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CHAPTER

1

Introduction

1.1  Introduction

In the present era, and future inclination of development of wireless
communication has become popular and prolific than ever before with advancement
of civilization. With the technological advancement of various wireless
communication technologies such as 5G, LTE, WiFi, Li-Fi,RFID, 6LoWPAN etc.
have greatly boosted the potential capabilities of internet of things (IoT) and made it
more user friendly than ever. So, the research on wireless communication technology
attracts the new researchers to develop these emerging technologies with integration
of microstrip antenna (MA) due its plentiful advantages like light weight, low
profile, small size and ease in implementation on curved surface. The concept of
microstrip antenna was begun in 1953 by Deschamps [1]. The basic structure of a
microstrip antenna (MA) is parallel plate conductor which composed of a very thin
conducting material strip (patch) printed on ground plane & dielectric (substrate) in
between. The shaped of Patch conductor can have any geometrical shape; it is made
of copper or gold etc. The conventional geometry of a widely used microstrip
antennas in form of circular patch has been depicted in Fig. 1.1. The value of relative
dielectric constant (g;) of the substrate is generally taken as low in the span of 2 to 10
I.e. Polytetrafluoroethylene (PTFE g, = 2.33), flame retardant (FR4 &, = 4) materials
etc.

Two decades later Howell [2] demonstrated theoretical and practical design
method in perspective of dipole antenna. Thereafter Munson [3] implemented a



microstrip as an Omni-directional antenna for application of aircraft / airborne

system.

Substrate

@

Substrate

Co-amal Probe
(b)

Fig. 1.1 Basic structure of circular microstrip antenna (a) Top view (b) Side view.

Advantages and Limitations of MA

The microtrip patch antenna has numerous advantages like ease to printed on the
circuit board, accure less patch area, low profile, not bulky in size , in view of this
flexibility it can be placed to any curve surface and any shape of structure can be
achived through molding it. Plenty number of MA can be manufactured due to less
expensive andeffortless fabrication. This microstrip antenna are also serve to modern
wireless communication system as it is easily compatable to the technology related
to the microwave monolithic integrated circuit (MMIC) and opto electronic

integrated circuit (OEIC). It is equally applicable to the linear, circular polarisation

2



and also support any kind of frequency opration like dual , triple frequencyetc. Large
area can be coverd with in limited space by making array configaration. It is easily
mounted on the stiff suface due to robustness.The microtrip patch antenna has some
limitations besides many advantages discuss below.

Compare to the conventional antenna, it has following disadvantages like inbuilt
low bandwidth and low gain limited to 2-5 dBi only. Improvement of bandwidth is
restricted to 1-5% after given an extra effort. The efficiency of the conventional MA
is not promising and to achive good polarisation purity , excess effort need to pay.
Power handling capability is also low. Extra amount of radiation comes from feed
and junction which enhances additional complexity.

Following limitations can be overcome by using thicker substrates, etching slots
in patch surface, addition to parasitic patches on the top of the patch area or
introducing aperture coupled stacked patch antennas.

The theoretical analysis and practical verification of different geometry MA gets
attracted to the research community that came into sight in between [4]-[14]. The
wonderful literature on microstrip antenna was first published [15] in 1980 as a hand
book which covers multiple aspects on MAs of different geometry. Followed by [15]
James, Hall and Wood [16] brought a new edition on design aspect of microstrip
antenna in 1981. The fundamental Antenna theory and multiple design issues of
microstrip antenna were well covered by Balanis [17] in 1997. Different kind of
design and analysis including broad banding and new feed mechanism has been
reported in [18] by R. Garg et.al. In the following section 1.2 the basic feeding
mechanism of MA has been described. Some elaborate method of feeding
mechanism has been reported in [19]-[28].

This chapter deals with the different fedding techniques of MA in section 1.2,
The radiation charecteristics of MAs have been discussed in section 1.3, Choice of
patch geomatry has been deccribed in section 1.4. Finally, the preface of the

dissertation has been described briefly in section 1.5.

1.2  Different Fedding Techniques

When MA get excited by applying any certain voltage signal to the patch. It starts

radiating and maximum radiation come out from its edge and goes in the broadside

3



direction and no radiation (ideally) in the end fire direction. To get efficient
radiation, the MA can be generally fed by direct (contact) or indirect (non-contact)
way. Co-axial fed, microstripline fed, proximity coupled fed and aperture coupled

fed is most popular out of contact or non-contact method.

1.2.1 Co-axial Feed Technique

In this technique, the probe conducting material is connected through the
dielectric to the radiating patch. This is very widely used technique, where probe can
be placed at anywhere of the patch to match 50 Q impedance. This is easy to
fabricate and match impedances.

Co-amial Probe

(b)

Fig. 1.2 Co-axial feed circular microstrip antenna (a) top view (b) side view

This technique suffers in narrow bandwidth around 2-3% and high cross



polarization radiation due to asymmetries in feed position and feed induced spurious
radiations. Also, coaxial feed introduces large inductance in case of thick substrates.
In the Fig. 1.2 co-axial probe fed microstrip antenna in top view and side view has

been shown. Where ‘@’ is the radius of circular patch.

1.2.2  Microstripline Feed Technique

In this method, a strip of conducting material is joined directly to the edge of
the patch as shown in Fig. 1.3. It is one of the common feeding techniques. To
achieve better impedance matching, the controlling of inset cut position movement
to the patch is desire only. It is easy to fabricate, simple to model and analyze.
However, the feedlines increase spurious radiations from antenna. With increase in
substrate thickness, surface waves are increased in antenna. Also, such feed line
contributes in exciting higher order modes in antenna and enhancing cross polar

radiation from antenna. Further, it has low bandwidth around 2-3%.

Substrate

Microstrip
Line

Fig. 1.3 Microstripline feed circular printable antenna.

1.2.3  Proximity Couple Feed Techniques

There are two dielectric material substrate 1 (er1) and substrate 2 (&r2). Patch is
mounted on the 2" dielectric , the feedline is placed in between the two dielctric.



The ground plane is placed below 1% dielectric material. In this type of method,
microstrip line conducting material does not connected directly to the patch.That’s
why this feeding technique is known as electromagnetic coupling which is shown
in Fig. 1.4. The advantage of having this type of feeding technique is that provides
large bandwidth around 13% and eliminates unwanted spurious radiation.

Fabrication is quite difficult due to which this technique becomes expensive.

Substrate 1

Fig. 1.4 Proximity coupled feed circular printable antenna.

1.2.4  Aperture Coupled Feed Technique

It is also non-contacting feed technique as shown in Fig. 1.5, where the ground
plane is sandwiched by two substrates. There is microstrip line in 1% substrate and
patch is grown on the 2" substrate. The slot is design on ground plane through which
the line is coupled to get radiation. The advantage of this symmetrical design is that
the two dielectrics can be selected separately to optimize the patch radiation and
lower cross-polarization. This technique avoids use of soldering and minimizes the
chance of leakage current from feed. It also reduces the reactance of feed and also
exhibits wide bandwidth in comparison with other feeding techniques. However, the
fabrication is difficult compare to all other technique as structure is multilayer. Also,
back radiation increases in such structures.



Substrate 1

Ground Plane

N

Fig. 1.5 Aperture coupled feed circular printable antenna.

1.3 Radiation Characteristics

Multiple radiation characteristics like co-polarization gain, beam width, co-
polarization radiation to cross polarization radiation isolation (polarization purity)of
microstrip antenna has been studied in [29]-[68], where techniques like dielectric
cover over the patch [29], laminated ground plane [30], LiTiMg Ferrite
substrate[31], air substrate [32], electromagnetic band gap surface[33]is utilized to
improve radiation performance of MA. The use of Green’s function [34], finite
ground plane [35], and neuro-spectral computation approach [36] have been reported
to analyze the radiation characteristic of MA. Spiral geometry size of circular
microstrip antenna (CMA) [37] and superstrates loaded CMA [38] have been
employed to increase the gain and half power beam width of the antennas. The
improvement of gain by employing different method has been reported in [39]-[58],
Out of them, the use of superstrates on microstrip antenna [39]-[40], introduction of
air gap [41]-[42] have been investigated successfully. Around 5-7 dBi gain has been
achieved by surface waves suppression using electromagnetic band gap (EBG)
structure in [43], photonic band gap (PBG) structure in [44] and partially etched
substrate in [45]. The gain of the microstrip antenna can be also enhanced through



defected on the ground surface (DGS) that has been reported in [46]-[47] and slotted
ground plane in [48] which yields 7.2-9.2 dBi gain.

The different techniques has been evoked to improve the gain of circular
microstrip antenna that come into views in [49]-[56], such as in [49]-[50] aperture
couple based slot loading technique, in [51]-[53] shorting pin. The employment of
frequency selective surface [54], multishaped substrate [55] in MA reveals the
techniques of gain enhancement of such antennas. Maximum 9 dBi gain with 90%
efficiency has been achieved in above mentioned literatures. However, these
investigations fail to address the improvement in polarization purity of MA.
Polarization purity is another important part of radiation characteristics, that has
been studied and improved in various ways in [56]-[77]. Suspended path with dual
feed [56], Meander line feeding [57]-[58], W and U shaped ground plane [59], [60]
have been reported which yields 18-20 dB polarization purity. The most effective
techniques to improve polarization purity till date are the employment of DGS [61]-
[71], defected patch structure [72]-[74], and shorting stripes or post [75]-[77] with
MAs which can yield around 20 dB of polarization purity.

1.4 Choice of Patch Geometry: A Survey

Several types of patch geometries such as rectangular, circular, triangular,
octagonal, hexagonal etc can be useful as radiating element of MA. All these
geometries except rectangular and circular are complex in nature and there are no
available well established theories which can be adopted easily in the industries for
batch production. Therefore, to develop the MA in more cost effective way,
rectangular and circular geometries are very popular and preferred [78]. Also
industry prefers such rectangular and circular geometry for its simple design and
ease to mount the antenna inside the device without much change in the device
periphery. Again, the trouble shooting can be easily done due its wide versatility and
concrete established theory with promising characteristics. The thorough
investigation with such simple rectangular and circular geometries have gained
potential demands to the researchers and finds plentiful applications in modern
wireless technologies in last two decades. In this context, large number of traditional
geometries such as rectangular and circular MAs, have been widely investigated,

8



explored [79]-[84] and implemented [85]-[90].
The resonance frequency of rectangular microstrip antenna (RMA) can be written as
f__¢
" 2la (1.1)
where, L is the length of the patch, & is the dielectric constant, c is the velocity of the light.
While the same for circular microstrip antenna (CMA) is

_ 1.84c
" 2mae

where, a is the radius of the patch, & is the dielectric constant and c is the velocity of
the light.

f

(1.2)

Comparison of equation (1.1) and equation (1.2) reveals that the required redial
dimension of CMA is smaller than RMA. Therefore, in the present scenario of
miniaturization, CMA can be more effective in tinny electronic devices.

However, more miniaturization in antenna geometry is always preferred in the
present era where, the tiny wireless communication devices are most effective and
popular. Infact, in the present era, most of the hand held wireless communication
devices are budding towards tininess and multi functionality for compatibility with
MMIC.

Therefore, the occasions are there where the geometry other than the
conventional rectangular and circular geometries is favorable.

Circular sector microstrip antenna (CSMA) is very advantageous where the space
is the key factor to organize a patch with conventional geometry. In fact, around 60%
of patch area reduction can be achieved by the suitable choice of sector angle for a
particular resonant frequency compared to conventional circular patch geometry.
Here, the through and elaborate investigation on CSMA is very much required also
challenging to the antenna researchers. Therefore, through investigation on CSMA is
the modern state- of —art research field of antenna engineering. The CSMA is highly
usable as it requires less space compare to conventional circular patch antennas.
Therefore, an accurate analysis of CSMA is one of the main concerns in the printed
antenna research field. The formulation of resonance frequency (f,) of CSMA based
on conventional cavity model was first reported in [89]-[90]. Followed by them,

further attempts were made to estimate the dominant mode and its resonance



frequency in [91]-[92]. However, in [92], radiation pattern of CSMA is reported
based on simulation results. The radiation pattern of CSMA with 60° sector angle
was reported in [92]. However,[89]-[92] predicts the resonance frequency of CSMA
with large error of around 2.5% between simulation and quantitative estimation. The
resonance frequency with 60° and 90° sector angle has been investigated in [91]-[96]
through simulation and around 3.8% error has been reveled in predicting resonance
frequency. Furthermore [91]-[92] fails to determine the accurate dominant mode of
CSMA. As such the dominant mode of CSMA depends critically on the sector angle.
The study of resonance frequency and radiation field of CSMA had been presented
in [93]-[96] based on simulation. The array structure with CSMA for the C and X
band was investigated and the effect of element number in the array was reported in
[95]. A simulation study of CSMA with 70° sector angle for CSMA was reported in
[96]. Some newer applications of CSMA on broadband, dual polarized, circularly
polarized antenna have been reported in [97]-[100]. In [97] comparatively large
sector angles 270° CSMA and 320° CSMA have been investigated to improve the
gain around 7 dBi and to achieve bandwidth of around 500 MHz. Proximity fed
CSMA with multiple sector angles 340°, 350°, 355° have been studied for broad
banding more than 700 MHz in [101]. Moreover, application of dual mode wide
banding and dual port CSMA has been reported in [102]-[103]. In [102] dual mode
of 270° CSMA has been excited simultaneously and evolve bore sight gain of 8.
1dBi.The antenna has been minimized about 44% comparison to conventional CMA
without improving the gain of CSMA and the cross pole comparison got more than
20 dB in [103]. Further, dual band meta loaded semicircular CSMA with operating
frequency 4.1 GHz has been reported in [104]. The measured gain of this antenna is
5.82 dBi with bandwidth of 114 MHz only. Furthermore, the application of broad
banding of 120° and 270° sectoral patch and circular polarization with the help of
CSMA is documented in [105]-[109]. In [105] a compact size of 109° CSMA has
been reported for application of Ku band. This antenna exhibits 6.57 dBi simulated
gain with 5 dB cross polarization only. To achieve circular polarization, the study of
65° sectoral patch antenna has been reported in addition with arc shape slots and slits
structure in [106]. Further, 270° sectoral patch with rectangular cut slot has been

reported in [107], which yields 8.5 dBi peak gain. The study of proximity fed 120°
10



CSMA has been reported for broad banding and yields broadside peak gain of about
9.2 dBi in [108]. The comparison between RMA and the CSMA in C band array has
been reported in [109] but gain of this antenna is quite low and it is around 5 dBi.
Nevertheless, all these investigations were initiated through simulation followed by
measurements.

The above mention reports, mainly discuss the CSMA with specific sector angle
and mostly in intuitive way. They failed to draw accurate theoretical and analytical
studies which are very much required to understand the structural behavior of CSMA
in details for the design engineers working with CSMA. Therefore, all this lacuna of
earlier studies should be investigate elaborately to understand the exact behavior of
CSMA.

1.5. Preface of the Dissertation

In the dissertation, improvement of some input and output characteristics of

CSMA s have been investigated theoretically and implemented practically.
This antenna has been attracted to the antenna community and manufacturer in this
modern age due to its compact size requirement compare to conventional geometry
like circular patch antenna. So as to prepare modern hand held wireless device, less
size of the antenna is being required to keep the associated circuitry besides the
antenna. CSMA is highly demandable in this context but accurate resonance
frequency and lowest order mode determination of this antenna is still lacking.

In chapter 2, the resonance frequency has been analyzed accurately. The effect
of the feed location of the modes has been investigated further to determine the
lowest order dominant mode with variation of substrate height, substrate permittivity
and air gap. The improved computer aided design (CAD) has been formulated which
makes the CSMA more promising than ever before. Modified cavity model has been
introduced to determine the lowest order modes in CSMA.

In Chapter 3, the feed-probeposition for excitations of desire mode has been
investigated and presented theoretically and verified experimentally. To find a proper
feed location for exciting a particular mode in a CSMA, the appropriate theoretical
formulation is another basic requirement. In this context no well established
theoretical formulation for exciting a dominant mode of a CSMA is available till
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date. Therefore, the determination of modes of a CSMA as a function feed location
has been investigated and a new theoretical approximation technique has been
projected based on maximum E/H ratio in this chapter to excite a specific mode.

Indeed, CSMAs with different range of sector angles has been classified and
discussed scientifically by the relation of E/H ratio. A particular range of |E/H| has
been prescribed on which a particular mode can be excited. Moreover, a range of
feed location has been approximated across which a particular mode can be excited if
probe is placed.

Previous two chapters have been concentrated only the investigation of input
characteristics. So the radiation characteristics and gain of this antenna have been
given empathies to explore the performance of the antenna in some extent. The Gain
of this antenna is generally low (7.1 dBi) that has been improved (9.9 dBi) by
introduce an air in the substrate. The quick hand empirical formula also has been
prescribed in this chapter.

In chapter 4, the complete design guideline has been prescribed for the specific
application. The behavior of CSMA is generally varied with sector angles due to its
asymmetric structure. So numerous number of sector angles are there. Thus selection
of sector angles as a function of operating mode and frequency & miniaturization has
been described for better selection and comprehensive guideline has been prescribed
in this chapter.

In chapter 5, CSMA of 180° sector angle has been considered for investigation in
view of the replacement of CMA. The minimization of patch area is advantageous
around 50% as compare to circular microstrip antenna but co-pole (CP) to cross pole
(XP) isolation is not satisfactory. Therefore to minimize XP radiation in this chapter,
the patch area has been defected judiciously. Further the effect of ground plane
variation also studied.

Finally in chapter 6, a conclusion of complete work has been presented and the
best choice of sector angle antenna has been identified which can be used for all

perspective such as industrial applications along with research and future application.
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CHAPTER

2

Circular Sector Microstrip Antenna:
Determination of Accurate Modes Using
Modified Cavity Model

2.1 Introduction

In the modern era of wireless communications, the design and analysis of
miniaturized and multifunctional antennas of different geometries continue to be the
focus of state-of-the-art research. In this scenario, the most common geometries of
microstrip antennas (MASs), such as rectangular and circular, have been extensively
studied, analyzed and implemented for at least the last three decades as discussed in
chapter 1. However, in various practical wireless applications, radiators should be
conformally mounted onto the previously existing structures, where space limitation
is a crucial problem. In such applications, a circular sector microstrip antenna
(CSMA) is highly advantageous because it requires less space than a conventional
patch antenna of common geometries. Approximately more than 50% patch area
reductions can be achieved with particular sector angles, compared with a
conventional circular MPA. Therefore, an accurate analysis of CSMA is a priority in
the present scenario of printed antenna research. In this context, a limited number of
analyses [1]-[5] have been reported in which the computation of the accurate
resonant frequency of CSMA with arbitrary sector angles has been dealt with. The
formulation of the resonant frequency of a CSMA based on the cavity model was
first reported in [1]. The electric field beneath the patch as well as the eigen
functions of those antennas were also presented in [1]. In [2], a generalized
transmission line modeling was used for computing the resonant frequency of a

CSMA. However, the effect of fringing fields, which should be considered for the
22



accurate estimation of the resonant frequency of a CSMA, was not included in [1]-
[2].

Recently, the theoretical and experimental analyses of CSMAs have been
reported in [3]-[4]. In these works, the authors introduced the idea of fringing fields
for computing the effective dimension of the patch required for calculating the
resonant frequency of the antenna. However, the resonant frequency of the antenna
could not be accurately predicted; and the dominant mode of CSMAs has been
assumed to be similar to that of a conventional circular patch (TMy;), regardless of
the sector angle in [3]-[4]. Nevertheless, the dominant mode of a CSMA should
differ for different cavity dimensions (i.e., for changes in the sector angle) to satisfy
the boundary conditions of electromagnetic fields beneath the patch.

Therefore, the identification of the mode of a CSMA with different sector angles
is inappropriately reported in [3]-[4]. Moreover, the validation of the theories
presented in [3]-[4] in terms of varying antenna parameters (such as substrate
thickness, dielectric constant and air gap height) is not included. Furthermore, the
higher modes were not investigated in those reports. In [5], Bhattacharya et al have
computed the resonant frequency of the CSMA following the cavity model; however,
they failed to identify the accurate dominant mode of the CSMA and predict its
accurate resonant frequency. The study of the radiated field, resonant frequency and
polarization of the CSMA was presented in [6]. The array structure with CSMA for
the C and X band was investigated and the effect of element number in the array was
reported in [7]. A simulation study of CSMA with 70° sector angle for CSMA was
reported in [8]. Recently, some newer applications of CSMAs have been reported in
[9]-[11], however, accurate dominant modes of the antenna were not emphasized in
these reports. The resonant frequencies in these studies were based only on
simulations.  Therefore, neither the lowest order dominant mode, nor the
corresponding resonant frequency of the CSMAs has been accurately determined in
these previous investigations. Furthermore, in the study of a CSMA, the introduction
of an air gap between the substrate and the ground plane, which offers the tunability
of microstrip structures for rectangular and circular geometries, is very important
[12]-[13].
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O

Fig. 2.1 Schematic representation of coax fed circular sectorial microstrip antenna (CSMA) (a) top
view, (b) side view, some of the fabricated prototypes (c) 45° sector angle, (d) 90° sector angle, (e) 60°
sector angle respectively.

However, the role of an air gap in the resonance behavior of the CSMA needs
further investigation. To eliminate the lacunae of earlier works, the modal fields of
the dominant as well as higher order modes of numerous CSMAs with different
sector angles have been thoroughly studied. In this paper, an improved, accurate and
comprehensive computer-aided design formulation for accurately determining the
resonant frequency of a CSMA is proposed. The proposed formulation accurately
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estimates the dominant and higher mode resonances in a CSMA with and without an
air gap between the substrate and the ground plane. The mathematical derivations are
based on the modified cavity model along with the accurate estimation of the
effective permittivity and the effective antenna dimensions. The complete theory is
presented meticulously in this paper for developing a concrete physical basis for the
observed phenomenon. No published work that presents the variation of the resonant
frequency of a CSMA with substrate thickness, air gap height, substrate permittivity,
and the radial dimension of the antenna is available till date. Considering all the
above-mentioned factors, the resulting variations of resonant frequencies as a
function of the aforementioned parameters, have been included in the present study.
The theoretical formulation for the resonant frequency of a CSMA has been
presented in section 2.2. The resonant frequency of a CSMA with varying sector
angle and dielectric thickness is analyzed and a comprehensive and closed-form
formulation is proposed in section 2.2.1. Therefore, an efficient equivalence relation
is established and utilized for calculating the effective dimension of the patch has
been described in section 2.2.2. Subsequently, the calculation of the effective
dielectric constant of a CSMA has been presented in section 2.2.3. In section 2.3, the
proposed theory has been validated against our simulation, the measurement data
available in the literature, and our own measurement results. The resonant frequency
of a CSMA as a function of substrate thickness, radial dimension of a patch and
sector angle as well as the versatility of the present theory in determining the
accurate higher order modes of CSMA for different sector angles are included in
section 2.3. Section 2.4 contains the conclusions derived from the findings of the

present work.

2.2  Theory

A coaxially fed CSMA with radial dimension a, printed on a substrate (g;) of
thickness hy with an air gap of height (h,) on the ground plane is shown in Fig. 2.1.
The height of the air gap varies from zero to a certain finite value. The antenna is fed
at a distance p. from the apex of the conical shape as shown in Fig. 2.1 (a) using a
coaxial probe. Some of the fabricated prototypes are shown in Fig. 2.1 (c). To

calculate the resonant frequency of CSMA accurately, first the cavity model for
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conventional circular patch has been utilized under the restriction of modified
boundary conditions, as will be explained in section 2.2.1. This, in fact, provides a
basic estimation of the resonant frequency of CSMA, with and without air gap. The
fringing of the electric fields, at the edges of the patch, increases the effective
dimension, which is accounted for in terms of ac. Indeed, this parameter needs to be
determined precisely for accurate determination of antenna characteristics.
Therefore, computations of effective dimension of the antenna and the effective
dielectric constant are significant issues, which are discussed in section 2.2.2 and

section 2.2.3.

2.2.1 Modified Cavity Model

Because of the narrowband resonant characteristics of their open radiating
structures, microstrip antennas, can be viewed as lossy cavities. From this view
point, cavity model is a very natural choice to analyze the modal fields of such
antennas [14]. Classical description of using cavity model to determine the modal
fields of conventional rectangular and circular patches can be found in [27].
Recently, cavity model analysis of shorted patch structure has been reported in [15].
In a very recent paper [16], exploitation of cavity model is documented for gain and
bandwidth enhancement of a rectangular patch antenna.

PMC

i :EH:I:

Fig. 2.2 The cavity model for CSMA.
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The top and bottom walls (at z = 0 and h) are perfect electric conductors (PEC),
and three side walls are perfect magnetic conductors (PMC). Here, the normalized
fields within the dielectric substrate (between patch and ground plane) can be
determined accurately by treating the region as a cavity, bounded above and below
by electric conductors (top and bottom plates, respectively) and along the periphery
by magnetic walls. In the case of circular sector antenna, a modified cavity has been
germinated whose top and bottom walls are perfect electric conductors (PEC), and
the three side walls are perfect magnetic conductors (PMC).

The modified cavity model (MCM) is shown in Fig. 2.2.

The vector potential A, must satisfy the homogeneous wave equation [17]

VA, (p.$,2) +K* A, (p,4,2) =0 (2.1)
where, A;is given by [17] as
A, =B dn(k,p)[Acos(mg) + Bsin(mg)][cos(k,z)] (2.2)

Therefore, the fields will be given by

£ __ 1 OA ™

? wue Opoz
uooliom
up op
H 2
E¢:_Lia A, (2.3)
wue p Ogoz >
oo L1om
up op
i 9
E, =—— (—+k
= G KA

Where o, 1 and ¢ are the frequency of the wave, permeability and permittivity of the
medium respectively.

Based on the above equations, the resonant frequency of CSMA, with the widely
used sector angles (¢o =180°, 90° and 60°) is documented in the following sections.

Now, for the CSMA with arbitrary sector angle ¢>o°;
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H,=0;(p=a0<g<¢gl;0<z<h) (2.4)

HAP=@=—%%%=—£BWH;«ﬁINmWW+Bﬁnmﬂmm&gﬂzo (2.5)
which signifies that,
Ilk,a)=0=k,a= 7 =k, =#m/ (2.6)

where, J and J/ are the Bessel functions of order m and its derivative
respectively. y/ is the n zero of derivative of Bessel function of order m.

Again, the vanishing radial magnetic field boundary condition demands that,

H,=0;(¢=00<p<a0<z<h)

2.7
H, =0;(¢:¢§,0£p§a;0s zsh)
Thus,
HA¢=O%:££§éc>££BmﬂmwﬂﬂEmAﬁnm¢+mBmBm¢mmﬂhzﬂ:0 (2.8)
upog pup
It is possible, if B=0
Now,
H, =4 = Bugdu ko L-mAsinmgy fcos(k.2)] =0 (2.9)
It is possible, if
m¢, =qr
L
2 (2.10)
where q = 0,1,2,3, and all positive etc.
Again, the tangential electric field boundary condition requires that
E,=0;(z=00<p<a0<g<g)
E¢=Q&:h03psaﬁs¢sﬁ) (2.11)
Therefore;
E,(z=h)= i1 BunoJn (k0 K, (— mAsinmg)sin(k,h) = 0 (2.12)
wue p
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It is possible if,

_bz
k= (2.13)
Now, k% =k> +k; (2.14)

Where, k is the propagation vector and k k, are the propagation vectors along

radial (p) and vertical (z) directions.

The resonance frequency (f;) will be expressed as

) 1 Z_[,mz Mz
fr_zn\/E\/( a j +( h j (2.15)

Considering that the patch is on thin substrate, the zeroth order resonance frequency
(fr)is

f = Xmn _ XmnC (216)

" 2mfus 2mfe,

where, c is the free space velocity and 4’ is the n™ zero of derivative of Bessel

function of order m.

The parameter m is related to q by equation (2.10). The parameter n, in fact,
denotes the number of radial variations, and g the number of circumferential
variations.

Now considering the fringing effect around the patch periphery, the dimension a will
be replaced by the effective dimension ae; and the dielectric constant ¢, by effective
dielectric constant gyegs.

Thus equation (2.16) becomes

f_ XmC (2.17)

r
2784 A/ Ereft

The calculation of effective dimension ae; and the effective dielectric constant

ereff IS ShOwnN in section 2.2.2 and section 2.2.3, respectively.
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Case-1: 180° circular sector patch antenna (g = 1)

For semicircular patch, ¢, =z, and equation (2.10) becomesm=q . Thus, the
possible values of m will be any positive integer greater than zero.

Following the roots of the derivative of Bessel function, the lowest value of
X =1.84 occurs whenm =1, n =1.

Therefore, according to equation (2.17), the lowest order resonant mode (dominant

mode) of semicircular patch becomes TMj; and hence its frequency is

X1iC 1.84c
f= =
278 5 \/ Eri 27y \/ Ereff (2.18)

Case-11: 90° circular sector patch antenna (o= 7/2)
For 90° circular sector, @, = 7/2,and equation (2.10) becomes

m = 20. (2.19)
Thus, it is the possible that m =0, 2, 4, 6, etc.
Following the roots of the derivative of Bessel function, the lowest value, y; =3.05,
occurswhenm =2, n =1.
Therefore, following equation (2.17), the lowest order resonant mode (dominant

mode) of 90° circular sector patch becomes TMy; and its frequency

¥nC _ 3.05c

f= - (2.20)
2718 \/ Eref 27y \/ Ereff

Case-111: 60° circular sector patch antenna (o= 7/3)

For 60° circular sector, ¢, = 7/3, and equation (2.10) becomes

m=23q (2.21)

Thus, it is possible that m =0, 3, 6, 9, etc.
Following the roots of the derivative of Bessel function, the lowest value,
X =3.83, occurs whenm =0, n =1.
Therefore, following equation (2.17), the lowest order resonant mode (dominant

mode) of 60° circular sector patch becomes TMg; and its frequency
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278 | Eret 27t | E et (2.22)

It may be noted that for 60° circular sector, no circumferential variation occurs

when one radial variation exists beneath the patch. This can be proved pictorially
also by observing the magnitude of the dominant mode electric field distribution on
the surface of the patch (Fig. 2.3). This, in fact, produces a broadside radiation like
circular patch with TMy; mode, but with lower gain. The gain can be enhanced by

introducing a cavity beneath the patch as in [18] or by changing the substrate

permittivity.
Suitable utilization of equation (2.3) reveals that, for a circular sector patch, the
fields are
. . -0N- ™
E,=0;E,=0;H,=0;

E, = B, Acos(mg)J,, (k p)cos(k,2)

) >

H, = —Bu,Jn(k, o~ mAsinmg)cos(k,z)
Hp

P

(2.23)

H, = —% anpAcos(m¢)J;1(kpp)COS(kzZ) ~

Thus, in the dominant TMo; mode, the field components for 60° circular sector patch,

are as follows:

E,=0; E, =0;n,-0; H,=0

P
E, = BomA‘]o(kpp)COS(kzz)

1

H¢ = _; BomA‘]t'J(kpp)COS(kzZ) (2'24)

Fig. 2.4 confirms the existence of only two field components beneath the patch
for the dominant mode (TMoy), for 60° circular sector. This further corroborates the
fact that TMoy is the dominant mode for 60° circular sector.

It may be noted that the electric field component does not vary with ¢, as can be
seen from equation (2.24) and from Fig. 2.3.

Hence, in the dominant mode of CSMA (for 60° sector angle), only two field

components exist, namely E;and H,,.. As all microstrip patch structures are fabricated
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on a thin substrate, the variation along z direction is not considered. Therefore, the
variations of E, and H, components of the dominant TMo; mode are dependent

mainly on J,(k p) and J;(k o) respectively. The variations of J,(k p) and J;(k p)

as a function of p, ensure that E, becomes maximum at p =0, p = a and minimum

near about the centre. On the contrary, H, becomes maximum near the centre and

minimum near the edges (, =0 and o = a).
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Fig. 2.3 Electric field magnitude over the patch surface of CSMA (for 60° sector angle) for the
dominant TMy; mode (f = 3.76 GHz). Parameters: a = 30 mm, h; = 1.575 mm, h,=0, & = 2.33.
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Fig. 2.4 Field components of CSMA (for 60° sector angle) for the dominant TMy, mode (f = 3.76
GHz) (a) z component of electric field, (b) ¢ component of magnetic field. Parameters: a = 30 mm, h;
=1.575mm, h,=0, & = 2.33.

2.2.2  Calculation of Effective Dimension

The effective dimension of the antenna (ae) can be calculated according to [19],
thus
a,y =a|l+q,) (2.25)
Where q; is the fringing factor, which can be obtained from [19]. On the other hand,
the calculation of fringing factor is very important for accurate estimation of the
resonant frequency of the antenna. This is crucial, because the effective dimension of
the antenna and the effective dielectric constant directly affect the resonant
frequency. Thus, based on the following [12], [27], [28], an equivalent circular patch
with radius a; has been consider, resonating at the same zero order frequency as does
the sector patch antenna with radial dimension a. This helps to establish a
relationship amongst the dimensions of both the geometries in a simplified way.
Equating the zero order resonant frequencies [4], [24] of both the patches and it can

be represents as
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f,. = X XmC (2.26)

" 2ma.Je, 2ma e,

a, = X g 1842 (2.27)
Zmn Zmn

.. =1.84 when ¢, =180°, as suggested in section 2.2.1, Case-I (semicircular patch),

.. =3.05 when ¢, =90°, as suggested in section 2.2.1, Case-II (90° circular sector

patch),

2. =3.83 wheng, =60°, as suggested in section 2.2.1, Case-1II (60° circular sector

patch).

Thus, the fringing factor q; can be calculated from the circular patch [28],
equivalent to the CSMA, as done in [13] for a RMA. Therefore, equation (2.26) has
been established to correlate with the sector patch with circular patch. It may be
noted that (q,), in case of circular sector patch, is determined from the corresponding
fringing factor of the circular patch [28]. This fringing factor (qi) is utilized in
equation (2.25) to obtain the effective dimension (aef) of circular sector patch.

2.2.3 Calculation of Effective Dielectric Constant

An effective dielectric constant can be calculated, based on static and dynamic
capacitances [20]-[21]. When an air gap of height h, is introduced between the
substrate (thickness h; dielectric constant &) and the ground plane as shown in Fig.

2.1, the equivalent dielectric constant of the medium below the patch becomes

— gl‘(1+ h2/hl)

gre B (1+ 8r hZ/hl) (228)

The dynamic dielectric constant gcqyn is given by

C =
g =~ (6= ot (2.29)
" Cdyn (g = 80)

where, Cqyn is the total dynamic capacitance [20], which can be expressed as

Cdyn = CO,dyn + Ce,dyn (230)
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Here, Coayn is the dynamic capacitance for the fields stored under the disc i.e. the
case with no fringing and Cegyn is the dynamic fringing capacitance that arises from
fringing effect.

Now following [20], Co4yn Can be written as

CO,dyn = gogrﬂacz {1— Jmfl(lr,nn )‘Jerl(Zr,nn)

o 32 () (2.31)
= 7mC0,stat
where,
o=1form=0ands=2form#0.c,, = gogérhnaf (2.32)
and

J ') !
Vo = |:1_ m-1 (;(n;n ) ,m+l (Zmn ):| (2.33)

J m (Zmn )

Here, yn is the factor by which the dynamic capacitance for the fields stored under
the disc can be computed and it is strictly depends on mode number m.
Therefore, using the equations (2.21)-(2.24), equation (2.20) may be expressed as

%y

=F——>= (2.34)

Eravn (for m=0)
dyi [}/m+q%:|

gre[j/m + ql]
=+ —— (form=0 2.35
Cram [7/ mt %1] (form=0) ( )

7, =1.0form=0
=0.3525form=1
=0.2865form=2

=0.2450form=3

and, o1 is the fringing factor when &=1.

Thus, the effective dielectric constant e becomes, as in [19],

36



48re8

rdyn (2.36)

(Vo o)

2.3 Results and Discussions

Sreff =

In this section, the data obtained by using the proposed formulation is compared

with the data obtained by simulation, measurement and other available theories or
formulations in literature. The experiments have carried out with different prototypes
and the results obtained are presented here to validate the present formulation.
In Fig. 2.5, the calculated resonant frequencies of S band CSMA for different air gap
heights are compared with the simulation results [22] and some own measurement.
Fig. 2.5 shows that the average percentage (%) deviations of simulation and
theoretical results, with respect to the measurement results, are around 0.40% and
0.65% respectively, for 60° sector. The corresponding deviations for 90° sector are
0.59% and 0.81%, respectively. There is a good agreement amongst simulation,
theoretical and measurement results for both the sector angles.

The tunability of the CSMA, as a function of the air gap height, is also revealed
to be the same as what is expected from the patch antennas with conventional
geometry. In fact, the introduction of air gap between the substrate and the ground
plane effectively increases the air content between the patch and the ground plane.
This, in turn, reduces the effective dielectric constant of the substrate which increases
the resonant frequency of a antenna structure. The proposed formulation is compared
with some previously published formulations [3]-[5] in Table 2.1. The proposed
formulation is found to offer minimum average percent error of 0.95%, in

comparison to simulation.
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Fig. 2.5 Variation of resonant frequency of CSMA (for two sector angles) as a function of air gap
height  h,with a =30 mm, h; = 1.575 mm, ¢ = 2.33.

Some measured results are also incorporated in this table for further validation
of the proposed formulation. The data presented in Table 2.1 reveals a close
agreement between the proposed formulation and the measurement results.

It further reveals that, in comparison with the measurement results, the proposed
formulation offers only around 0.75% error in estimating the resonant frequencies of
CSMA, while the errors reported in [3]-[4] are around 3.95%. Therefore, from an
examination of the data presented in Table 2.1, it follows that the proposed
formulation offers minimum % error with respect to both simulation [22] and
measurement results, as also the results of earlier theories. The validity of modified
formulation in the case of CSMA with substrates of different electrical thicknesses
has been verified. In Fig. 2.6 the verification reveals an excellent agreement between
simulated, theoretically computed results and measured results for two different
sector angles. However, there is a visible deviation in predicted resonant frequency

in the figure when h; =4 mm, in comparison to full wave simulation.
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TABLE 2.1 Comparison of the computed [proposed formulation] resonant frequencies of CSMA for
different sector angle with that of earlier theories and simulation; h, =0, h; =1.575 mm.

fr f; fr
L f, f,
0o a Permittivity (GH2) (GHz) (GH2) (GH2) (GHz)
(degree)  (mm) (er) [22] Calculated [5] [measured,  [proposed
[3]-[4] present]  formulation]
3.95 3.67
60 30 2.55 3.59 (10.02%)  (2.2%) - 3.57 (0.55%)
417 3.83 3.70
60 30 2.33 3.70 (12.70%)  (3.5%) 3.72 (0.54%)
2.78
90 30 2.55 2.90 2.90 (0%) (4.1%) - 2.92 (0.68%)
. 0
3.03 2.90 3.06 3.05
90 30 2.33 3.08
(1.62%)  (5.8%) (0.31%)
90 31.6 2.33 2.87 2.88 2.7 289 2.9
' ' ' (0.34%)  (3.8%) (1.04%)
1.82 1.86
180 30 2.33 1.88 - 1.88
(3.19%) (1.06%)
2.81 2.75
180 20 2.33 2.82 - 2.74
(0.35%) (2.48%)
0, H 1 -
% relative error with respect to 4.03% 3.8% i 0.95%

simulation [22]

In general, when the thickness of the substrate exceeds about 2% of the free
space wavelength, the cavity model starts giving inaccurate results, because of the
breakdown of the basic assumptions of the cavity model, as indicated clearly in [25].

Moreover, a simple cavity model does not account for the fringing effect along
the periphery of the patch. Therefore, in the proposed formulation, the fringing fields
along the periphery of the patch have taken care by appropriately modeling the cavity
boundary.
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Fig. 2.6 Variation of resonant frequency of CSMA (for two sector angles) as a function of substrate
thickness h; witha =30 mm, h,=0, ¢, = 2.33.
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Fig. 2.7 Variation of resonant frequency of CSMA (for two sector angles) as a function of dielectric
constant of the substrate with a = 30 mm, h; = 1.58 mm, h, = 0.
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However, when the thickness becomes too large, i.e., when it exceeds 4.0% of
free space wavelength; the results show around 1.7-2.0% deviation of resonant
frequency in comparison to that of full wave simulation. However, this much of
deviation in the prediction of resonant frequency is acceptable for a microstrip patch
etched over a thick substrate. Unfortunately, reports dealing with resonant
frequencies of CSMA over thick substrates are rather scarce. The resonant
frequencies of CSMA with widely varying substrate permittivity (e, varying from 2.2
to 10.2) are shown in Fig. 2.7.

The values computed from the proposed formulation are compared with the
results obtained from [22] and from measurement. Excellent agreement between the
present theory and simulation [22] and measured results are revealed. Superiority of
the proposed formulation in addressing the resonant frequency of CSMA with
different radial dimensions for two different sector angles has been examined
through Fig. 2.8.

12
- O simulation
11 proposed formulation
B ® measurement
10
I $=60°
N 9 -
I B
O
s 8
7 —_ $=90’
6
5 I 1 I 1 I 1 I 1 I 1 I

10 11 12 13 14 15

Radial dimension a in mm

Fig. 2.8 Variation of resonant frequency of CSMA (for two sector angles ¢ = 60° and 90°) as a
function of radial dimension a of the antenna with h; =0.787 mm, h,=0, ¢ = 2.2.
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Some of the own measurement results are also incorporated in the same plot in
support of the proposed formulation and to unravel the close agreement between the
theoretical, simulation and measurement results. For further corroboration of the
proposed formulation, some simulated and results are presented in Table 2.2 & Table
2.3 for ¢ = 60°, 30° and 45°.

TABLE 2.2 Comparison of the simulated, and computed [proposed formulation] resonant frequencies
of CSMA for 60° sector angle with air gap; ¢, = 2.2, h, = variable.

Sector patch radius Air gap Substrate thickness f, f,

a h, hy (GHz) (GHz)

(mm) (mm) (mm) [22] [proposed
formulation]

34.57 0 0.787 3.42 3.43
34.57 1.0 0.787 4.10 411
34.57 1.8 0.787 4.09 4.09
25.22 0 0.787 4.63 4.66
25.22 0.5 0.787 541 5.35
25.22 1.0 0.787 5.44 5.46
25.22 1.8 0.787 5.39 5.39
15.36 0 0.787 7.49 7.46
15.36 05 0.787 8.36 8.37
15.36 1.0 0.787 8.39 8.39
15.36 1.8 0.787 8.15 8.09
12.37 0 0.787 9.10 9.14
12.37 1.0 0.787 10.15 10.19
12.37 1.8 0.787 9.40 9.40
% relative error with respect to simulation [22] - 0.40% (w.r.t sim)

The ability of the proposed formulation in addressing and identifying the higher
order modes for different sector angles, with and without air gap, is also investigated
and the results are presented in Table 2.4. The investigation has been performed on
CSMAs having different dielectric constants. Comparison of the proposed
formulation results with those of the simulation in each case reveals excellent

conformity between the two.
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TABLE 2.3 Comparison of the measured and computed [proposed formulation] dominant mode
resonant frequencies of CSMA for 30° and 45° sector angles with air gap.

Air fr fr
Sector angle a Su_bstrate gap h, GHz GHz
(po) (mm) thickness i & (TMg) (TMoy)
degree h; (mm) (mm) [measured] [propos_ed
present] formulation]
1.575 0 2.33 9.95 9.90
1.575 1 2.33 10.43 10.41
¥ 0.787 0 2.2 10.72 10.90
0.787 1 2.2 12.00 11.92
30° 1.575 0 2.33 6.90 6.92
1.575 1 2.33 7.61 7.56
15 0.787 0 2.2 7.60 7.55
0.787 1 2.2 8.48 8.50
1.575 0 2.33 5.40 5.35
1.575 1 2.33 5.90 5.95
20 0.787 0 2.2 5.72 5.76
0.787 1 2.2 6.71 6.65
45° 1.575 0 2.33 4.36 4.36
1.575 1 2.33 5.00 4.92
25 0.787 0 2.2 4.65 4.66
0.787 1 2.2 5.49 5.47
% relative error with respect to measurement - 0.67%

All the simulation results of the investigation have been obtained by keeping the
feed location at the matched position for the dominant mode. As such, the Si;
minima corresponding to all the higher modes, have had no sufficient dip, as a result
of which, it might have lost the order of accuracy in indicating simulated resonant
frequency That explains why, in a few cases presented in Table 2.4, the simulation
results show a slight deviation with respect to the values computed, using the

proposed formulation.
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TABLE 2.4 Comparison of the simulated and computed [proposed formulation] resonant frequencies of
higher order modes for CSMA for different sector angles and different substrate permittivity.

0o h, a & h, Modes ?mgucl;aﬁ()j Computed
(degree) (mm) (mm) (mm)  (TMyp) r [22] f. (GHz)
[proposed formulation]
TMoz 3.76 3.73
TMaz; 4.14 4.2
TMgo 7.04 6.80
0
TMe1 7.23 7.25
TMe 11.00 10.62
60 1.58 30 2.33
TMoq 4.23 4.23
TMaz; 4.63 4.69
1 Mg 7.80 7.70
TMos 9.80 9.60
TMoz 4.05 4.03
TMs; 471 4.62
60 1.58 20 4.4 0 M 73 6.98
TMg, 8.05 7.97
TM,; 4.65 4.62
90 1.58 20 44 1 Moy 5.61 549
TMyy 7.52 7.48
TMo; 3.60 3.68
45 1.58 30 2.33 0 sy 510 4.91
TMo2 6.15 6.40

By solving the field equations and observing the roots of the derivative of the
Bessel function ( y,,) in order, the higher order modes are theoretically evaluated.
For visualization-based understanding of the dominant and higher order modal fields,
the magnitudes of electric fields over the patch surface, for a few higher modes, have

been presented in Fig. 2.9 for a few higher order modes listed in Table 2.4.
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Fig. 2.9 Electric Field magnitude over the patch surface of CSMA (with 60° sector angle) for higher
order modes (a) TM3; mode (f = 4.14 GHz), (b) TMg, mode (f = 7.23 GHz), (c) TMg, mode (f = 11.0
GHz), Parameters: a = 30 mm, h;=1.575 mm, h,=0, & = 2.33.

Following [26], the higher order modes of CSMA, for ¢ = 60°, have been
identified. According to the discussions presented in section 2.2.1, the number of
variations in electric field along the radial direction (along p direction) is n and that
along the circumferential direction (along ¢ direction) is q (m = 3q; for ¢ = 60°).
Therefore, by inspecting the number of electric field variations along p and ¢
variations the mode TMp, can be identified.

In Fig. 2.9 (a), one radial variation (n =1) and one circumferential variation (q =
1; m = 3) are evident, as expected for TM3; mode. Similarly, two circumferential
variations (g = 2; m = 6) and one radial variation (n = 1) corresponding to TMe;
mode, and two circumferential variations (q = 2; m = 6) and two radial variations (n
= 2) corresponding to TMg, mode are manifested in Fig. 2.9 (b) and 2.9 (c),
respectively. Compared to Fig. 2.9, Fig. 2.3 shows one variation (n = 1) in electric
field along the radial direction, corresponding to TMo; mode, but no variation along
the circumference (q = 0; m = 0). This observation is remarkably in tune with what

has been discussed in the theoretical part (section 2.2.1, Case-I11). Besides, it further
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corroborates the superiority of the proposed formulation in predicting the dominant
and higher order modes for sector patch antennas, with and without air gap.

TABLE 2.5 Comparison of the simulated measured and computed [proposed formulation] resonant
frequencies of dominant and higher order modes of CSMA for different sector angles

Sector Simulated f, Measured f Computed
angle a h, . Mode (MHz) (MH2) r f, (MHz)
Po (mm)  (mm) [10] **, [present], [23] * [proposed
(degree) [present] formulation]
st 2290 2315 2300
**240° 20 1.6 2.33 2nd 3700 3690 3680
3rd 5000 4945 4900
1st 810 808 805
270° 40 1.6 4.4 2nd 1285 1280 1275
3rd 1750 1746 1743
st 760 750 753
300° 40 1.6 4.4 2nd 1200 1210 1199
3rd 1615 1615 1611
st 726 721 719
330° 40 16 44  2nd 1115 1122 1118
3rd 1505 1501 1498
* 65° 45 1.6 4.4 st - 1944 1944
% of relative error with respect to measurement - 0.32%

The reliability of the proposed formulation is thus established for designing the
CSMA, with and without air gaps. For further confirmation, the predicted results,
based on the proposed formulation, have been compared with the simulated and our

own measured results.

TABLE 2.6 Comparison of the measured and computed [proposed formulation] resonant frequencies
of dominant modes of CSMA for different sector angles and substrate thicknesses h; ~3 mm.

Sector angle Measured .
0 a c f Computed f, in MHz
0 r :
(MHz) [proposed formulation]
(degree) (mm) [11], (241"
340° 70 1 778 780
" 120° 21.9 2.55 3181 3183
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Measured data from some earlier reports has also been included in the
comparative study to verify the validity of the proposed formulation (Tables 2.5 and
Tables 2.6).

The comparative study reveals an excellent agreement amongst the measured,
simulated and theoretically computed results. The theoretical and measurement
results for dominant mode resonant frequencies of CSMA (printed on widely
available polytetrafluorethylene (PTFE) substrate; - = 2.33, h; =1.59 mm) for wide

variety of sector angles are presented in Fig. 2.10.
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Fig. 2.10 Comparison of computed and measured dominant mode resonant frequency of CSMA with
different sector angles (¢o). Parameters: a = 20 mm, h;=1.58 mm, h,=0, ¢ = 2.33.

It may be noted that, the present approach may be extended to compute the
dominant mode frequency of circular patch.

In fact, the CSMA with ¢ =21 degree degenerates to conventional circular patch
where, the radial component of magnetic fields (H,) at ¢ = 0° and ¢ = 2 are
continuous with the boundary condition of continuity of tangential component of
magnetic fields. Following the same, the lowest order mode of CSMA with ¢ = 2n

degree (circular patch) becomes TMj;. The present investigation ought to be very

48



much useful to the scientific community for quick and accurate calculations of

lowest order resonant frequency of CSMA of any sector angle.

2.4.  Conclusion
CSMA with and without air gap has been thoroughly studied. An improved

CAD formulation is proposed for accurate prediction of its resonant frequency. The
proposed formulation is validated thoroughly for CSMAs with widely varying
antenna parameters by several measurement and simulation data. The proposed
formulation can efficiently compute the dominant mode along with the higher order
modes of CSMA with any sector angle. The proposed CAD formulation appears to
be much improved, versatile and simple compared to the earlier reported theories.
However, the effect of feed location on the modes and its frequency is a critical issue
which will be addressed thoroughly in a separate investigation.
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CHAPTER

3

Insightful Exploration of Feed Dependent
Modes of Circular Sector Microstrip Antenna

3.1. Introduction

In the recent years, there is a growing inclination on exploring and enhancing the
radiation and input characteristics of circular sector microstrip antenna (CSMA) for
modern applications due to its conformality over curved surfaces, and better
compactness in comparison with other regular shaped patch geometries such as
rectangular, circular as is discussed in Chapter 1. This circular sector microstrip
antenna with and without variable air-gap height, has been documented in Chapter 2.
The accurate determination of lowest order dominant and its frequency along with
determination of higher mode has been methodically discussed in previous chapter.
Apart from that, the accurate estimation of the feed-probe position for the excitation
of desired modes in a CSMA is another basic design requirement.

In the recent years, significant works [1]-[4] has been reported on CSMA for
yielding circular polarization well as multibanding. Notably, all these reported
works, the measurement has been instigated on based on appropriate simulation to
optimize the proposed CSMA structure. The possibility of using fractional modes in
CSMA has been demonstrated in few literatures [5]-[6], to excite multiple higher
order modes simultaneously. This has been done by optimizing sector angle of the
CSMA, which yields dual resonances or broadband characteristics without focusing
the feed location dependency on the excited mode. The feed locations were elected
along the middle line of the sector (bi sector line) to ease the feeding of a CSMA

structure and hence could not excite the lowest order mode. Also, to achieve
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desirable characteristic of CSMA, feed locations have been elected intuitively.
Notably, in [7]-[11] the CSMA has been investigated to determine its resonant
frequency. The effects of feed point for excitation of different modes have been
rigorously analyzed for Circular microstrip antenna (CMA) [12]. It is observed that
the excitation of dominant mode TMu1 is always strong when it is feeding centrally or
near to the centre of the patch. When the patch was fed near the edges the higher
order TM21 mode has a tendency to be excited. Nevertheless, the peak excitation of
that TM21 mode was always below 24 dB than the TM11 mode. In case of rectangular
microstrip antenna two orthogonal resonance (TMio and TMo1) modes can be
simultaneously excited by feeding it from two sides [13]. Similarly, the feed-probe
position of a CSMA also has a substantial effect on the excitation of a desired mode.
Consequently, the serious attention and thorough methodical investigations are
required to correctly understand the modal behavior of the CSMAs as a function of
feed position. In this context no such open-literatures are available till date.
Therefore, the simple, quick hand, but accurate technique must have been explored
to excite its proper mode and to understand the influence of feed positions on modal
characteristics of a CSMA for a number of sector angles (¢o). From the view of less
space requirement, CSMAs with sector angle (¢o) less than 180° have been
considered here in Fig. 3.1.

Unlike earlier investigations, in which researchers used the trial-and-error
approach to design a CSMA for particular applications based on simulations, here,
the investigations on modal properties as a function of feed location has been carried
out methodically and an quick hand empirical but accurate technique has been
proposed to estimate the feed location to excite a particular mode in CSMA:s.

Unlike CMA, the impedance variations of a CSMA when tuning the feed
position do not happen only along the radial distance but also along the azimuth
angle. Till date, no accurate impedance formulation for a CSMA is available. Hence,
the E/H ratio has been exploited to find a proper feed location for exciting a
particular mode.

The determination of modes of a CSMA based on feed location investigated in

this work is not reported elsewhere.
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The effects of feed location on the polarization of antenna have been for the first
time documented for a CSMA. It would be helpful for future designs for using a
CSMA in polarization reuse or polarization diversity applications.

In a CSMA, a little change of the sector angles several modes can be generated.
By using single feed with no perturbation in the patch structure, higher order modes

can be generated in a CSMA as is documented in this chapter.

/
Fed along the edge IFed along the central

(¢ =¢ =0° line) symmetrical position
Feeding points (§r=¢ = ol2line)
either 1 or 2 (¢s =0° or ¢o/2)

Fig. 3.1 Schematic representation of a CSMA for two different feed-probe positions. (The substrate
and ground plane are not shown in the figure).

In the present chapter, first at section 3.2, the theoretical insight of the study has
been presented. Here, to excite a particular mode the relation between |E/H| and the
CSMA parameters has been established. In section 3.3.1 and section 3.3.2 the detail
discussion of CSMA with numerous numbers of sector angles with different
characteristics as a function of feed location has been categorized. Next, in section
3.4, the feed location has been approximated to excite a particular mode in CSMA,
based on the theoretical insight presented in section 3.2. A specific range of |E/H| has
been predicted in this section for which a particular mode can be excited. In section
3.5 the proposed technique has been validated through experimental measurements.

At last, the overall conclusion as findings documented in the section 3.6.
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3.2  Theoretical Insight

A CSMA resonates at its lowest order primary dominant mode which depends
critically on both the radial dimension of the patch and sector angle. The field
distributions within the substrate can be written as [11]

_ A
E; = anpAcos(mgb)Jm(k 0 poos(kz2)
I . 1 . -jZ
Hp = o anme(kprmAsm m¢)cos(kzz):a)—/w anme(kprmAsm mg)cos(kyz)e 2 §31)
1, =52 B Acosima)inlic o Jooskyz) = 2 BrunpAcos(mg) Ik o pleos(i2le 2
¢_—Jw—ﬂ mnpAcos(mg)Im |k, p)cos(kzz _w—ﬂ mnpAcos(mg)Im (K pp Jcos(kzz

J

Where, k , = Zr'n% ; @ = radial dimension of a CSMA, and ! is constant. Here, p is

defined as radial dimension from the apex of the patch to the edge of patch such that
0< p< a, where a is the maximum radial dimension of the patch. k, is the propagation
constant along the radial dimension (p) and k; is the propagation constant along the z

direction. Jnand J; are the Bessel function and derivative of Bessel function of

order m in relation to (k, p), respectively. u refers to the permeability of the medium,
and o is the angular frequency. A and Bmnp are constants, m is ((number of
circumferential variation Xx)/po) and n is the root of derivative of Bessel function of
order m in relation to (k, p). In equation (3.1), H, and H, are radial and
circumferential components of magnetic field H. Therefore, at a particular point, the

magnitude of magnetic field is

2 7

H|= a)lﬂ BranpAl 5 I (k , 0 )5in 2(mg)+ k2373 (k , 0 )c0s? () (3.2)
Yo,

and the phase is —/2.
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Hence, E, cos(mg)d,,(k,p) i (3.3)

Horo e
o {mz Jfﬂ(kpp)sin 2(mg)+k2377 (kl)p)cosz(m¢)}
)

Therefore, the magnitude of equation (3.3) can be written as,

g | cos(mg)m ko) (3.4)
. {?J%(kpp)sin 2(m¢)+k,%Jh%(kpp)cosz(mqﬁ)}%
and the phase of equation (3.4) is /2, as is expected from a parallel resonating
circuit. This is customary as the basic microstrip antennas are modeled with parallel
resonating circuits. Notably, this phase shift of n/2 in between the electric and
magnetic field is constant, and it is not the function of the CSMA parameters. In
[13], the input impedance of a circular patch has been thoroughly analyzed by
modeling the feed probe (using the current ribbon model), and it has exhibited
similar and constant phase difference of z/2 between the input voltage V and current
I, which is in agreement with our concept. Therefore, to avoid further complexity, the
phase shift between E and H is not considered in the further analysis.

This electric to magnetic field ratio (E/H ratio) beneath the patch is noteworthy
to understand the impedance behavior, as well as to excite a particular mode in a
CSMA with specific sector angle. The input impedance of the CSMA at a particular
feeding position must depend on this E/H ratio at that point. In a more compact form,

equation (3.4) is denoted as

— -2 2 12
E, (m 2 N (k p)
Aﬂﬁ —(?jtan (mg)+ k"j_)Jri k:p (3.5)

The resonant frequency of a CSMA can be obtained from [11] using modified
cavity model (with boundary of PEC walls at top and bottom and PMC walls along
sector edges where H,=0 at ¢ = 0" and ¢ = ¢o and Hy= 0 at p = a for ¢ = 0" to ¢o) as

e xmnC (3.6)
2mgtt || reff
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Where, 4, is the n™ root of derivative of Bessel function of order m in relation to

(kop), aefr Is the effective dimension of the antenna with fringing, and ereft IS the
effective dielectric constant which includes the static and dynamic capacitance of
patch. These capacitances are the function of physical dimensions i.e radial
dimension a, sector angle ¢o, and the substrate thickness h. Therefore, the above
parameters will affect the mode and it’s frequency.

The effective power (Pexcited) delivered by the feed-probe to the patch
corresponding to a particular mode is

Pexcited = j‘ E * \]_dV (37)

Where J is the excitation of feed-probe current density and g is the induced electric
field. Therefore, to excite the specific mode in the CSMA, the coaxial feeding probe
(current source) must be placed at the position that has sufficient electric field.

3.3  Modal Characteristics of a CSMA

The CSMAs with different range of sector angles with different characteristics
as a function of feed location has been investigated thoroughly. Based on through
and methodical investigation with different sector angles have been categorized and

discussed in the following section.

3.3.1  CSMA with Sector Angle 0°< ¢o < 60°

The dominant mode of a CSMA with sector angle 0" < ¢o < 60" is TMoz (m =0
and n = 1) [11]. When m = 0, the E/H ratio is independent of azimuthal angle ¢ and it
solely depends on the Bessel function of order m and argument (k,p), as seen in Eq.
(3.5). Therefore, it varies along the radial direction and there is no variation along
the circumferential direction ¢. The computed (based on EQ.3.5) variation of
(E/wuH) ratio as a function of radial dimension is shown in Fig. 3.2 (a) at ¢ = 0" and
¢ol2 for 45" CSMA at dominant TMo: mode. It is found that the variation is identical
for both the cases with feeding along the ¢r = ¢ = 0" line or along the ¢t = ¢ = ¢o/2
line. Therefore, whether the CSMA is fed along central symmetrical position (¢ =
¢=¢ol2 line) or along the edge (¢r = ¢= 0" line); the feed-probe would experience

similar type of impedance variation, and hence only TMo1 mode is excited in the
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CSMA. Thorough investigations via [14] with all sector angles up to 60° shows that
the dominant TMo1 mode can always be excited in the CSMA and it is independent of
azimuthal feed-probe location ¢¢. Furthermore, the resonant frequency of the CSMA
with 0°< ¢o < 60" is fully dependent on the radial dimension (p) of the patch and not
on the sector angle ¢o. The fields beneath the patch for the mode with m = 0
resonates along the x-x’ direction, its E and H planes are corresponding to x-z and y-z
respectively. Consequently, the radiated electric field for such CSMAs is x polarized.

3.3.2 CSMA with Sector Angle 60° < ¢po < 170°

In case of CSMAs with sector angles 60° < ¢o < 170", the dominant modes have
m # 0. It is realized from Eq. (3.5) that when m # 0, the E/H ratio depends on both
the azimuth angle ¢ and the Bessel function of order m and argument (k, p).
Therefore, the impedance variation for the mode with m # 0 within the CSMA is of
complex nature and it varies along the radial direction p, as well as the
circumferential direction ¢. Furthermore, when the antenna is fed along the central
symmetrical ¢ = ¢o/2 line, it would encounter different impedance variation
compared to the one that fed along the ¢= 0’ line as this E/H ratio is closely related
to V/I ratio, i.e., the impedance at the feed-probe location.

Thorough investigations via [14] shows that for the CSMAs with sector angles
60" < ¢o <110°, the dominant modes of the CSMAs are fractional modes and can
only be excited when the CSMA is fed along the edge i.e. along ¢ = 0° line. When
the patches are fed along the central symmetrical ¢ = ¢o/2 line; the excited modes are
the next higher order TMo1 mode. Hence, to excite the proper lowest order dominant
mode, the CSMA should be fed along the edge i.e. ¢t = ¢ =0’ line. The variation of
(E/wuH) ratio as a function of radial dimension (p) for 90° CSMA at its dominant
TM21 mode is shown in Fig.3.2(b) for different azimuth angle of feeding values (¢r)
i.e. from edge (¢r = 7°) t0 ¢r = ¢o/2. Notably, the slope of (E/wuH) ratio as a function
of p is not the same for different feeding angle ¢r. The maximum value of the ratio is
obtained at the edge i.e at p = a for all ¢ values. However, these maximas are
different for different ¢+. This indicates that, for different ¢r, one needs to optimize

the feed position as a function of p. It is also noted from Fig. 3.2. (b) that the E/H
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ratio exhibits it’s higher value near the edge of the CSMA, i.e., along ¢r = 7, as
compared to other ¢r values, and there is not much variation of E/H ratio beyond ¢ =
25% in the case of 90° CSMA, as there is null electric field at the central region of the
patch (that is ¢o/2) for TM21 mode. Therefore, optimizing the feed location as a
function of p becomes useless to excite the dominant TM21 mode in 90° CSMA if it is
fed along the central ¢:= ¢o/2 line. Interestingly, if the feed probe is placed along the
¢t = ¢ol2 line, the next higher order mode TMo1 can easily be excited in the 90°
CSMA. This behavior of CSMA is valid for all the sector angles with 60" < ¢o <
110°.

S oo For dominant TMgy; mode: For dominant TM,; mode:
I ] do =45° 60 e ¢ =7° do =90°
- \ l i =150
200 o 50 —— ¢s
[@2Ne\| —
c = I < — s =25°
L <$150 < 40 — 200
S ! Ta[ =40
= S100 =
C © | 38 20 +
—- = =~ L
T < 50 Wil
L I I
3 0 ‘ ‘ ‘ ‘ ‘ 0 : T
w 5 10 15 20 25 0 5 10 15 20 25 30
pinmm pinmm
(@) (b)

Fig. 3.2 Variation of (E/uwH) ratio as a function of radial dimension for CSMA with (a) ¢o= 45°and
(b) ¢o=90° (CSMA parameters: radius a = 30 mm, &, = 2.33, substrate height h = 1.575 mm.)

Therefore, for all such centrally fed (¢r = $o/2) CSMAs (60" < ¢o < 110°), the
excited mode is the same i.e. TMo1 and consequently its frequency is solely
dependent on the radial dimension of the patches and is independent of the sector
angle of the CSMA. Nevertheless, if those CSMAs are fed along the edge (near ¢ =
0°line), the proper dominant mode (e.g TM2.2s 1 for 80°, TM21 for 90°, TM1631 for 110°
and so on) can be excited. In those cases, the fields beneath the patches for the mode
with either m = 2.25 or 2 or 1.63; the number of circumferential variation g = 1 and
resonates along the y-y' direction and hence its E and H planes are corresponding to
y-z and x-z, respectively. Consequently, the radiated electric field for such cases is y
polarized. On the contrary, if the same patches (60° < ¢o < 110°) are fed along the

central symmetrical ¢ = ¢r = ¢o/2 line, the fields beneath the patches for TMo1 mode
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(b)

resonates along the x-x’ direction and the radiated electric field for such cases is x
polarized. The simulated reflection coefficient profiles for 90° CSMA fed at different
¢t are shown in Fig. 3.3. Here, the excitation of higher order TMo: mode is exhibited,
instead of the dominant TM21 mode beyond ¢:= 25". Similar to the previous cases,
the dominant modes of the CSMAs (110° < ¢o < 170°) can also be excited when the
patch is fed along the edge i.e., along ¢ = 0’ line.

m
o
s -12] I
& -16 |- [1—o— #=5%p=8.2mm
B — ¢f:100, Pr =7.3 mm
20 + —>e— ¢:=20° p;=6.5 mm
B B = P =40°, ps =14 mm
24 _10_ ¢f:4150, pf=14'15 mm O,

2.75 3.00 3.25 3.50 3.75
Frequency in GHz

Fig. 3.3 Simulated Sy, profile for a CSMA with ¢, = 90° fed along different azimuthal feed locations
#1. (CSMA parameters: radius a = 30 mm, &= 2.33, substrate height h = 1.575 mm.)

Once the CSMAs of such angles are fed along the central symmetrical ¢ = ¢¢ =
$ol2 line; they will exhibit the next higher order modes (TM2zm ) that are not the same
for different sector angles ¢oand they are not similar to TMo1z mode (independent of
$o as was the above case for CSMAs with 60° < ¢o < 110°).

Consequently, the CSMAs with 110" < ¢o < 170 exhibit their proper dominant
modes (e.g TM1s1 for 120", TM121 for 1507, TM10s1 for 170" and so on) when they
are fed along the ¢r = ¢ = 0’ line, and in that case, the fields beneath the patches
resonates along the y-y' direction and hence, the radiated electric field for such cases
is y polarized. On the contrary, the centrally fed CSMASs (¢t = ¢o/2 line) with such
sector angles exhibit the next higher order TMamn modes (e.g TMa1 for 120", TM2.41
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for 150°, TMz.11for 170" and so on). The variation of (E/wuH) ratio for 120° CSMA
as a function of radial dimension (p) and azimuth angle at its dominant mode have
exhibited similar profiles as in Fig. 3.2 (b). The simulated electric field distributions

of the patch for three group of sector angles are presented in Fig. 3.4.
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Fig. 3.4 The magnitude of electric field distribution on patch surface of CSMA and the
corresponding standing wave pattern between the patch and ground plane for two feed-probe
positions.(Scales are same in all the plots), (CSMA parameters: radius a = 30 mm, & = 2.33, substrate
height h = 1.575 mm.) (a) CSMA with ¢, = 45° fed along ¢ = 0° line, (b) CSMA with ¢o = 45° fed
along ¢ = ¢o/2 line, (c) CSMA with ¢o= 110°fed along ¢ = 0° line, (d) CSMA with ¢ = 110° fed
along ¢ = ¢o/2 line. (e) CSMA with ¢o= 150°fed along ¢ = 0° line, (f) CSMA with ¢o= 150° fed along
¢ = ¢of2 line.
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For the cases when the CSMA is fed along the central symmetrical line or along
the edge, it confirms the aforementioned observation. The corresponding standing
wave distributions between the patch and ground plane have also been indicated in
the same figure which corroborates the above explanations of different resonating
profiles for the CSMAs as a function of azimuthal feed probe locations ¢:. This
indeed, substantiates that, the fields beneath the patch resonates laterally along y-y’
direction which gives birth to y polarized electric fields for all edge fed CSMAs (fed
along or near ¢t = ¢ = 0 line). In that case, the resonating dimension of a CSMA is
along the circumference and hence the length of the arc is nearly half wavelength i.e
poo = Jgl2. On the contrary, the fields beneath the patch resonate longitudinally along
the x-x' direction that gives birth to x polarized electric fields for the centrally fed
CSMAs except those with 110" < ¢o < 170°. For CSMAs with 60° < ¢ < 110°, the
resonating dimension of the CSMA is the length of the radial dimension i.e p = 1¢/2.
In case of the centrally fed CSMAs with 110° < ¢o < 170°, the fields resonates along
both the lateral and longitudinal direction and hence produces a mixed polarization
and hence not useful for linearly polarized applications. It is also clearly observed in
Fig. 3.4 that in all the cases, the feed-probe is to be located between successive
minima and maxima standing wave patterns of the corresponding excited mode.
Hence, it may be concluded that, to excite the proper lowest order dominant mode of
a CSMA, it should be fed near the edge (along ¢ = 0 line). Nevertheless, feeding
along the ¢ = 0" line is difficult from practical point of view. Therefore, a rigorous
investigation has been performed to find the position (azimuth) up to which the
CSMA can be fed to excite its lowest order dominant mode. Each CSMA of
different sector angles have been studied through simulation and it is noted that, in
each case, the lowest order dominant mode for a particular sector can surely be
excited up to ¢r = 0.2040. Although, the optimization of feed location along the
central symmetrical ¢ = ¢o/2 line is easy, a CSMA with sector angle 60° <¢o < 170°
should not be fed along the central symmetrical ¢ = ¢o/2 line, as it excites the next
higher order mode rather than the proper dominant mode. It may be noted that all the

observations are similar for different substrate heights of the CSMA.
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3.4  Determination of Approximate Feed Location

In all the cases investigated above; Eq. (3.5) is utilized to investigate the range
of (E/wuH) ratio for which the dominant mode is excited. It is observed that the
impedance of the CSMA varies both along the radial distance and azimuth angle.
This in turn develops complexity in finding proper feed location to excite the proper

lowest order mode.

105 :
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0 (B 1 & e 1 s O I PR B B iy
O 2 4 6 8101214161820
pinmm
(a)
50 .
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w20 - $o=120°, ¢y =10°
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ol AL | T ag20mm

0O 2 4 6 8101214161820
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(b)
Fig. 3.5 Predicted radial feed location (ps) ranges of 120° CSMA of a =10 mm, 15 mm, 20 mm based
on Eg. (3.5) and (E/muH)max (obtained from Eq. (3.5) by putting p = a ) for (a) ¢r =5, (b) ¢: =10".
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The range of radial feed location pr for ¢ =5  and ¢r = 10" is different for a
CSMA with particular radial dimension a. Till date, no accurate impedance
formulation for a CSMA is available from which a particular 50 Q point can be
determined. Hence, the E/H ratio has been exploited to find a proper feed location for
exciting a particular mode. In fact, the input voltage to current ratio (input
impedance) of the patch must contain the signature of the E/H ratio at that particular
point beneath the patch.

It is observed that the (Ev/wuH) ratio for which the CSMA is excited at a
particular mode varies within a particular range and that is approximately from
0.15(E/wpH)max to 0.35(E/wuH)max maximum radial dimension of a CSMA).

Therefore, using Eg. (3.5) an approximate range of feed location can be
predicted across which a particular mode can be excited. Therefore, using the same
concept, a 120° CSMA with three different radial dimensions have been investigated
for two feed locations (in terms of azimuth), namely, ¢: = 5" and ¢r =10°, and they are
presented in Fig. 3.5. It is observed that the range of feed locations to excite its
dominant mode are different for the same patch with feed locations at ¢¢ = 5" and ¢ =
10°. For further corroboration of the observation, the approximate range of feed
positions is determined (using Eq. (3.5)) for a CSMA with different ¢o, and are
presented in Table 3.1. Notably, the simulated resonant frequencies and its
corresponding Si1 values are also incorporated in the table to validate the excitation
of the dominant and next higher order modes within the predicted range of feed

locations. The theoretical prediction shows good agreement with simulation.

3.5  Experimental Results and Discussions

The experiments were carried out with the prototypes having patch radial dimension
a = 29.7 mm fabricated on thin PTFE substrate (er = 2.33, thickness h = 1.58 mm).
The patch is fed by an SMA feed-probe (Radiall R125.403.000) with probe diameter

of 1.2 mm. One sample of fabricated prototype of a CSMA with ¢y = 110 is

presented in Fig. 3.6. Microstrip patch with thin substrate has been preferred to

avoid the complexity in feed inductance which causes problem in optimal matching.
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Some representative measured results of reflection coefficient profiles are presented

in this section.

TABLE 3.1 Predicted feed-probe positions for a CSMA with different sector angles for excitation of
particular modes. (CSMA parameters: radius a = 30 mm, & = 2.33, substrate height h = 1.575 mm.), f;:
Feed angle in terms of azimuth. Range of

Resonant frequency of particular mode,

(Ez/wluH)Ols(Ez/wlu]{)max to 035(Ez/wlul"l)max

.

Feed Location

fr

Computed . fr (GHz)
do :neel‘l range of pr péémgr:?;’gg;e Su: (dB) (GH2) [11]
5 (mm) [sim] [Sim] [Sim]  And related
f (Approx) mode
6.8 -10.5 2.99
8.5 12.3 3.0 212
50 4.8-12.6 10.5 -14.0 2.99 ™
85" 11.1 -21.0 311 22l
12.2 13.1 3.0
, 3.78
42.5 10.2-15.8 14,5 21 3.70
TMo1
6.0 -10 2.71
7.0 -14.2 2.70
50 8.0 -20.1 2.70 2.67
L% 50-119 9.0 23.0 260
10.6 -14.0 2.68 TM1es1
11.2 -10.9 2.71
. 3.78
53.5 10.2-15.8 135 -23 3.78
TMoz
5.0 -9.99 2.51
6.0 11 2.50
50 7.0 -15 2.41 2.50
1150 4.6-118 8.0 20 249 TMus61
9.0 24 2.46
10.0 -15 2.43
; ] ] 331
57.5 135 21 3.40 Voo
6.0 -10.4 2.40
75 -26.7 2.39
8.5 17.1 2.35 2.38
0 -
e 55-12.0 95 141 232 TMaaa1
10.5 -10.2 2.28
11.0 -9.8 2.30
3.9
0 _ -
62.5 12.0 25 3.74 Vot

In Fig. 3.7, the theoretically predicted feed location range of a CSMA with ¢o =

110’ to excite the dominant TM1.631 mode has been examined through measurements

for azimuthal feed angle ¢: = 10°. The antenna has been tested for four different

radial feed locations pr and two of them are within the predicted range, while the
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others are outside the range. Thus, the predicted feed location range is in good

agreement with the measurements.

(b)
Fig. 3.6 Fabricated prototype of CSMA with ¢o =110° (a) top and (b) back view.

In Table 3.2, the excited modes and their measured resonant frequencies of a
CSMAs with different sector angles (¢o = 45°, 607, 90°, 110", 150" and 160°) are
presented for theoretically predicted feed locations. In each case, the approximate
ranges of radial feed locations psfor specific azimuthal feed angle ¢r are determined
based on the theoretical prediction presented in section 3.2.1 and section 3.2.2. The
experimental radial feed position pr at same feed angle ¢: for every sector angle ¢o
along with the excited mode and its frequency are presented in Table 3.2. In all the
cases, the experimental and simulated feed locations are in good agreement with the
theoretically predicted range to excite a particular mode. Each CSMA with a specific
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sector angle is fed at different feed locations; in which some are near the edge lines
(near and along ¢ = 0 line) and some are at ¢; > 0.2 $o. Based on the theoretical

predictions, the CSMAs are fed to excite dominant or next higher order modes.

pt=71.6 mm, ¢:=10° [SIM] —p;=4 mm, ¢;=10° [Sim]
—-—0=p;=7.6 mm, ¢;=10° [Meas] pr=4 mm, ¢;=10° [Meas]

Predicted ps range:
ps=4.5 mm to 10.7
mm at ¢ =10° for
$o=110° CSMA

2.5 26 2.7 2.8
Frequency in GHz

—_— p=11.2 mm, ¢:=10° [SIM] ——— ;=9 mm, ¢;=10° [Sim]
—>— p;=11.2 mm, ¢;=10° [Meas] =—a— pt=9 mm, ¢;=10° [Meas]

Fig. 3.7 Comparison of measured and simulated Si; profiles for CSMA with ¢o = 110°, ¢ = 10° at
theoretically predicted radial feed locations pr (CSMA parameters: radius a = 30 mm, &= 2.33,
substrate height h = 1.575 mm.)

It confirms that the excited modes for CSMAs with sector angle ¢o= 45" and 60°
are not dependent on the azimuthal feed positions that validate the observation
presented in section 3.3.1. Moreover, in both the cases, the excited mode (TMo;) and
its frequency is similar (~3.7 GHz). Therefore, it confirms that the lowest order mode
and its frequency of a CSMA with ¢o < 60" is independent of sector angle ¢o, and its
frequency is exclusively dependent on the radial dimension of the patch, as well as
the dielectric constant of the substrate. In the cases of CSMAs with ¢o = 90" and
110", the excited modes significantly depend on the azimuthal feed locations. In
these cases, when the CSMAs are fed within 0.2 ¢o, the lowest order modes are
excited. However, the lowest order modes are different in each case and it depends

on the sector angle ¢o of the CSMA.
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TABLE 3.2 Comparison between predicted and measured feed-probe positions to excite a particular
mode and corresponding resonant frequencies for CSMA with different sector angles. (CSMA
parameters: radius a = 30 mm, & = 2.33, substrate height h = 1.575 mm.)

Feed Location

Simulated
Patch Approximate  radial Experimental Computed
Range of  with  Feed Location ~ range of  distancepr " Excited roduency Measured
E/ouH  sector in terms of Radial in distance prin  Mode (GHz) of Frequency
angle do azimuthangle distance pr  mm (from mm (from respective  (GHz)
b inmm (from  apex) apex) modes [11]
apex) (for best P
matching)
50
10.2-15.8 14.8 15.1 ™ 3.70 3.75
(¢1< 05 ¢o) "
15°
450 10.2-15.8 14.6 15.0 ™ 3.70 3.78
(¢1< 05 ¢o) "
220
10.2-15.8 15 14.2 ™ 3.70 3.72
($1= 0.5 ¢o) "
50
10.2-15.8 135 14 ™ 3.70 3.73
(¢1< 05 ¢o) "
15°
60° 10.2-15.8 14.2 15 ™ 3.70 3.72
($1< 05 do) "
30°
10.2-15.8 154 155 ™ 3.70 3.70
($2= 0.5 go) "
0.15 0
7
;Ez/a),uH <024y LE109 82 9 T™Ma 300  2.90
max
15°
to 3.9-9.1 7 7.2 ™ 3.00 2.92
0.35(E4/ ($1<0.2 ¢o) 2
wuH)max  90° 40°
10.2-15.8 14 14 ™ 3.70 3.70
(41> 0.2 o) "
450
($1~0.545) 102-158 145 15 TMoy 370  3.67
(i.e> 0.2 do)
50 TMus63
5.3-11.2 7 7.6 ' 2.60 2.61
(¢1< 0.2 ¢o) 1
10° TMus63
4.5-10.7 8 8.9 ' 2.60 2.56
(9:<0.2 ¢o) 1
110° ~ 5o
10.2-15.8 14.2 14.6 ™ 3.70 3.76
(92> 0.2 ¢o) B
550
(:1205¢) 102-158 13 138  TMa 370  3.79
(i.e > 0.2 bo)
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Feed Location

Simulated

Patch Approximate radial  Experimental Computed
Range of  with Feed Location i range of dist adial pe i T a Excited Frequency Measured
EvwuH — sector tee (;ca 1on ,'[E Radial " anc: prin di tra lal Mode  (GH2) of Frequency
angle go ermsr:) Ia2|mu distance pt mm ()r(om :f]rf:]ncferpr;]m ode respective  (GHz)
angle ¢ i mm (from (f?)?ebe)st ap(ex;) modes [11]
apex) matching)
50
4.8-11.7 . 7.2 ™ 2.1 2.
(61<0.2 d) 8 6.8 121 3 08
23°
4.1-9.85 7 6.7 ™ 2.13 2.06
(¢1<0.2 ¢o) s
150° 57° 14.6 15 ™ 3.50 3.43
(91> 0.2 ¢) ] ' o '
0.15(E/ 75°
uH)max ((I)lz 0.5 (I)O) - 15 16 TMa4 1 3.50 341
to (i.e> 0.2 ¢o)
0.35(E/ 50
CU,U["I)max (¢1 <02 ¢O) 5.1-11.9 5.8 6.1 TM1,12 1 2.00 2.01
210
3.8-9.7 4.9 5.2 ™ 2.00 1.99
(¢1 < 02 ¢O) 1121
160° 52° 16.4 17 ™ 3.30 3.23
(¢1> 02 ¢O) . 2251 . .
80°
(¢1 ~0.5 ¢0) - 15 16 TM2.251 3.30 3.19
(i.e>0.2 ¢o)

Consequently, the frequencies of the excited lowest order modes are different.
The dominant mode resonant frequencies also depend on the sector angle, radial
dimension of the patch, as well as the dielectric constant of the substrate. However,
when the same CSMAs (¢o = 90" and 110°) are fed beyond 0.2 ¢oor fed centrally; the
next higher mode TMo: will be excited. The higher order mode is same in these cases
and independent of the sector angle ¢oand its frequency is exclusively dependent on
the radial dimension of the patch, as well as the dielectric constant of the substrate.
Hence, these phenomena of CSMAs with 60° < ¢o < 110" agree with our predictions
presented in section 3.3.2. Similar observations are revealed for CSMAs with ¢o =
150" and 160°. However, such CSMAs when centrally feed (¢ = 0.5¢0) or feed at ¢ >
0.2 ¢o excite different higher order modes and this is a key difference with CSMAs
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with 60" < ¢o < 110°, as have been discussed in section 3.3.2. Moreover, the next
higher order modes are TM>: instead of TMo1 mode.

Nevertheless, it is very clear from the investigation that the dominant mode for a
CSMA with specific sector angle (with ¢o> 60°) can be excited only up to ¢ = 0.2 go.
When the same CSMA is fed at ¢r > 0.2 ¢o and typically along central line i.e ¢r = 0.5
$o; the dominant modes are not excited. Instead, the next higher mode will be
excited. In each of the cases in Table 3.2, it is revealed that within the predicted feed
location ranges, the experimental and simulated feed-probe locations for the

excitation of specific mode are in excellent agreement.

0
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(c)
Fig. 3.8 Measured S;1 profile for a CSMA with different sector angles fed along different ¢ line.
(CSMA parameters: radius a = 29.7 mm, & = 2.33, substrate height h = 1.575 mm.), (a) sector angle ¢
=450 (b) sector angle ¢o = 90°, (c) sector angle @o= 150°.

However, for centrally fed CSMASs with sector angles of 120° < ¢o < 170°, the
approximate range of feed locations has not been predicted with the present theory as
they produce different higher order modes with complex field configuration. The Si1
profiles for some of the cases shown in Table 3.2 for different feed probe locations
are presented in Fig. 3.8. This gives a clear visualization of varying Si1 profiles as a
function of feed probe locations in a CSMAs with ¢o = 45°, 90° and 150°. Hence, it is
observed from measurements that in all the cases, the feed locations to excite a
particular mode in a specific CSMA with specific sector angle ¢o can be predicted
easily with the help of the proposed technique.

Hence the influence of the feed-probe as a function of modes of CSMA has been
investigated thoroughly. The particular position of feed probe to excite particular
mode including the lowest order dominant mode has been established. The radiation
characteristic of CSMA as a function of feed position is equally important and has

been documented in the following section.
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3.6 Radiation Characteristics of CSMA as a Function of Feed Position

The radiation characteristics of 90° CSMA for two feed positions have been
investigated further. The CSMAs with a small sector angle ¢o = 90° has been
considered in the present investigation in view of lesser space requirement compared
to CMA. As observed from section 3.3.2, 90° CSMA has the lowest order dominant
TM2; and that can only excited when it is fed along it’s edge. If the 90° CSMA is fed
along central symmetrical line, it excites next higher TMo1 mode. Therefore,
depending on the feed probe location, two modes can be excited as Antenna#1 (feed
probe along central symmetrical line, ¢ = #/2) and Antenna #2 (feed probe along
central symmetrical line, ¢ = 0°%). Based on theory presented in section 3.4 Antenna#?2 is
fed at ¢r = 5° and pr = 5 mm. The simulated field distribution for Antenna#1 and
Antenna#2 has been depicted in Fig. 3.9. The figure confirms the proposed analysis
documented up to section 3.5. If the 90° CSMA is fed along central symmetrical line,
it excites next higher TMo1 mode. Therefore, depending on the feed probe location,
two modes can be excited as Antenna#1 (feed probe along central symmetrical line, ¢
= $4/2) and Antenna#2 (feed probe along central symmetrical line, ¢ = 0°). Based on
theory presented in section 3.4 Antenna#?2 is fed at ¢: = 5° and pr = 5mm. The simulated
field distribution for Antenna#l and Antenna#2 has been depicted in Fig. 3.9. The

figure confirms the proposed analysis documented up to section 3.5.
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Fig. 3.9 The magnitude of simulated [18] electric field distribution over patch surface of CSMA for
two feed-probe positions. (CSMA parameters: radius a = 10 mm, ¢, = 2.33, substrate height h = 1.575
mm.) (a) CSMA with ¢o = 90° fed along ¢ = ¢o/2 line (b) CSMA with ¢o = 90° fed along ¢ = 0° line.

3.6.1 Antenna#1: 90° CSMA with Feed -Probe along Central Symmetrical
¢ = ¢o/2 line
The simulated [14] reflection coefficient of Antenna#1 has been presented in Fig
3.10. The Antenna#1 exhibits around 9 % impedance bandwidth.

0

-10 4

-15 4

S,,indB

-20 4

f =10.59 GHz
-25 , . , .
10 11 12

Frequency in GHz
Fig. 3.10 Simulated reflection co-efficient profile for Antenna#1 (center fed 90° CSMA)
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The H plane and E plane co-pole radiation pattern are presented in Fig. 3.11. It

is observed that the Antenna#l show broadside radiation pattern and have good
radiation characteristics. The 3dB beam widths of both the antennas are around 700

and 95° in H and E-plane, respectively
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CP Radiation Pattern in dB
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Angle in Degree

Fig. 3.11 CP Radiation patterns for Antenna#1 at TMy; mode (f-=10.59 GHz) in both E and H
plane

3.6.2 Antenna#2: 90° CSMA with Feed -Probe along Edge (¢ = 0° line)

Now, the same CSMA is fed along edge (¢ = 5° line) by a feed-probe. It is
observed that instead of TMo1 mode, dominant TM21 mode is excited. It is further
observed that TM2; is excited up to the feed-probe position ¢1= 30° line and beyond
that this mode ceases to exist. The simulated [18] reflection coefficient is presented
in Fig 3.12. The CSMA exhibits around 5% impedance bandwidth. The simulated
[18] CP E plane and H plane radiation patterns are presented in Fig. 3.13.
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Fig. 3.12 Simulated reflection co-efficient profile for Antenna#2 (edge fed 90° CSMA)
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Fig, 3.13 CP Radiation patterns for Antenna#2 at TM, mode (f.= 8.8 GHz) in both E and H
plane.
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3.7 An Attempt to Enhance of Gain in CSMA

The study of gain enhancement of 90° CSMA has not been reported earlier.
Thus, the study of gain improvement is important to understand the radiation
characteristics of CSMA. The detailed study of improvement of gain in 90 CSMA
has been discussed in this section. Although the 90° CSMA attains miniaturization,
gain of such antenna is not satisfactory in comparison with conventional CMA.
However, gain improvement is one of the primary requirements of modern antenna
technology. Therefore, the gain can be enhanced in such antennas if the conventional
dielectric substrate (PTFE) is replaced by simple air substrate. Although several
attempts have been made to use CSMA in modern wireless communications for
different applications, the issue of gain enhancement in such small antennas has not
been properly addressed in the open literatures. The use of air substrate in microstrip
antennas of common geometries is the common and popular technique to enhance
the gain.

In this section, the air substrate has been utilized instead of PTFE substrate and
an improvement of gain is observed like other geometries. Further, a quick hand
formulation has been established to estimate the gain enhancement of CSMA with air
substrate compared to standard CSMA on PTFE substrate. In this present study, a
edge fed 90° CSMA (¢o = 90°) of radius a = 30 mm on PTFE (er = 2.33) and air
substrate (er = 1) with h = 1.575 mm has been investigated on 60 x 60 mm? ground
plane. Both the antennas excite its dominant TM21 mode as discussed in the earlier
section of this chapter. The schematic representation of the structure is shown in Fig.

3.14.

The change in gain (AG) and effective radiating area ( A ) of a microstrip
patch antenna is related as follows.

[Aeff j
2
0 air

3.8
[AeffJ (38)
2
4 ref

AG[dB] =10log 10
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2
where, A,¢5 = (a”’;—%) for CSMA where ¢o = 1.57 radian,

Aerr = (ax J(1+q),
q = fringing factor and obtained from chapter 2.
Ao = operating wavelength of the respective radiator.

As soon as the conventional PTFE substrate is replaced by air substrate, the
electric field becomes loosely bound. It results in wider effective area, and hence

provides better gain.

@
P
— -«
" 1
h { |
i
(b)

Fig. 3.14. Schematic diagram of 90° CSMA (a) top view (b) cross-sectional views.

The simulation study has been carried out using commercially available HFSS
(v.14). The reflection coefficient profiles for both the CSMAs (with PTFE and air
substrates) have been presented in Fig. 3.15. As expected, the resonant frequency of
CSMA with air substrate has been shifted towards the higher side of the spectrum in
comparison with CSMA on PTFE substrate. The resonant frequency of CSMA with
air substrate is around 4.4. GHz while the same with PTFE substrate is around 2.9
GHz. Moreover, the bandwidth in case of the air substrate is better (6% more) as

compare to PTFE substrate.
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Fig. 3.15 Reflection coefficient profile of 90° CSMA with PTFE substrate and air substrate
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Fig. 3.16 Radiation pattern (co-pol and cross-pol) of CSMA with PTFE substrate
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Fig. 3.17 Radiation pattern (co-pol and cross-pol) of CSMA with air substrate
It is observed that the co-pol gain of CSMA with air substrate is around 9.9 dBi
whereas; the same with PTFE substrate is only 7.1 dBi. 2.8 dBi of gain improvement

is revealed from the proposed technique.
The comparison of simulated and calculated gain enhancement of CSMA with

air substrate has been presented in Table 3.3. A close agreement has been reveled

between computed and simulated result.

TABLE 3.3 The calculated values of the effective patch dimensions and gain enhancement compared
with the measured results.

i [ i AG[dB
Substrate Resonance  Effective radial ~ Simulated [dB]
frequency dimension gain _
(GHz) (aef) (dBi) Simulated  Calculated
PTFE 2.92 32.49 7.1 - a1
Air 4.43 33.94 9.9

3.9 Conclusion

The influence of the feed-probe on the modes of CSMA has been investigated

thoroughly and methodically. The fractional / dominant mode as well as the higher
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order modes as a function of feed location in the CSMAs with different range of
sector angles from 0° to 170° has been categorized and discussed in detail. The
polarization of those has also been explained with the help of standing wave patterns
observing beneath the patch. Finally, based on maximum E/H ratio an accurate but
quick hand approximate theoretical technique has been anticipated to determine the
feed location of a CSMA which can excite a specific mode. Consequently, 90°
CSMA with air and PTFE substrate has also been thoroughly investigated for gain
enhancement. A quick hand formulation has also been developed to estimate the gain
enhancement which is in close agreement with simulated results. The proposed
techniques to estimate the gain enhancement for CSMA with air substrate is very
easy and simple which will be surely beneficial for scientist and practicing engineers
looking for high gain simple CSMA. As such, the design issues of CSMA and
determination of modes are critical and complex. The issue of miniaturization with
respect to the radial dimension and active patch area is vital to choose a specific
sector angle of CSMA. Therefore, compact design issues are very important for

practicing and design engineers which will be discussed in the next chapter.
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CHAPTER

A

Compact Design Guidelines for the Choice
of Sector Angle of Circular Sector
Microstrip Antenna

4.1 Introduction

The modal analysis, excitation of modes as function of feed location and
radiation characteristics of circular sector microstrip antenna (CSMA) having various
types of sectoral angle has been discussed in previous chapters. The issues related to
numerous sector angles of CSMA have been discussed thoroughly. As such, because
of asymmetric geometry of CSMA, it has a special feature to excite numerous modes
including fractional modes that depend on sector angle and feed probe location.
Therefore, it is necessary to have a suitable CSMA structure which will be applicable
in all perspective. A systematic study has been carried out in this chapter for exact
choice of sector angle as a better alternative of a circular microstrip antenna.
Therefore, comprehensive design guidelines are provided to estimate best possible
configuration at any specific application.

Notably, there are much application e.g in mobile communication base terminal
for microcellular system; antenna is mounted in same substrate for active microwave
components [1]. In most of the cases, CSMA with large sector angle (¢o > 180°) has
been investigated. However, CSMA with sector angle (¢o < 180°) is preferable to
keep the other electronics circuits beside the antenna. Typically, the advanced
wireless services (AWS-2), the broadband PCS, cable antenna relay service, uses the
lower range of microwave band i.e., 1-2 GHz [2]. Further, modern sub-6 GHz 5G

applications are also limited from 2-6 GHz. Therefore, any array or 5G MIMO
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configuration, individual radiators should be small enough to mount on limited
space. Notably, sub-6 GHz MIMO antennas are purely linearly polarized [3]. At this
stage, CMA takes large space than CSMA. Moreover, the low frequency CMAs
resonating specially below 3-4 GHz has high cross polar (XP) radiation which makes
the co-polar (CP) radiation vulnerable. At this present scenario appropriate selection
of CSMA is required to develop the miniaturized printed antenna as a suitable
replacement of conventional CMA. Therefore, the critical design issues of CSMA
definitely demands noteworthy attention to the scientific community to design such

antennas.

(b)
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(d)

Fig. 4.1 (a) Schematic representation of CSMA of included angle ¢q, (b) top view fabricated prototype
of 170° CSMA, (c) fabricated prototype of the equivalent circular patch, (d) bottom view of both

prototypes.

At present, the investigation on CSMA geometry for widespread applications

have been reported as it reveals extra compactness and conformality over bent
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surfaces. Recently, proximity coupled CSMAs with large sector angle (¢o) such as
270°, 300°, 320° & 340° etc have been reported [4], [5] for broad banding of patch.
Novel dual mode dual stub loaded wideband 270° CSMA has been investigated in [6]
where, higher order modes are utilized. Some more experimental investigations [7]-
[8] have been reported for yielding circular polarization, Ku band applications.
Employment of metamaterial in CSMA has been reported in [9] for obtaining quasi
mono-polar pattern. However, all such investigations were based on simulation and
the measurements were carried out to validate the proof of concept.

The resonance frequency formulation of CSMA using cavity model has been
documented in chapter 2. The investigation into the influence of the feed-probe on
the modes of CSMA has been discussed thoroughly in chapter 3. The radiation
characteristics in CSMA and the employment of air substrate in CSMA to enhance
the gain have been carried out in same chapter.

In this chapter it is aimed to develop comprehensive design guidelines for the
selection of CSMA antenna geometry thoroughly, indicating the possibilities and
limitations. Primarily, rigorous calculations are carried out and validated through
measurements and simulation. Based on design guidelines, prototypes of 170°
CSMA and conventional CMA have been fabricated for 1.86 GHz frequencies are
fabricated, and their typical results are compared, which revealed that the 170°
CSMA offers better radiation performance than the Conventional circular microstrip
antenna (CCMA). The chapter has been organized in the following way. Section 4.2
has been described about the design consideration of CSMA in view of tininess.
Selection of sector angle ¢o in based on operating mode and frequency has been
presented in section 4.2.1. Selection of sector angle ¢o in based on miniaturization
has been described and compared with respect to CMA in section 4.2.2. The
discussion of experiential result has been verified in section 4.3. Finally, the best

choice of sector angle ¢o has been prescribed in section 4.4.

4.2  Design Consideration

In the present investigation, at first, the selection of lowest order frequency and
operating mode of CSMA for any included angle ¢o has been carried out in view of

miniaturization. The close inspection of CSMA geometry depicts that, it demands a
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special boundary condition which is not similar to conventional CMA. That is, the
vanishing radial component of magnetic field boundary condition for vector potential
wave equation at two truncated edges along ¢ i.e

Hyp=0)=21%2 _L1lg o 5k,yp)-mAsin mg+mBcosmglicos(k,2)] =0 (4.1)

up op  pp

Where, m is the mode number of CSMA of specific sector angle while, A and B
are the constants and these can be determined from vanishing magnetic field
boundary condition as is discussed in chapter 2. Following the theoretical
formulation developed in chapter 2, it can be written as
m¢0:q7z:>m=q—7[ (4.2)

23

where q =0, 1, 2, 3, any positive integers.

It may be noted that, the determining factor of mode number m is dependent on
the sector angle ¢o and the number of circumferential field variation g. Although, this
g is in integer form, the mode number m of CSMA of angle ¢o is fractional.

Therefore, CSMA can exhibit fractional modes depending on the chosen sector angle

go.

4.2.1 Selection of Sector Angle ¢oin View of Operating Mode and Frequency

The dominant mode resonance frequency of CSMA can be written from chapter
2

f—_ xmnC__ (4.3)
218 \/@

where, c is the free space velocity and as is the radial dimension of CSMA. The

effective dielectric constant is erer and x', ~ is the n" root of derivative of Bessel

function of order m (mode number). It is observed that, numerous values of mode

numbers m are possible as there are plentiful numbers of possible sector angles ¢o in

between 0° to 360° in case of CSMA. Notably, the mode number m may also be

fractional in many cases.
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Fig. 4.2 (a) Possible mode number m and x',  values for all possible sector angles of CSMA, (b) The
resonant frequency of the CSMA (as= 30 mm) with different sector angles ¢o and the corresponding

radial dimension a; for CCMA.

Also, the lowest x'  value is responsible to excite the dominant mode
frequency of CSMA. Therefore, mode number m is very crucial to determine the
operating frequency of CSMA. The possible mode numbers m and the corresponding
)('mnvalues are depicted in Fig. 4.2 (a) for the CSMA of any sector angle go. In this
figure, the proper dominant mode and its resonant Frequency may be obtained with

the help of equation (4.3). From the Fig. 4.2 (), it is observed that up to sector angle
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¢o = 68°, the mode number m is independent of CSMA sector angle (¢o) and it is
zero.

Therefore, ', and the resonant frequency, are same for all sector angles from
$o—0° to po —68°. In this range of sector angles, the radial dimension as is the main
determining factor for the resonant frequency of CSMA at it’s dominant TMo1 mode.
It also revels from the figure that any sector angle, beyond ¢o = 68°, mode number
(m) decreases and x’, = decreases. Therefore, resonant frequency shifts from one

sector angle to another and may be determined from the modal chart (Fig. 4.2 (a)).

4.2.2  Selection of Sector Angle ¢oin View of Miniaturization

The vital requirement of miniaturization comes in relation to the low frequency
operations. Therefore, to excite the frequency below 5 GHz, the required patch
dimensions in case of conventional CMA is large enough. Therefore, to excite
lower frequency, the radial dimension of CSMA is chosen as as =30 mm on
standard PTFE substrate of permittivity er = 2.33 and thickness h = 1.575 mm.

In order to excite same resonant frequency frs in CSMA (radial dimension as) and
frc in CMA (radial dimension ac),

xmnC 1.84c

frg = = = fc=a :(1-8y, )as
" 2mgJer 2mager 0 C xmn

(4.4)

equation (4.4) may be used to compare the required radial dimension of CMA and
CSMA to excite a specific frequency. The resonant frequency of CSMA (as= 30
mm) of numerous sector angles ¢o has been plotted in Fig. 4.2 (b). To excite the
same frequency the corresponding radial dimension of circular patch (ac) has also
been given in same plot for comparison. The figure reveals that, if ¢o varies from 5°
to 359° in CSMA, with fixed as (= 30 mm) on traditional PTFE substrate, the
operating frequency varies from 3.69 GHz to 1.18 GHz. It may be noted that, up to
¢o = 68°, the operating frequency is independent of sector angle for CSMA and it
always excites same mode (m = 0) with same frequency 3.69 GHz. Consequently, the
radial dimension of CMA is fixed to 14.9 mm. Immediately after ¢o > 68°, f of same
CSMA suddenly decreases to 2.12 GHz and then continue to decrease up to 1.18

GHz gradually with the sector angle ¢o. Consequently, required radial dimension of

89



CMA (a) starts to increase from 14.9 to 47.3 mm. Fig.4.2(b) depicts that, up to 180°,
the required radial dimension of CMA is lesser than that of CSMA (i.e. ac < as) and
the situation gets reverse (i.e. ac > as) when ¢o > 180°.

The required areas for CCMA is denoted as Ac while the same for CSMA is As
A =rma; (4.5)

- ) a?
A=ty =0156, (x5 )4 (46)
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Fig. 4.3 Comparison of absolute patch area of CSMA and equivalent CCMA (both resonating at the
same frequency) and the percentage of patch area reduction of CSMA in comparison to equivalent
CCMA.

Therefore, the CSMA area is dependent on the sector angle d¢o, )('mn and

obviously on mode number m. However, the rigorous investigation of)('mn values
show that the smaller value of ac than as (for ¢o < 180°) does not help much in the
reduction of patch radiating area (due to much smaller ¢o value in respective CSMA)
and as a result, the CMA radiating area is still greater than CSMA with specific ¢o
and obeys Ac > As.

The absolute patch radiating area for CMA and CSMA for above case is
presented in Fig. 4.3. It shows that, the patch area is always greater for CMA in
comparison to CSMA. The % area reduction of CSMA in comparison to CMA is
also depicted in Fig. 4.3. It confirms that, the area of CSMA is always smaller than

CMA except ¢o = 68°. Therefore, 68° CSMA offers no apparent advantage over
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CMA as both the radiators have similar radiating area. Notably, as ¢o # 68°, the
required patch area of CSMA become smaller than CMA. Although, the percent (%)
area reduction of CSMA with very small ¢o is high (around 65%) still, such small
sector antenna may exhibit very poor radiation efficiency and hence avoidable to use
in place of CMA.

Again, it is apparent that if ¢o > 180°, patch area reduction is around 55-60%.
However, for ¢o > 180°, the physical geometry of CSMA becomes much border and
it is difficult to keep associated circuitry beside the antenna structure in tiny
electronic devices. Therefore, it is preferred to use CSMA with ¢o either 180° or
slightly lesser than 180° as it has equivalent radial dimension of CMA but with a
patch are reduction of 50%. Therefore, ¢o = 170° CSMA has been chosen for

experimental validation of radiation characteristics in the next section.

4.3  Experimental Result & Discussion

The fabricated prototypes of conventional CMA (a. = 29.5 mm) and 170° CSMA
(as = 30 mm) has been measured and compared. The detailed measured radiation
parameters are presented in Table 4.1. The measured Si1 profile for both the antennas
is presented in Fig. 4.4 and it shows exactly similar performance in relation to the
input impedance bandwidth. Both the antennas exhibit around 2% bandwidth and are
resonation at 1.86 GHz (CMA) and 1.87 GHz (CSMA).

TABLE 4.1 Measured performance comparison of 170° CSMA and equivalent CCMA

Antenna bandwidth Pattern  Gain (degree) Efficiency
Type Profile (dBi) E H (%)
plane plane
Conventional 2% Broadside 527 82 84 88%
170° Sector .
CSMA 1.8% Broadside 5.7 74 90 92%

Comparison of Fig. 4.5 and Fig. 4.6 revels the similarity in broadside side
patterns at E plane for 170° CSMA and conventional CMA. The similar observation
has been depicted in Fig. 4.5 and Fig. 4.6 for H plane. In both the cases, simulation

results closely agree with the measured results
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Fig. 4.4 The measured Si; profile of 170° CSMA is compare with CMA.
It seems that, the gains, patterns and beam widths of both the antennas are

similar. It has seen that co-pole radiation pattern in both the plane is broadside.
Therefore, judicious choice of CSMA parameters is very crucial and it is seen that,
such 170° CSMA is well-competent to replace classical CMA. The simulated and
measured co-pole radiation characteristics for both principal planes are depicted in
Fig. 4.5 and Fig. 4.6.
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Fig. 4.6 The simulated and measured radiation of CP in (a) H plane CMA, (b) H plane CSMA.
4.4  Conclusion

The present study provides complete design guidelines without which it is really
complicated to design an efficient CSMA for practical wireless applications. It is
shown that, the judicious choice of sector angle is around 170° to 180° to
miniaturization as well as better radiation performance. Further, efficient design of
CSMA can offer better performance in comparison to classical circular patch and

hence, relatively larger patch may be replaced with such CSMA.
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CHAPTER

5

A New Design Approach to Minimize
the Cross Polarization of Circular Sector
Microstrip Antenna

5.1 Introduction

The input characteristics of wide variety of sector angles of circular sector
microstrip antenna (CSMA) and its comprehensive design guideline have been
discussed in the earlier chapters. As per the discussions of chapter 4, CSMAs with
170° to 180° sector angle is the obvious choice in view of miniaturization of
microstrip antenna. Further, to keep the associated circuitry beside the antenna,
CSMAs with such sector angles are very much beneficial for antenna community
looking for miniaturized antenna. 170° sector angle has been experimentally
investigated in previous chapter. However, designing such 170° CSMA s still
complex in comparison to 180° CSMA. 180° CSMA is also good in terms of
miniaturization as is documented in chapter 4. Thus, in this chapter, 180° CSMA has
been considered for through investigation with a view to germinate a specific CSMA
as the replacement of circular microstrip antenna (CMA).

The semicircular patch (180°) is very advantageous where the space is the key
factor to organize a patch with conventional geometry. In fact, 50% of patch area
reduction can be achieved using semicircular patch for a particular resonant
frequency compared to conventional CMA. Hence, the accurate determination of
mode as well as its radiation performance of a semicircular patch is very important in
this scenario. The dominant mode of semicircular patch, its frequency and its
radiation characteristic at its lowest order dominant mode have been investigated as

thoroughly. The mathematical derivations to determine the accurate dominant mode
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frequency are based on modified cavity model along with the accurate estimation of
the fringing electric fields and resulting effective antenna dimension as is discussed
in chapter 2.

The semicircular CSMA as an alternative of CMA has been presented in section
5.2. The radiation characteristic of 180° CSMA has been discussed in section 5.3. A
new design approach has been proposed towards compact 180° circular sector
microstrip antenna with low cross polarization in section 5.4. Evolution analysis of
the proposed antenna has been presented in section 5.5. Proposed structure has been
described in section 5.6. In section 5.7, the proposed design has been validated by
simulation and experimental results. Section 5.8 contains the conclusions developed

from the findings of the present work.

5.2  Semicircular CSMA as an alternative of CMA
A coaxially fed CSMA having radial dimension a, printed on a PTFE substrate
(er) with thickness hy is shown in Fig. 5.1 The antenna is fed at pc from centre as

shown in the figure using a coaxial probe.

Dielectric Substrate

Feed

Fig. 5.1 Schematic representation of semicircular patch (Top View).
From the modal chart of chapter 4, it is found that for semicircular patch the
dominant mode is TMmnWhere m = n = 1. Therefore, the semicircular patch is having

the same lowest order dominant mode (i.e.TM11) like conventional circular patch.
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Fig. 5.2 Magnitude of electric field on patch surface to explain the number of field variation in radial
and circumferential direction.

Thus, it is interesting to note that, though the geometry of the patch is different,
dominant mode is similar for circular and semicircular patch. Therefore, for a
particular operating frequency, one need not design the circular patch. Instead, a
semicircular patch with 50% reduced patch area can be designed.

The magnitude of electric field over the patch is presented in Fig. 5.2. It is clear
from the figure that, the number of field variation either in circumferential or in
radial direction is 1. This confirms that the lowest order mode of semicircular patch

is same as circular patch and it is TM11.,

5.3 Radiation characteristics of 180° CSMA

At first, the fundamental radiation characteristics of 180° CSMA has been studied.
The radiation characteristics of corresponding CMA has also been investigated for
comparison. The co-polar (CP) and cross polar (XP) radiation characteristics of both
the CSMA (180°) and equivalent CMA is portrayed in Fig.5.3. Both the antennas
produce similar CP radiation beam at its broadside direction. It has been found from
Fig. 5.3 that the gain of both the patches is around 6.4 dBi. However, there is

significant degradation of XP radiation performance for 180° CSMA, in comparison
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to equivalent CMA. Specifically, the profile of XP radiation beam is broadside in

case of 180° CSMA while the same for conventional equivalent CMA is conical.
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Fig. 5.3 The comparison between radiation properties of circular and semicircular patch in H planes.

It may be noted that, the conical XP profile is very much required than broadside
XP profile for patch antennas. This is because, the conical XP profile doesn’t have
significant radiation of cross field at bore sight where main CP-beam maxima exists.
Contrarily, the broadside XP profile produce significant cross field radiation at the
bore sight and have the main CP beam gets affected. Therefore, the main challenge
of the present investigation is to shape the XP beam profile of 180° CSMA from
broadside to conical. The isolation between peak CP and peak XP gain is noted as
cross polarization discrimination (XPD). The XPD of 180° CSMA at the bore sight
direction is around 16 dB while the same for equivalent conventional CMA is around
23 dB. Therefore, the XPD is not at all satisfactory for 180° CSMA in comparison to
conventional CMA.

Therefore, moderate radiation performance is revealed for semicircular patch
compared to that of circular patch. Therefore, it is concluded that a patch of

semicircular geometry with 50% reduced patch area may be an alternative to a patch
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of conventional circular geometry. But polarisation purity of this sectoral antenna has
to be high to make it as an efficient compact antenna.
In the next session a new design approach has been documented towards

compact 180° circular sectormicrostrip antenna with low cross polarization.

5.4  Design Approach Towards Cross Pole Miniaturization by Defected Patch
Surface (DPS).

Circular sector microstrip antenna (CSMA) with relatively smaller sector angle
(0 =180) is an excellent preference over circular microstrip antenna (CMA) [1]-[4].
Earlier, rectangular microstrip antenna (RMA) and CMA were widely investigated
for patch area miniaturization in [5]-[15]. However, such miniaturized antennas
suffer from very poor gain [11], bandwidth [9]-[11], and high cross-polar (XP)
radiations [9]-[12], squinted E-plane dipole like profile and omnidirectional H-plane
profile [13]. CSMA with very large sector angles i.e.¢o ~270°,340° and350° have been
investigated in [16]-[18] for broad banding or multi banding without any
improvement in radiation performance or miniaturization. Further, [19] shows that
180° CSMA offers poor co-polar (CO) to cross polar radiation (XP) isolation (XPD)
(around 8 dB) at the X band with a broadside XP pattern instead of a conical XP
pattern which affects the main CO profile. Therefore, it is undeniably challenging to
modulate the XP profile of 180° CSMA with improved XPD along with achieving
miniaturization. It is well-known that linearly polarized CMA and RMA exhibit high
XP radiations [1],[4], [20]-[27]. However, common XP radiation minimization
techniques for instance, use of modified feed structures, defected ground structures
(DGSs), and shorted patch and pins (SP); have not been investigated till date for
minimizing XP radiations in CSMA with small sector angle (¢o —180°). Notably, a
CSMA with sector angle ¢o =180° has a thought-provoking feature of exciting similar
dominant mode and resonant frequency in comparison with that of a conventional
CMA with around 50% patch area reduction. Also, the ground plane dimension

becomes a parameter of vital relevance to designing of miniaturized antenna [28].
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Fig. 5.4 (a) Schematic representation of proposed antenna (top view), (b) fabricated prototypes over
large and smaller ground planes.

Most of earlier reported structures could not show their efficacy as small antenna
by circumscribing the patch radiator (including ground plane) within a sphere of
radius (4/2z) i.e., Wheeler limit. Therefore, a compact CSMA (with ¢o = 180°)
structure has been proposed, (Fig. 5.4) with improved radiation characteristics, low
XP radiation along with miniaturization. Further, the proposed structure exhibits

satisfactory performance on very small ground plane also.
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5.5 Evolution analysis of the proposed antenna

First, a CMA with radius a was designed over the substrate (¢r =2.33, thickness
h =1.575 mm) at X band that acts as a reference CMA (Antenna#1) (Fig. 5.5 (a)). In
step 2, the left half of the patch surface was removed which gave birth to a CSMA
with ¢o=180° (Antenna#2) as shown in Fig. 5.5(b).

. l l Z‘ -
(p=0°)
(b) © (d)

Fig. 5.5 Patch surface evolution (a) Antenna#l (ref antenna), (b)Antenna#2, (c) Antenna#3, (d)
Antenna#4 (final proposed antenna).

@)

The parametric equation for the locus of Antenna#2 can be written as

X = a cos ¢ (5.1)
y=asiny (5.2)
where, ¢ —0 to ¢ —180° (¢o) and a = 6 mm.

As observed from [2]-[3], both the antennas exhibit equivalence in modal
characteristics when excited at the same dominant TMi1mode. Antenna#2 resonates
at 8.67 GHz.

The modal electric fields beneath the patch (Antenna#2) corresponding to different

modes can be written as [2], [3],
%O = cos(mgé)Im (k 0 ,o)cos(kZ 7) (5.3)

where, k, =1.84/a for TM11 mode (m=1) and k, =3.05/afor higher order TM2:mode
(m=2). Although, Antenna#2 may be thought of as an alternative of Antenna#l with
50% patch area reduction (in the view of same excitation mode and frequency), there
is a tendency of automatic excitation of higher order orthogonal TM2: mode in
Antenna#2. This TM21 mode and the structural asymmetry in Antenna#2 cause

massive degradation in XP radiation [20].
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Fig. 5.6 The electric field vector distribution [29] in the substrate at (a) TM1; mode in Antenna#2, (b)
TM,; mode in Antenna#2, (c) circumferential and radial variation of edge electric field magnitude for
TMy: and TM,; mode.

The electric field vector distribution of TM1:and TM2:modes are depicted in Fig.
5.6 (a) and Fig. 5.6 (b) as a function of ¢ (patch circumferential angle). The E field
magnitude distribution as a function of circumferential angle ¢ for TM11 (black) and
TMa1 (red) modes are presented in Fig. 5.6 (c). The close inspection of Fig. 5.6 (b)
and Fig. 5.6 (c) proves that significant XP radiation arises due to the edge electric
fields (for TM21 mode; Red curve) existing in the range of ¢ = 45° to 138°.

Further, in that specified range of ¢, the fringing fields of dominant TM1; mode
have significant cross field components which contribute to XP radiation rather than
CO radiation. Therefore, with a view to perturb this TM21 mode significantly and
TMz11 mode partially, first notch is cut on the patch surface of Antenna#2 in the range
of ¢ = 45° to 138° which germinates Antenna#3 (Fig. 5.5 (c)). This in turn,
suppresses the XP radiations from both the (i) higher order TM21 mode and (ii)
orthogonal component of dominant TM11 mode.

To cut this first notch, a circle of radius r = 6 mm has been considered whose
centre is at (a + s) (centered at x = 0,y =8 mm and dc=4 mm, s =2 mm) from the
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centre of the patch along ‘y’ axis as shown in Fig. 5.7. The locus of the circle which

cuts the first notch is

X =T COS }
y=(@+s)+rsiny (5.4)

where, y—0 to y—-180°

Patch locus:
Locus of the X =a cos Y, y=a sin y
circle which Where,
cuts the patch ¥ —0 to y —180°
to develop
second notch

\
a’2 i

Locus of circle which
cuts the patch to
develop first notch:

1 X = Frcos iy,

1 y=(a+s)+trsiny

,’ Where,

w —0 to y —180°

Fig. 5.7 Design topology of proposed CSMA surface
The H-plane radiation characteristics of Antenna#l, Antenna#2 and Antenna#3

have been depicted in Fig. 5.8(a) Antenna#2 exhibits broadside XP pattern with XPD
of 13 dB at the bore sight whereas, the XPD in CMA (Antenna#1) is better (16 dB at
+60° elevation angle) with conical profile. However, with the introduction of first
notch, the XPD starts to improve consistently in Antenna#3. The H-plane radiation
profile of Antenna#3 has been depicted in Fig. 5.8(a) as the function of first notch
depth d¢. It shows that, as r increases, d. increases in Antenna#3 and the XPD
becomes improved. The maximum XPD is 20-21 dB at +60° elevation angle with d.
=4 mm. Around 62% and 40% of improvement in XPD is exposed with Antenna#3
(dc=4 mm) compared to Antenna#2 and Antenna#1, respectively. The CO radiation
patterns of all three antennas are exactly similar. The simulated gain for Antenna#1,
Antenna#2 and Antenna#3 (dc= 4 mm) are 7.84 dBi, 7.6 dBi and 7.35 dBi
respectively. It is observed from Fig. 5.8 (b) that, as d. increases from 1 mm to 4
mm, the resonant frequency is decreased by 16% from 8.67 GHz (Antenna#l1 and
Antenna#2) to 7.43 GHz (Antenna#3 with dc = 4 mm). Therefore, without much

sacrificing it’s gain performance, the miniaturization as well as improved XP
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Fig. 5.8 (a) The effect of the depth d. of first notch on simulated H plane radiation patterns of
Antenna#1, Antenna#2, Antenna#3, (b) Simulated resonant frequencies and gain variation as function
of dc.
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suppression can be achieved in Antenna#3. However, no apparent change is noted in
E-plane CO and XP radiation and hence we refrain from giving the polarization
performance in E-plane. Even though, Antenna#3 exhibits better performances in
comparison to Antenna#l, Antenna#2 with respect to miniaturization and XPD, it
may be noted that, the XPD at -15° (i.e., at bore sight and definitely within 3 dB
beam width of CO main beam) is 23 dB while the same for Antenna#1 is 24 dB (Fig.
5.8 (a)). In fact, the horizontal component of the fringing field (Fig. 5.9 (a)) along
the left truncated edge of Antenna#3 is mainly responsible for the increase in XP
radiation near the bore sight (at -15°). Recalling Fig. 5.6 (c), the electric field
variation of TM11 mode along the radial dimension (Fig. 5.6 (c); green curve) reveals
that, the significant amount of field i.e. (40% to 90% of maximum electric field at
p=a) offering cross electric field components of own dominant TM1; mode exist in
the range of p= 1.5 mm to 4.5 mm in 180° CSMA (a =6 mm, along $=180°). The
electric field vector distribution in the substrate for Antenna#3 (Fig. 5.9 (a)) confirms
the observation. Therefore, the second notch is cut on Antenna#3 in this specified
region (i.e.,p = 1.5 mm to 4.5 mm) to further reduce the XP radiation at bore sight

direction.
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Fig. 5.9 Simulated electric field vector distribution in the substrate at excited dominant TM;; mode (a)
Antenna#3, (b) Antenna#4 (proposed).

Notably, the second notch is cut at the upper left edge (opposite side of feed
probe) of the patch in Antenna#3 to avoid the spurious radiation from feed probe. To
cut this second notch, another circle of radius r1= 1.5 mm has been considered whose
centre is at -a/2 (centered at x = -a/2, y = 0 mm) from the centre of the patch along
‘x” axis as shown in Fig. 5.7. The locus of the second notch can be written as x
=a/2+r1 cosy1 and y = r1 sin w1 where, y1—0 to y1—180°

Consequently, the electric field follows the curvature of the notch periphery as is
shown in Fig. 5.9 (b). The close inspection of Figs. 5.9 (a) and (b) reveals that, the
presence of 2" notch converts some of the cross fields (Ey) from the left upper
truncated edge of the patch to co-polar fields (Ex). This effectively reduces the
orthogonal electric field component (from upper left edge of the patch) offering XP
radiation near the bore sight direction. In Antenna#4, the XPD is improved
significantly and it becomes 28-40 dB (Fig. 5.10 (a) and 5.10 (b)). However, CO gain
and radiation profile (7.35 dBi) are exactly similar for all values of ri. Also, as r1
increases, the resonant frequency decreases further from 7.43 GHz (Antenna#3) to
7.22 GHz (Antenna#4). The resonant frequencies and XPD at -60° and -15° elevation
angle is portrayed in Fig. 5.10 (b) establishes the superiority of the Antenna#4 (with
dc =4 mm and r1 = 1.5 mm) over Antenna#l, #2 and #3 in relation to the

miniaturization and improvement in XPD.
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Fig. 5.10 The effect of the depth r; of second notch on (a) H plane radiation patterns of Antenna#3, (b)
resonant frequencies and XPD as function of ry.

It may be noted that, two notches at the patch surface effectively modulates the

locus of surface current paths in such a way that, the orthogonal current component

109



reduces. The electric surface current on patch surface of Antenna#2 at TM1; mode
follows the longitudinal path with a curvature (current lines are tilted; Fig. 5.11(a)
and Fig. 5.11 (b) while flowing from lower to upper section of the patch. Therefore,
the horizontal current components (red) due to tilted current lines (Fig. 5.11(b))

contribute in XP radiation.
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Fig. 5.11 The electric surface current over the patch surface (a) simulated (Antenna#2), (b) schematic
(Antenna#2).
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Fig. 5.12 The electric surface current over the patch surface(a) simulated (Antenna#3), (b) schematic
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Fig. 5.13 The electric surface current over the patch surface (a) simulated (Antenna#4), (b) schematic
(Antenna#4).

Contrarily, due to the presence of first notch in Antenna#3, the horizontal
current components in lower and upper half sections of the patch cancel each other as
is explained in Fig. 5.12 (a) and Fig. 5.12 (b). Therefore, the effects of horizontal
current component near patch periphery can be controlled to reduce the XP radiation
and also to achieve nearly conical pattern instead of broadside. Notably, some

electric surface currents near the central region of the patch still exist that leaves
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some horizontal current component. Hence, in Antenna#4, a second small notch is
cut at the upper side of the patch along ¢ = 180° as shown in Fig. 5.13. This
effectively reduces the horizontal electric current components more on the patch

surface of Antenna#4, as is explained in Fig. 5.13 (a) and Fig. 5.11 (b).

5.6  Proposed Structure

First, a semicircular CSMA (with ¢o =180°) having radius a = 6 mm has been
fabricated with copper strip (0.5 mm thickness) on RT-5870 (¢r =2.33 and thickness
h = 1.575 mm) substrate. First, the dimensions of substrate and ground plane are
chosen to be 60 mm x 60 mm (~1.4/0 x 1.40). First notch is cut on the patch with d.
= 4mm (i.e.r =6 mm, s = 2 mm) (Fig. 5.7). The second notch is cut on the patch at
the opposite side with a circular locus (centered at a/2 =3 mm) of r1 = 1.5 mm, as
described in Fig. 5.7. The patch is fed at 0.8 mm from the centre point (Fig. 5.4).
Further, the same structure is fabricated on small ground plane (28 mm x 28 mm or
~0.6640 x 0.66/0). Moreover, the structure has been fabricated on very small ground
plane (14 mm x 14 mm or ~0.334¢ % 0.3340) to be considered as small antenna as this
whole antenna (including ground plane) can be enclosed within a sphere where k.R <
1.

5.7 Results and Discussions

The reference Antenna#l of 7 mm radius has also been fabricated on same
substrate with 60 mm x 60 mm ground plane. In Fig. 5.14 (a), the measured
reflection coefficient profiles for the proposed Antenna#4 and the reference CMA
(Antenna#l) are presented. Both the antennas resonate near 7.22 GHz with almost
similar impedance bandwidth. In the E-plane, the XPD is more than 30 dB for both
Antenna#1 and Antenna#4 (Fig. 5.14 (b)). The measured CO gain of Antenna#1 and
Antenna#4 are 7.4 dBi and 7.1 dBi, respectively. The Fig. 5.13 (a) reveals that the
XPD of the Antenan#4 (designed over large ground plane) is around 25 dB over
entire elevation angle near the bore sight in H-plane whereas; the same for
Antenna#1 is only 15 dB. For further corroboration of the validity of the results for
the Antenna#4, the complete radiation pattern has been examined on smaller (28 mm

x 28 mm) (resonating at 7.17 GHz) and very small (14 mm x 14 mm) (resonating at
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7.21 GHz) ground planes (Fig. 5.15 (b), Fig. 5.16(a)). Both the structuresreveal

symmetry in E and H-plane CO radiation patterns with consistent and more than
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Fig. 5.14 Measured results for (a) reflection coefficient profiles, (b) comparison of E plane radiation
patterns for reference CMA and proposed antenna over large (60 mm x 60 mm) ground plane.
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25 dB of XPD in H-plane with around 5 dBi gain. The measured efficiencies of the
proposed antenna over large and very small ground planes are 82% and 68%,
respectively.

Notably, the reference antenna (Antenna#1) with larger radius has the efficiency
of 86%. The measured gain and XPD variation of the proposed antenna as function
of ground plane size is depicted in Fig. 5.16 (b). As the ground plane size reduces,
the gain reduces, and E plane beamwidth becomes narrow while H plane beamwidth
becomes broad [30]. Therefore, smaller ground plane bringssymmetry in E and H
plane radiation patterns and hence, XPD improves [30], However, gain to directivity
ratio decreases and hence efficiency decreases. The performance of the Antenna#4
has been compared with the available relevant literatures in Table 5.1. This confirms

the consistency and superiority of the present structure over others.

Table 5.1Performance comparison of Antenna#4 with other works

Gain Fractional Minimum CO-XP Miniaturization of
Ref. (dBi) bandwidth radiation isolation patch areaw.r. t
(%) (dB) reference antenna
[8] 4.4 2 17.5 74%
XP radiation 0
[10] ) 18 > CO radiation 4%
[12] 6.2 4.5 Very Poor 21.12%
XP radiation 0
[11] 2.9 18 > CO radiationby 14 dB 85%
[13] 4.13 3.8 15 74%
[14] 2-7 140 0 0%
(Gﬁrfegg‘ﬁéz) 7.1 4.0 24 82%
Antenna#4 50 2 o5 82%

(14 x 14 mm?)

5.8  Conclusion

A compact semicircular CSMA has been investigated thoroughly and is found to be a
better alternative of conventional CMA. Although small, the radiation characteristic
of the present antenna is even far better than the conventional CMA geometry which
find potential applications. The present antenna works very well on very small

ground plane and may be treated as small antenna.
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CHAPTER

0

Conclusion and Scope
for Future Studies

In the dissertation, the various issues of circular sector microstrip antenna
(CSMA) has been investigated thoroughly in the light of clear physical insight as
well as experiments. Some very critical and important issues of CSMA has been
studied and documented which will be helpful for scientific and research community.
CSMA is advantageous and most useful as it requires less space compare to all other
conventional structure like rectangular & circular as is discussed in chapter 1. These
CSMAs with individual sector angle has different unique input and radiation
features. In fact, different sector angle of CSMA excites different fundamental and
higher order modes. Therefore, CSMA has unique feature to excite numerous
numbers of fundamental modes based on it’s sector angle. Therefore, scientific and
research community is in urgent need of through and methodological study on the
determination of fundamental mode and its frequency.

To alleviate the lacuna of earlier studies, a modified cavity model has been
developed to determine the fundamental mode and its resonant frequency in chapter
2. The modal fields of the dominant as well as higher order modes of numerous
CSMAs with different sector angles have been thoroughly studied. In this chapter 2,
an improved, accurate and comprehensive computer-aided design formulation for
accurately determining the resonant frequency of a CSMA has been proposed. The
proposed formulation accurately estimates the dominant and higher mode resonances
in a CSMA with and without an air gap between the substrate and the ground plane.
No published work that presents the variation of the resonant frequency of a CSMA

with substrate thickness, air gap height, substrate permittivity, and the radial
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dimension of the antenna is available till date. Considering all the above-mentioned
factors, the resulting variations of resonant frequencies as a function of the
aforementioned parameters, have been included in the present study. An improved
formulation of Computer aided design (CAD) has been proposed for easy prediction
of exact resonance frequency of CSMA without much effort to the rigorous
simulation. The propose CAD formulation exhibits much improved and provides
more accurate result in relation to simulated and measured result.

Chapter 3 deals with the excitation of desired modes in a circular sector
microstrip antenna (CSMA) as a function of feed location. The key influence of the
feed-probe position in exciting particular mode has been thoroughly studied. Also,
the investigation has been done for wide range of sector angles. The proposed theory
has been validated through simulation as well as experiments. Excellent agreement is
reveled amongst theoretical prediction, simulation and measurements. An accurate
but quick hand approximate theoretical technique has been developed to determine
the feed location of a CSMA which can excite a specific mode based on E/H ratio.
The gain of the antenna has also been analyzed and enhanced by incorporations the
air instead of conventional substrate. The comparative study using air and PTFE
substrate for identical patch has been investigated to estimate the gain enhancement
of a particular sector angle. An easy and a quick hand formulation is developed to
determine the gain enhancement of CSMA with air substrate in comparison to
conventional PTFE substrate. This easy technique will be surely be helpful for
scientist and practicing engineers looking for designing CSMA:s.

As such, CSMA of different sector angles have entirely different characteristics
and hence, suitable choice of sector angle is very critical to design CSMA with
optimum performance. Therefore, a compact design guideline of CSMA has been
documented in chapter 4. Thorough design opportunities and limitations are
presented in this chapter. In fact, the comprehensive design guidelines provided in
chapter 4 will be very much beneficial for future designers to estimate best possible
configuration for any specified application. Based on design guidelines, prototypes
are fabricated, measured and compared with conventional circular patch. This reveals
that 170° to 180° CSMA has better performance in comparison to classical circular

patch.
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Based on theories developed in chapter 2 to 4, a semicircular patch with defected
patch surface approach has been developed for much improved radiation
characteristics in comparison to conventional CMA in chapter 5. However, in course
of investigation, it is observed that the cross polarization of such antennas with 170°
to 180° sector angles are comparatively high with respect to CMA. Therefore, in
chapter 5, the cross polarization of 180° CSMA has been minimized a new technique
called defected the patch surface approach. This can be done by judiciously cutting
the notch on the patch surface. In addition with that, the ground plane dimension has
also been investigated to see the effect on ground plane dimension on new antenna
characteristics. Notably, the designed antenna worked well as very small ground
plane and can be designated as small antenna.

The investigation on theoretical and experimental study has been presented in
this dissertation which is important for commercial and engineering applications,
along with research and future application.

The investigation documented in this dissertation germinates a plentiful
opportunity of CSMA over other geometries. CSMAs with different sector angles
have different excitation mode and hence they have different radiation performance.
Therefore, some other investigation may also be carried out individually for
individual sector angles. Improved radiation performance in comparison to CMA has
been established with DPS loaded 180° CSMA. Hence, other CSMA angles may also
be explored to yield more improved radiation characteristics of CSMA in comparison
to CMA. Broad banding or dual banding of CSMA may also be explored based on
theory developed in chapter 2 to chapter 4.
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Design Approach Toward Compact Circular Sector
Microstrip Antenna With Low Cross Polarization

Sudip K. Ghosh ™, Abhijyoti Ghosh

Abstract—In this letter, a novel and compact 180° circular sector
microstrip antenna has been proposed. The patch surface has been
designed with a proper design insight to perturb and control the
orthogonal surface current paths and orthogonal field components
at the truncated edges for suppression of cross-polar (XP) radi-
ations over the whole elevation without hampering its radiation
pattern and bandwidth. The proposed antenna gives consistently
better performance with different (large, medium, and small)
ground plane sizes in spite of massive miniaturization (of 82%)
with reference to conventional circular microstrip antenna at the
same frequency. The proposed antenna can also be circumscribed
completely within a sphere of radius (A/27), i.e., wheeler limit and
hence can stand well as a small antenna.

Index Terms—Circular sector microstrip antenna, cross-
polarized radiation, radiation characteristics.

I. INTRODUCTION

N RECENT years, there is an increased surge in exploring
I and enhancing the characteristics of tiny antennas, which can
be implemented in the limited available spaces in miniaturized
compact wireless communication device without hampering
the antenna performance. In this perspective, circular sector
microstrip antenna (CSMA) with relatively smaller sector angle
(o = 180°) is an excellent preference over circular microstrip
antenna (CMA) [1]-[4]. Earlier, rectangular microstrip antenna
(RMA) and CMA were widely investigated for patch area minia-
turization in [5]-[15]. However, such miniaturized antennas
suffer from very poor gain [11], bandwidth [9]-[11], and high
cross-polar (XP) radiations [9]-[12], squinted E-plane dipole
like profile and omnidirectional H-plane profile [13]. CSMA
with very large sector angles, i.e., ¢g ~270°, 340°, and 350°
have been investigated in [16]—[18] for broad banding or multi-
banding without any improvement in radiation performance
or miniaturization. Further, Ghosh et al. [19] shows that 180°
CSMA offers poor copolar (CO) to cross-polar radiation (XP)
isolation (XPD) (around 8 dB) at the X-band with a broadside
XP pattern instead of a conical XP pattern which affects the
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Fig. 1. (a) Schematic representation of proposed antenna (top view) and
(b) fabricated prototypes over large and smaller ground planes.

main CO profile. Therefore, it is undeniably challenging to
modulate the XP profile of 180° CSMA with improved XPD
along with achieving miniaturization. It is well-known that lin-
early polarized CMA and RMA exhibit high XP radiations [1],
[4], [20]-[27]. However, common XP radiation minimization
techniques for instance, use of modified feed structures, defected
ground structures (DGSs), and shorted patch and pins (SP); have
not been investigated till date for minimizing XP radiations in
CSMA with small sector angle (¢g —180°). Notably, a CSMA
with sector angle ¢y = 180° has a thought-provoking feature of
exciting similar dominant mode and resonant frequency in com-
parison with that of a conventional CMA with around 50% patch
area reduction. Also, the ground plane dimension becomes a
parameter of vital relevance to designing of miniaturized antenna
[28]. Most of earlier reported structures could not show their
efficacy as small antenna by circumscribing the patch radiator
(including ground plane) within a sphere of radius (A/27), i.e.,
Wheeler limit.

Therefore, in this letter, a compact CSMA (with ¢g = 180°)
structure has been proposed, (see Fig. 1) with improved radiation
characteristics, low XP radiation along with miniaturization.
Further, the proposed structure exhibits satisfactory performance
on very small ground plane also.

II. EVOLUTION ANALYSIS OF THE PROPOSED ANTENNA

First, a CMA with radius a was designed over the substrate
(e, = 2.33, thickness & = 1.575 mm) at X-band that acts as a
reference CMA (Antenna#1) [see Fig. 2(a)]. In step 2, the left
half of the patch surface was removed which gave birth to a
CSMA with ¢y = 180°(Antenna#2) as shown in Fig. 2(b). The
parametric equation for the locus of Antenna#2 can be written
as

x = a cos¢ and y = a siny (1)
where ¢ —0 to ¢ —180° (¢g) and a = 6 mm

1536-1225 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Feed Prohes on the é
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=

An investigation.

n this article, the key influence of the feed-probe position for the excitation of desired modes
in a circular sector microstrip antenna (CSMA) is thoroughly investigated via physical analysis
comprising simulations and measurements. The approximate feed location used to excite a par-
ticular mode is also empirically determined to facilitate further exploration of CSMAs. Based
on the proposed analysis and simulations, CSMAs with a wide range of sector angles are studied,
B and good agreements are revealed when compare with the measurements.

INTRODUCTION

In recent years, there has been increased attention toward exploring and enhancing the radiation
and input characteristics of circular sector microstrip antenna (CSMAs) for modern applications
due to its conformality over curved surfaces and better compactness compared to other regularly
shaped patch geometries, i.e., rectangular and circular. Aside from applying a circularly polar-
ized CSMA (see [1]), recently, other significant works on wideband and multiband CSMAs have
been reported in [2]-{6]. Notably, all of these investigations were initiated by applying appropriate
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1 | INTRODUCTION

IN the modern era of microwave communications, the design
and analysis of miniaturized and multifunctional antennas of
different geometries continue to be the focus of state-of-
the-art research. In this scenario, microstrip patch antennas
(MPAs) are extremely useful and are the obvious choice of
the designers because of their light weight, small size, and
excellent compatibility with monolithic microwave integrated
circuits. The most common geometries of MPAs, such as
rectangular and circular, have been extensively studied, ana-
lyzed, and implemented for at least the last three decades. In
fact, a significant number of analyses' and applications’~'?
of common MPA geometries have been reported during the
last two decades. However, in various practical wireless appli-
cations, radiators should be conformally mounted onto the
previously existing structures, where space limitation is a cru-
cial problem. In such applications, a circular sector microstrip
antenna (CSMA) is highly advantageous because it requires

Subhradeep Chakraborty? |

L. Lolit Kumar Singh3 |

Determination of accurate modal fields is one of the most crucial issues to understand
the proper behavior of circular sector microstrip antennas (CSMAs) to achieve the
best performance. In this article, dominant and higher order modal characteristics
have been rigorously studied which germinate an improved, accurate, and efficient
computer-aided design (CAD) formulation to estimate the resonant frequency of
CSMA with and without air gap between substrate and ground plane. The proposed
formulation can address the wide variety of issues (such as substrate height, substrate
permittivity, air gap height, higher order modes, etc.). The computed results were
validated against the results obtained from high-frequency structure simulator
(HFSS) and our own experiments, while they have been also justified through the
results obtained from the available literature.

antenna parameters, circular sector, microstrip antenna, resonant frequency

less space than a conventional patch antenna of common
geometries. Approximately 30% and 35% patch area reduc-
tions can be achieved with a CSMA using 60° and 90° sec-
tor angles, respectively, compared with a conventional
circular MPA. Therefore, an accurate analysis of CSMA is
a priority in the present scenario of printed antenna
research. In this context, we have found a limited number of
analyses,'>!7 in which the computation of the accurate
resonant frequency of CSMA with arbitrary sector angles
has been dealt with.

The formulation of the resonant frequency of a CSMA
based on the cavity model was first reported in ref. 13.
The electric field beneath the patch and the eigen functions
of those antennas were also presented in ref. 13. In ref. 14,
a generalized transmission line modeling was used for
computing the resonant frequency of a CSMA. However, the
effect of fringing fields, which should be considered for the
accurate estimation of the resonant frequency of a CSMA,
was not included in refs. 13 and 14.

Int J RF Microw Comput Aided Eng. 2017;¢21172.
https://doi.org/10.1002/mmce.21172
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In this modern era, the scientific and research community looking for a
miniaturized antenna structure other than conventional circular microstrip antenna
geometry. This is very much helpful for modern wireless industries to develop
miniaturized hand-held wireless communication equipments. In this stage, circular
sector microstrip antenna is highly applicable as it requires less patch size compare to
other conventional geometry. In this dissertation, one of the miniaturized and
versatile antenna structures, named circular sector microstrip antenna (CSMA) has
been broadly investigated. Which can be derived from circular microstrip antenna
(CMA) structure by cutting a sector angle. In comparison to the conventional circular
patch geometries, the CSMA is hardly explored by researchers till date. Therefore, to
implement such CSMA in different applications, it is imperative to investigate its
basic input, radiation characteristics and the modal behavior along with
miniaturization.

So, the determination of the lowest order dominant mode of CSMA is the most
vital and primary focus to explore CSMA characteristics. In this context, the modal
behavior of such antenna is not analyzed elaborately in available literatures and
reported design formulations also fail to predict accurate resonant frequencies of
CSMA with different sector angle. Accurate dominant mode for CSMA with
arbitrary sector angle is not clear and based on simulation only. Simple theoretical
design formulas are still important to estimate the operating frequency before run any
simulator. Accurate theoretical formulas are very much required from application
point of view. Therefore, the structure has not been studied methodically till date.

The modal analysis of dominant and higher order mode of different sector angles
has been thoroughly studied using modified cavity model. Computer aided
theoretical formulation (CAD) has been developed for accurate determination of
dominant mode and higher order mode (HOM) in chapter 2. The modal fields of the
dominant as well as higher order modes of numerous CSMAs with different sector
angles have been thoroughly studied. In this chapter 2, an improved, accurate and
comprehensive computer-aided design formulation for accurately determining the
resonant frequency of a CSMA has been proposed. The proposed formulation
accurately estimates the dominant and higher mode resonances in a CSMA with and

without an air gap between the substrate and the ground plane. No published work
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that presents the variation of the resonant frequency of a CSMA with substrate
thickness, air gap height, substrate permittivity, and the radial dimension of the
antenna is available till date. Considering all the above-mentioned factors, the
resulting variations of resonant frequencies as a function of the aforementioned
parameters, have been included in the present study.

The accurate estimation of the feed-probe position for the excitation of desired
modes in a circular sector microstrip antenna (CSMA) is also another basic design
requirement. Moreover, optimization of feed positions for the excitation of dominant
modes is very essential to obtain the optimum performance of CSMA. Therefore,
effect of feed probe location on the excitation of a particular mode (lowest order
dominant and HOMS) has been thoroughly studied in chapter 3. Infact, different
modes can be excited with CSMA of different angles based on different feed
locations. Correspondingly, radiation characteristics changes for a particular CSMA.
Even polarization of radiation fields also changes due to feed probe location. Modal
behavior of different excited electromagnetic modes in CSMA as a function of feed-
probe position is not analyzed elaborately in available literatures. Therefore, to
identify the feed location for excitation of particular mode in CSMA for a wide
variety of sector angles a simple, quick hand & accurate technique has been carried
out. The estimation of the suitable range of feeding position has been thoroughly
investigated and quick hand and accurate technique is proposed in chapter 3. The
modal fields of the dominant as well as higher order modes of numerous CSMAs
with different sector angles have been thoroughly studied in chapter 3. The new
theoretical approximation technique has been derived based on E/H ratio beneath the
patch to excite a specific mode. Indeed, CSMAs with different range of sector angles
has been classified and discussed scientifically by the relation of E/H ratio. A
particular range of |E/H| has been recommended on which a particular mode can be
excited. Moreover, a range of feed location has been approximated across which a
particular mode can be excited if probe is placed. Hence, the present investigation
will be surely helpful to the scientific community to germinate new ideas related to
the excitation of modes with desirable polarizations as a function of feed-probe
location for practical applications. Previous two chapters, the investigation has been

carried out only of input characteristics. So, the radiation characteristics and gain of
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this antenna have been given equal importance to explore the performance of the
antenna in large extent. The Gain of this antenna is generally 7.1 dBi that has been
improved to 9.9 dBi by introduction an air substrate. The quick hand formula has
been developed for calculating the enhancement of gain of CSMA with air substrate
in comparison to conventional substrate.

In chapter 4, the complete design guideline has been prescribed for the specific
application. The behavior of CSMA is generally varied with sector angles due to its
different type of geometry. Thus, selection of sector angles in terms of operating
mode, frequency and miniaturization has been thoroughly studied for better selection
of CSMA angles. A compact and comprehensive guideline has been prescribed
documented in chapter 4.

In chapter 5, CSMA of 180° sector angle has been considered based on an earlier
investigation documented in chapter 3 to chapter 4. An investigation in view of the
replacement of CMA with 180° CSMA has been successfully proposed. The
minimization of patch area is always advantageous and around 82% miniaturization
has been achieved in comparison to conventional CMA exciting the particular
dominant mode. In order to improve the polarization purity, the patch area has been
defected judiciously. The proposed antenna in chapter 5, works on very small ground
plane and satisfactory radiation performance is revealed.

The thorough investigation presented in this dissertation is most up to date with
cutting edge technologies and complete in all aspects and hence should be very much
helpful for efficient CSMA design.
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