireless communication applications such as Wi-Fi

directional antennas working in 900 MHz (902- 928 MHz), 2.4 GHz (2.4-2.4835

GHz), 3.6 GHz (3.655–3.695 GHz), 4.9 GHz (4.94-4.99 GHz) or 5 GHz (5.15-5.25

GHz, 5.25-5.35 GHz, 5.725-5.825 GHz) bands. The proposed notch loading scheme
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can also be used to improve the radiation properties of higher order mode patch

antennas with circular and triangular geometries.

The possibility of achieving low SLL notch loaded, and single fed slot loaded TM30

mode patch antennas were explored in Chapter 5. First, it is shown that by com-

bining the fractal and notch loading techniques, SLL reduction and return loss

improvement in TM30 mode notch loaded patch can be realized. It was demon-

strated that fractal and notch loaded TM30 mode patch can achieve 5 dB reduction

in SLL and 7 dB improvement in return loss compared to notch loaded TM30 mode

patch. Another method which can be used to realize single-feeding in slot loaded

TM30 mode patch, instead of employing differential feeding used previously, was

also presented. It was demonstrated that asymmetric current distribution can be

circumvented by using a planar 2×2 slot array etched at the center of TM30 mode

patch. The proposed antennas showed symmetric radiation pattern, high gain,

and improved impedance bandwidth.

The second objective of this thesis was to develop reconfigurable high gain patch

antennas. A new technique for designing frequency reconfigurable dual band patch

antennas was presented in Chapter 5. In this technique, a CRLH TL unit cell was

gap-coupled with the radiating edge of the patch antenna. The working principle

was based on resonance frequency coupling of CRLH TL unit cell operating in ZOR

mode and patch antenna operating in TM10 mode. ZOR mode, which has been

used in the past typically for antenna miniaturization and monopolar pattern,

has been used here to achieve dual band operation with broadside pattern. It

was shown that the proposed antenna has almost identical broadside radiation

patterns at both resonance frequencies with reasonable radiation efficiencies. One

of the benefits of the proposed scheme was that it can be used to realize frequency

reconfigurable dual band patch antenna by changing the ZOR mode frequency

of CRLH TL unit cell. Moreover, it can also be used to design tri-band patch

antennas by gap coupling CRLH TL cell along both radiating edges of the patch.

The proposed CRLH TL gap coupling technique can be employed to design single

layer, multiband band frequency reconfigurable patch antennas and arrays.
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7.2 Future Work

A number of possible future extension of present work are posible. Some of them

are listed below:

1. The current work mainly focus on the gain enhancement and SLL reduction

technique of TMm0 mode patch antennas for linearly polarization. Thus

a natural extension of present work is to explore high gain, dual linear or

circular polarized higher order TMm0 mode patch antennas. Dual linear

polarized antennas are useful for polarization diversity applications whereas

circular polariztion is required for communication between moving platforms.

2. Another possible frontier is to investigate multiband operation of proposed

slot loaded and notch loaded TMmo patch antennas. As an example funda-

mental TM10 mode and TM30 mode can be employed for dual band appli-

cations. Different aspects such as impedance matching, control of frequency

ratio can be studied.

3. In contrary to conventional patch antennas operating in fundamental mode,

higher order mode patch antennas have large size in terms of wavelength.

This can be useful in high frequency applications where large antenna di-

mensions results in ease of fabrication. In future, the higher order mode

patch antennas can be investigated for 5G millimeter-wave applications.

4. Beside SLL reduction and gain enhancement, the work on notch loaded TM70

mode shows an interesting possibility for improving the gain bandwidth i.e.

by coupling the close in mode (TM36). This method can be employed to

improve the gain bandwidth of other TMm0 modes. Mode excitation, con-

trolling the frequency of each mode and radiation pattern shaping of close

in mode are some of the issue which need to be investigated.

5. The application of fractal slot loading on notch loaded TM30 mode patch

shows very promising result and it was demonstrated that SLL reduction

and return loss improvement can be achieved by combining the fractal and
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notch loading. In future, fractal and notch loaded TM70 rectangular patch

can be studied. In addition, effect of fractal slot on 2x2 slot loaded patch

can also be investigated.

6. The proposed slot loading and notch loading techniques can be combined

with other gain enhancement techniques such as superstrate or PRS loading

to further increase the gain. Similarly, bandwidth enhancement technique

like stacking or increase substrate height can be employed to improve the

impedance bandwidth of the TMm0 mode rectangular patch antennas.

7. Gain enhancement and SLL reduction of higher order modes in other Eu-

clidean geometries such as circular or triangular patch can be explored in

future based on the proposed slot loading and notch loading techniques.

8. Tri-band patch antenna can be designed by gap coupling CRLH TL cell

along both radiating edges of the TM10 mode patch. Other geometries, such

as triangular or circular patch can also be investigated.

9. Present work focuses on CRLH TL coupling with fundamental TM10 mode

of rectangular patch. In future, CRLH TL coupled higher order multiband

TMm0 mode patch antennas can be investigated.
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