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CHAPTER 

1 

Introduction 
 

 

 

1.1      Introduction 

Antennas are metal based structures or tranceducer that radiates 

electromagnetic energy in to space. Since year 1886, when Heinrich R. Hertz proved 

and proposed existance of electromagnetic waves, a momentous advancements have 

been done by scientists in the fields of  wireless communications. Over the years 

antennas have acquired extensive range of configurations, to mention a few aperture 

antenna, wire antenna, loop antenna, patch antenna, slot antenna etc. As the 

requirement for wireless systems like 5G communication, IOT (Internet of Things), 

etc shifts towards the higher spectrum operations, requirements of small antenna 

increases. At the same time the mobility of the wireless device has become 

imperative and so an essential constraint to develope the antennas comformable and 

compatible with miniaturized/ handheld communication devices.  

 In this context, microstrip antenna emerges as the best candidate to address 

all the requirements of latest personal/ handheld wireless communication equipment. 

In year 1952, Greig and Engleman [1] introduced microstrip antenna as a new 

transmission technology in the range of kilomegacycle. However, microstrip antenna 

as a radiator was first perceived and proposed by Deschamps [2] in year 1953. In 

year 1955, Gutton and Bassinot [3] brought forward and patented the concept of the 

microstrip antenna and its application. With effect from year 1955 to almost 1969, 

various researchers explored and registered radiation from discontinuities of stripline 

and also brought forward its different perspectives [4]-[7]. Parallely various aspects 

of other basic types of antennas were getting developed and advanced concepts like 
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phased array antennas were implemented in slotted waveguides and reflectors. 

However, in fields of printed antennas or microstrip antennas for next five years till 

1975, the research was pioneered by researchers like Byron, Howell, Munson, etc 

who analysed the radiation of a conducting stripline like copper clads with dielectric 

substrate of few wavelengths in between [8]-[15]. Due to its conformal nature, low 

profile and light weight it soon became popular in defense and space industry 

perticularly in missiles and satellites [16]. In the same field further developments and 

analysis still being carriedout for advances airborne systems [17]-[21] 

 Over last few decades of research and development of microstrip antenna, the 

primary phase of developments up to late1970’s was theoretical analysis of basic and 

different patch geometries. These developments and studies were well documented 

by Bahl and Bhartia [22] in a book published in 1980. The analysis and designs to 

include parametric studies were addressed in another book published in 1981 by 

James, Hall and Wood [23]. Also a well reviewed article by Carver and Mink [24] 

broughtout the fundamental facets and aspects of microstrip antennas which is still 

referred. The basic and important expressions of input impedance, radiation 

resistance, and radiation fields were will expressed [12], [25] but were applicable 

specifically of center fed patch, and hence could not find proper application in may 

practical antenna structures. Lo et. al [26]-[29] provided more generalised expression 

based on modal-expansion techniques for varried geometry like rectangular, 

triangular, circular, semicircular, etc. Advanced analysis and techniques were also 

presented by Shen [30], Carver and Coffey [31]-[34] and it focused on calculating 

the mutual and self impedance and limations of microstrip antenna when integrated 

to form array antenna. Different techniques of analysis, like aperture field model 

[35], vector potential approach [36], wire grid model [37], DGF techniques [38] etc 

to express the radiation characteristics were reported by various authors and 

researchers.  

 The second phase where in major developments took place and its 

applications stabalised by year 2000. Wherein basic mechanism of radiation was 

analysed and implemented by means of cavity model analysis, which is well 

documented in [39]-[40]. The ever increasing interests in printed antennas focused 

on antennas with compact configuration and wide bandwidth designs for new 
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developments in wireless applications, as reflected from the recently published titles 

like [41]-[42]. Recently published handbooks and well compiled reports [43]-[45] 

have well covered recent developments and CAD based antenna designs which is 

forming base for today’s research and development both in commercial and 

academic fields.  

 Coming on to the latest and 3rd phase, advancements in material technology 

and manufacturing of exotic materials have facilitated the advanced microstrip 

antennas. Few significant ones are (a) antennas with metamaterials [46]-[52], (b) 

Defected ground structures for printed antenna [53]-[60], (c) Defected patch 

structures with help of Artificial Intelligence generated shapes (d) Electrically 

miniaturized antennas for mobile communication [61]-[69], and (e) printed antenna 

for RFID systems [70]-[77] with or without active power.  

 The above mentioned advances have been possible due to new analysis 

methods and CAD software. Due to high-speed computational methods incorporated 

in software and high speed memory in modern computers, full wave models to 

analysis of microstrip antennas can be done quickly. Some of the commercially 

available popular software use Method of Moment (MoM), Finite Element Method 

(FEM) and the Finite-Difference Time Domain (FDTD) technique. The MoM 

analysis can be used for accurate and versatile solutions by means of both spatial and 

spectral domain [78]-[79] respectively. Another technique is FEM, which takes 

volumetric approach and can easily handle in-homogeneous structures. Also, the 

FDTD technique has become popular being suitable for microstrip antenna analysis 

as the same can handle varied geometries, to mention a few, parasitically coupled 

patches [80], multilayered patches [81], arrays and phased arrays [82], and active 

antenna [83]-[84]. The FDTD analysis requiring more processing time even with 

latest computers hence such a problem being partially handled by using commercial 

full wave codes like HFSS, IE3D, CST Microwave Studio etc. Thereby assisting 

researchers get closed form expression readily to determine basic testing parameters 

like operating frequency and input impedance which can be further used for lab 

testing of prototypes. 

  This chapter deals with the basic historical background of the microstrip 

antennas in section 1.1. Section 1.2 deals with basic structures and limitations of the 
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rectangular microstrip antenna. Section 1.3, describes the feeding techniques of 

microstrip antennas. Section 1.4, describes the radiation characteristics of microstrip 

antennas. Section 1.5, gives an overview on to cross polarization and polarization 

purity. In section 1.6, a survey on improving polarization purity has been 

documented. Section 1.7, discusses the enhancement techniques for bandwidth and 

gain which are and paramount radiation characteristics. Section 1.8, discusses the 

preface to the thesis (other chapters) to include conclusion.  

1.2 Rectangular Microstrip Antenna: Structure and Limitations.

 The basic characteristics of RMAs have been discussed in the succeeding sub 

sections. Initially the basic structural geometry has been presented and its limitations 

have been discussed in brief. Followed by the same the limitations due to feeding 

techniques have been methodically documented. 

1.2.1 Structure of Rectangular Microstrip Antenna 

 Fig. 1.1(a) below depicts configuration of a conventional rectangular 

microstrip patch antenna of length (L) and width (W) claded on to a substrate of 

height (h). The co-ordinate are selected such that, the length of the patch is along the 

x axis, the width of patch is along the y axis and the height of patch is along the z 

axis. In Fig. 1.1(b) shows the side view of typical probe fed rectangular microstrip 

patch. 

 In order to excite the patch in the fundamental 𝑇𝑀ଵ mode, the length of the 

patch should be a little less than λ/2 (λ : wavelength in the dielectric medium) and is 

equal to 𝜆/𝜀 ( 𝜆 is the free space wavelength). In the fundamental mode, the 

field varies half cycle along the length, and there is no deviation in wave front along 

the patch width. In Fig. 1.2(a) depicted below, the microstrip patch antenna is 

represented by two conductors, separated by a transmission line of length L and 

terminated by open circuited at the ends. The voltage is at maximum and current is at 

minimum due to the open ends along the width of the patch. The fields at the edges 

can be further resolved into normal and tangential components.    

It can be seen from Fig. 1.2(b) that along the width the normal components 

of the electric field at the two edges are out of phase by 180° since the patch is λ/2 

long and hence they nullify each other in the broadside direction. However, the 



 

 

tangential components 

radiated field normal to the surface of the structure. 

FIGURE 1.1.

Hence, the edges at the width

which are half wavelength

CHAPTER 1: Introduction

tangential components (Fig. 1.2(b)), which are in phase, unite 

radiated field normal to the surface of the structure.  

(a) 

(b) 
FIGURE 1.1. Conventional RMA (a) Isometric View (b) Side View

 
the width of the patch can be represented as two radiating 

half wavelength apart and excited in phase and thereby

CHAPTER 1: Introduction 5 

 to give maximum 

 

 

Side View 

can be represented as two radiating strips, 

thereby radiating in the 
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half space above the ground plane. It has also been observed that the fringing fields 

along the width exist and electrically the patch size appears greater than its physical 

dimensions. The extended dimensions of the patch are represented as ΔL and ΔW as 

shown in Fig. 1.2(a) 

 

 
(a) 

 
(b) 

FIGURE 1.2.   (a) Fringing at radiating edges of probe fed rectangular microstrip patch antenna.     
(b) Cross-sectional view of rectangular microstrip patch antenna and fringing electric fields in quasi 
TEM mode 
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1.2.2 Limitations of Rectangular Microstrip Antenna 

 Although rectangular microstrip (so called the printed antennas) antennas 

have certain essential advantages over conventional microwave antennas like, light 

weight, comformable, small volume, low profile or planar, easy to fabricate, low-

cost fabrication, etc. However, conventional rectangular microstrip antenna suffers 

from some limitation as enumerated in [39]-[45]. The gain is poor and is around 3 to 

4 dBi. The bandwidth is limited and is up to 5% for conventional microstrip antenna. 

The efficiency of the antenna is limited too due to the dielectric and conductor 

losses. The radiation efficiency is around -3.8 dB and total efficiency of is around       

-8.8 dB. The polarization purity is around 10 to 15 dB which is also not so 

promissing. The power handling capacity is mW to few W which is suitable for 

home applications but not suitable for industry and military applications. Due to 

surface waves, the antenna suffers with reduced radiation efficiency and directivity. 

Also due to feeds, sharp edges, joints of solder and junctions there are spurious 

radiations too. The fabrication is quite simple but only for small size antennas the 

production complexity increases. 

The above mentioned challenges are few important research subject in 

microstrip antenna field. For example, array configuration is used to address lecuna 

of low gain and low power handling capacity [43] – [44]. For improving bandwidth,  

using thick substrate with low dielectric permittivity [86], slot, defect or slit loading 

on patch surface [85]-[86], stacking of patch elements [87], attachment of parasitic 

elements [88] are few ways. Surface wave issues can be handeled with Photonic 

Band Gap structures (PBG), etc.  

1.3 Feeding Techniques of Microstrip Antenna 

 As like any antenna, feed should be proper to achive the efficient radiation. 

The classical techniques can be classified into two, namely direct contacting and 

non-contacting methods. Both the feeding techniques are well documented and 

researched. Coaxial probe feeding as shown in Fig. 1.1(b) and microstrip line 

feeding are the common direct method of feeding. Where as, proximity coupled feed 

and aperture coupled feed are the two extensively used noncontact type of feeding.  

 Coaxial probe feed is easy to integrate to patch and also its suitability for 
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impedance matching at the desired contact point on the patch is a well known fact. 

Spurious radiation is very less from the probe since it is in direct contact with the 

patch if properly soldered, which makes this configuration more versatile and most 

efficient. However, coaxial feeding leads to narrow bandwidth, it is also difficult to 

analyse, and difficult to implement in high density array structures. Also, for thicker 

substrates the feed becomes more inductive due to length of probe. The strip line 

feed is also easy to fabricate since it form the part of the patch etching process and 

does not requires additional efforts. Also the fine tuning by means of modification of 

the width of the strip line is easy and has been extensively used. 

 The primary advantage of proximity coupled feed and aperture coupled feed 

is that, it eradicates spurious feed radiation and coupling, and also suitable to achieve 

wide bandwidth. Also, optimaziation for networking of the feeds for array 

configuration is feasible and has been well exploited by many researchers and 

industries. However, this technique is difficult in fabrication and the power coupled 

is restricted to the apparture size which is a dominating drawback of this technique. 

 Hence, due to the advantages and wide accepatibility of probe feed 

technique, along with the versatility of rectangular microstrip patch antenna, this 

thesis concentrates to investigate to enhance some characteristics of rectangular 

microstrip antenna. 

1.4 Rectangular Microstrip Antenna: Radiation Characteristics  

 For effective radiation from RMA, patch length (L ~ λ0/2) and width (W 

=1.5L) are preferred with substrate material of low dielectric constant in the range of 

2.2 ≤ 𝜀 ≤ 12 and substrate height in the range of 0.003λ0 ≤  h ≤ 0.05λ0 ( where λ0 

denotes free space wavelength). Fig. 1.3 shows fringing fields on a basic RMA on 

the radiating and non-raditing edges. The transmission line and the cavity model 

analysis are few of the models used for analysis of a microstrip patch antenna. Also, 

both the analysis model do consider fringing effects.  

 Due to the fringing fields, the effective patch size i.e. the length and width 

becomes higher than actual. The same can be expressed as in [89], Since the electric 

fields are not confined only within the substrate, the effective dielectric constant 

(εreff) would also be different from the actual dielectric constant of the substrate used. 
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                                                        𝐿 = (𝐿 + 2Δ𝐿)   (1.1) 

                                                       𝑊 = (𝑊 + 2Δ𝑊)   (1.2) 

note: ΔL and ΔW are as shown in Fig. 1.3 

W

L

FeedFringing Fields

∆W ∆W ∆L

∆L

∆L

∆L
∆W ∆W

A B

D C

 
 

FIGURE 1.3 Schematic diagram of fringing fields of a classical probe fed RMA. 
 

Hence, εreff would be slightly less than exact diectric constant due to environment 

in close vivinity of the antenna and can be expressed as, 

                         𝜀 =
ఌೝାଵ

ଶ
+

ఌೝିଵ

ଶ
ቂ1 + 12



ௐ
ቃ

ି
భ

మ      (1.3) 

The dominant mode excitation of a RMA is TM10 mode. In the dominant mode, 

effective radiation emmits from AB and CD edges of the patch (Fig. 1.3) and they  

meet in-phase along the broadside of the patch. Therefore, RMA can be recognized 

as a broadside radiating antenna where in the sides AB and CD are the radiating 

edges and other two sides are the non radiating edges.  An example of complete 

radiation pattern in 3D form is shown in Fig. 1.4. As it can be observed, E plane 

beam width is broader than the H plane beam width. Where in the E plane 

beamwidth is generally 900 while the H plane is generally 700.  
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FIGURE 1.4 A simulated 3D radiation pattern of a RMA with length of 8 mm and width of 12 mm. 

1.5 Overview of Cross Polarization and Polarization Purity of 
RMA 

It may be noted that the XP level for RMA is quite high at off-boresight 

angle and is very much prominant in H-plane [40],[52]. As this XP radiation is 

unwanted radiation for purely linear polarized antenna the same need to be 

suppressed with respect to CP radiation. The isolation between this wanted CP 

radiation and unwanted XP radiation commonly referred as CP-XP isolation. 

Therefore, the enhancement of CP-XP isolation, is a major challenge to the 

researchers to develop an efficient RMA with pure linear polarization, particularly 

for H plane. 

Rectangular microstrip antenna in its dominant TM10 mode radiated linear 

polarized radiation (CP radiation) in its broadside direction and cross polarized 

radiation (XP radiation) in the orthogonal direction as shown in Fig. 1.5. The 

unwanted XP radiation in E plane is not that much significant as it is always lower 

than -30 dB whereas, in H plane, XP radiation is quite significant and limiting the 
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RMA relevance in modern wireless communication system such as adaptive antenna 

arrays for cellular, mobile communications, RADAR and microwave communication 

which demands higher CP-XP isolation over wide range of frequencies.  

 

 
FIGURE 1.5 A simulated CP and XP radiation pattern of a RMA. 

 

The primary sources of the H plane XP radiation are due to probe feeding, 

where in matching is an important issue. Improper matching causes XP radiation. 

Also, the XP radiation of RMA with thicker and lower dielectric constant substrate 

fed with co-axial probe is more significant [90]-[92]. Also, unwanted radiation from 

probe contributes in cross polarized radiation XP. Another source of XP is the 

fringing field along the non-radiating edges (Fig. 1.6) generated due to higher order 

orthogonal mode (mainly in TM02 mode) [22]. Moreover, orthogonal components of 

dominant TM10 radiation from the corner of the patch [52] and [93]-[95] is also an 

undesirable radiation and is termed under XP radiation and loss to the polarization 

purity. 

1.6 Survey of Techniques to Improve Polarization Purity 

The enhancement of CP-XP isolation is of paramount importance in almost 

all applications and excellent level of polarization purity is required in specific 

applications like polametric radars. Various scientests and industrial researchers 

have deviced ways and means to enhance polarization purity. The survey on the 

-150 -100 -50 0 50 100 150
-40

-35

-30

-25

-20

-15

-10

-5

0

5

10
H-plane

 CP
 XP

12dB 
CP-XP 
isolation

G
ai

n 
(H

 P
la

ne
) 

(d
B

)

Angle in degree

       



CHAPTER 1: Introduction 12 
 

 

same is extracted in this section based on the techniques used. However, it is 

imperative that the polarization purity should be achived keeping other parameters 

under control and the trade off should not be deranged type. Hence, the key 

challenge is to achieve polarization purity along with enhanced gain, broad banding, 

stable and symmetrical radiation. 

  
(a) (b) 

  
(c) (d) 

FIGURE. 1.6 Electric field distribution with respect to modes. (a) Radiated electric field from edges 
due to 𝑇𝑀ଵ mode, (b) Radiated electric field from edges due to 𝑇𝑀ଶ mode, (c) Electric field 
orientation due to 𝑇𝑀ଵmode (d) Electric field orientation due to 𝑇𝑀ଶmode 

 (a) Non-contact form of feeding: Improvement in CP-XP isolation at H 

plane using this concept has been well documented in [96]-[98]. CP-XP 

isolation of 30 dB has been reported in [96] by means of dual polarized 

aperture coupled stacked MPA. CP-XP isolation of 23 dB has been reported 

in [97] by implementing aperture coupled T-shaped feed line along with 

annular ring integrated ground plane. CP-XP isolation of 22.5 dB has been 

reported in [98] by means of rat race feeding techniques with differential feed 

system.  

(b) Modification of feed structure: Improvement in CP-XP isolation at H 
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plane using this concept has been well documented in [99]-[102]. Dual feed 

structure with customised modification to the feed structure in proportion to 

half wavelength is proposed in [99] to manage 20 dB CP-XP isolation. 

Complex meander line feeding [100] technique has been implemented to 

achieve XP level around -20 dB. In [101] another very complex feeding 

mechanism has been reported, where in a square patch having two in-phase 

aperture coupling and two out-of-phase gaps coupling of probe feeds to reach 

-20dB of XP level. A differentially fed patch is proposed in [102] to achieve 

around 20 dB to 40 dB suppression of cross polarized radiation with respect 

to peak co-polarized radiation gain in a dual polarized patch antenna.  

(c) Stacked patches, meander line feeding and mirror pair feeding: 

Improvement in CP-XP isolation at H plane using this concept has been well 

documented in [103]-[105]. The XP radiation level of around -16.5 dB at 

over all angles in principal planes has been proposed in [103] by means of 

stacked patch structure. Also, similar kind of stacking of patch structure and 

mirrored pair feeding technique has been proposed for L band to achieve 

around 15-20 dB of CP-XP isolation in [104]. In [105], the authors proposed 

the stacked offset microstrip antenna arrangement to accomplish 15 dB 

improvement in CP-XP isolation. However, these configurations are  either 

complex or bulky manufacturing processes. 

(d) Modification to ground plane: A “W” shaped ground plane has been 

well investigated in [106] to attain around 14 dB CP-XP isolation. Also, a 

“U” shaped ground plane has been reported in [107] for 10-15 dB isolation in 

CP to XP. However, these configurations are  complex in manufacturing 

processes. 

(e) Defected Ground Structure (DGS) : The DGS concept is a new facet 

of research associated with the planner antennas for improving various 

radiation characteristics. In these structures defects of different forms and 

dimensions are created on the ground plane to achieve desired level of 

performance. The DGS integrated planner structures harnesses the concept of 

electromagnetic band gap (EBG) or so called photonic band gap (PBG). It 
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was first reported in [110], [111]  where in a dumbbell shaped defect has 

been incorporated. Surely its an easy and compact implementation as 

compared to the above mentioned structures. Initially, the DGS integrated 

conventional patches were utilized  for low-pass, band-stop, band-pass, and 

harmonics suppressor. Apart from the above mentioned applications, DGS 

has been mainly implemented for impedance matching [112] and to improve 

isolation between adjacent components also  as documented in [113]. The 

first reported [54] of application of DGS for suppression of XP radiation in a 

microstrip antenna was made and is now a well established practise. In [54], 

around 5-8 dB XP suppression by incorporating a circular defect in ground 

plane specifically located near non-radiating edges has been reported. The 

employment of DGS to improve polarization purity is comparatively easier. 

However, DGS integrated antennas suffer from back radiation. Therefore, 

another technique, of defecting the patch surface has also been researched in 

subsequent years [114]-[116] to address the issue of XP radiation and 

improvement in other characteristics of radiation of microstrip antenna. 

1.7 Gain and Bandwidth Enhancement 

Bandwidth enhancement is an important requirement for and antenna to be 

useful. As in [52], bandwidth of an antenna is considered in which the magnitude of 

reflection coefficient is greater than -10 dB. As brought out earlier, it’s in the range 

of 2 to 3 % and broad banding of an antenna is achieved by making the antenna 

perform with reflection coefficient greater than -10 dB at least for 10% of the band. 

Classically, methods to achieve the same are by altering the substrate characteristics 

and by coupling a resonator. Since standardized substrates are available, 

modifications with it is difficult. However, in the later methods the same can be 

achieved by DGS, DPS and slot concept [93], [94] and [109]. In a recent paper 

[117], in which technique to improve the impedance bandwidth is discussed by DGS 

configuration where in a planar air-gap-loaded rectangular shaped microstrip antenna 

was explored. The antenna had a single shorting post and two rectangular shaped 

DGS loading. Application of these configurations helped to wider the impedance 
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bandwidth than conventional one along with good co-polarization to cross-

polarization isolation level. 

Gain enhancement is of paramount importance and also it is a never-ending 

process. Higher gain generally would means that the radiation is concentrated over 

smaller beam width. This is desirable and appropriate for some of the linear 

applications, such as those, which needs to track and locate in terms of spatial 

resolution of azimuth and elevation. Classically, gain enhancement has been 

achieved by array forming. However, just enhancing the array cluster does not 

enhance the gain due to various reasons.  In a recent and good research [118], 2 x 2 

configuration, line feed U-slot rectangular array has been implemented to get 

antenna gain over 10 dBi however had limited bandwidth of 18%. Optimized array 

formation along with patch dimensions modifications, modifications to feeding has 

been used extensively to enhance gain [119]-[121]. 

1.8 Preface to the Thesis 

 In this dissertation, the most useful and versatile patch antenna geometry i.e. 

Rectangular Microstrip Antenna (RMA), has been investigated theoretically and 

experimentally for the improvement of bandwidth and radiation characteristics. 

Rectangular microstrip antenna (RMA) is the most useful antenna structure for its 

wide variety of applications, due to its simple design, ease of implementation, 

manufacturing and even production. Modification of and RMA due to its basic 

structure of just copper clad and dielectrics is very easy and hence tweaking it as per 

requirement is relatively easy. Because of these features, RMA is a best choice to 

address all the requirements of latest personal or handheld wireless communication 

equipment. Not withstand the above, the RMA is also suitable for certain aerial 

applications like satellite and missiles due to its conformability and lightweight. 

Nevertheless, the parameters of an RMA viz-z-viz its versatility are not so 

promising. Hence, investigation to enhance some characteristics of rectangular 

microstrip antennas is imperative. 

In Chapter 2, has been investigated the Microstrip patch antenna with 

defected patch surface (DPS). The chapter has been mainly divided in two parts 
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wherein detailed investigations have been shown in antennas having DPS at 

radiating and non-radiating side.  

In Chapter 3, the employment of defected ground structure (DGS) of 

hexagonal geometry has been methodically investigated. Here, the employment of 

DGS has been considered mainly to improve the gain and bandwidth of RMA. As 

such, the classical report on implementation of DGS in RMA is prominently 

considered for lowering cross-polarized radiation. 

In Chapter 4 a single layer and planar bracketed stub loaded RMA has been 

investigated for high gain and low XP radiation in the entire elevation angle. The 

structure is simple being a single layered and easy to fabricate. In this concept, the 

magnetic field locus generated by attachment of coaxial probe is modulated in a 

desired manner and discussed in detail in Chapter 4. 

In Chapter 5, a compact Quasi-planar Composite Microstrip Antenna 

(QPCMA) has been investigated thoroughly for concurrent improvement of all the 

radiation properties of a rectangular microstrip antenna.  

And finally, along with the conclusion and future scope the performance 

comparison for all the investigated structures is tabulated, which may be helpful for 

practicing engineers to choose the antenna structure for their specific applications. 
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Defected Patch Surface Approach  
for Wide Symmetrical Radiation  

and Low Cross Polarization 

 
 
 
 

2.1 Introduction 

 In the present era, with the expeditious development of modern wireless 

communication systems, antennas having low profile, low cross polarization, wide 

beam, symmetrical E and H-plane radiation patterns with stable gain are in the 

spotlight in current research on the subject. In this context, microstrip patch antennas 

are becoming increasingly popular as they have small volume and a profile planar 

configuration with low fabrication cost as discussed in Chapter 1. In general, these 

antennas radiate linearly polarized waves in broadside direction (i.e., co-polarized 

(CP) radiation). However, the E-plane beam of such a patch is always broader than 

the H-plane beam and hence causes asymmetry in the 3D radiation patterns. The E-

plane beam width of such conventional patch antennas is around 80°, whereas the 

same in H-plane is only 67°. Moreover, such antennas suffer from high cross 

polarized (XP) radiation and it becomes worse in its H-plane. Therefore, such 

antennas suffer from poor polarization purity (co-polarized radiation to cross 

polarized radiation isolation or CP-XP isolation) which is a major restriction to 

various applications where improved polarization purity is required over a wide 

angular range [1].  

In the current research on antennas, the wide-angle scanning phased array has 

also become the major challenge to researchers [2], [3]. To reduce the side lobe of 

the wide-angle scanning phased array, a broad beam antenna is required [4]. 

Although the microstrip antenna is a good candidate for the phased array, the narrow 
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beam width with asymmetrical 3D radiation pattern of such antennas is a 

major drawback when it is used in a wide-angle scanning phased array. Symmetrical 

radiation beam along with wide beam width is always preferred for 

using such patch antennas as an efficient feed for a parabolic reflector or to cover a 

particularly for wireless communication. 

Some significant research results were reported to broaden the 

microstrip antennas in [5]–[6]. Around 1300 3 dB axial ratio beam width was 

obtained from [5] with no evidence of XP performance improvement or symmetry in 

3D radiation beam. Moreover, the structure was bulky and followed complex 

g process. Recently, the employment of composite substrate to obtain 

high gain wide beam characteristics in conventional rectangular patch has been 

studied in [6]. Around 8 dBi gain with wide E and H-plane beam widths of 88

, respectively, has been found from [6], with asymmetrical radiation pattern and 

poor polarization purity (CP-XP isolation of only 9 dB). 

 

(a) (b) 

 
 

(c)  (d) 
Proposed DPS with defects on non-radiating side (a) Top view (b) 3D image

with defects on radiating side (c) Top view (d) 3D image.  
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beam width with asymmetrical 3D radiation pattern of such antennas is a 

angle scanning phased array. Symmetrical 

radiation beam along with wide beam width is always preferred for 

using such patch antennas as an efficient feed for a parabolic reflector or to cover a 

Some significant research results were reported to broaden the beam width of 

3 dB axial ratio beam width was 

obtained from [5] with no evidence of XP performance improvement or symmetry in 

3D radiation beam. Moreover, the structure was bulky and followed complex 

g process. Recently, the employment of composite substrate to obtain 

high gain wide beam characteristics in conventional rectangular patch has been 

beam widths of 880 and 

found from [6], with asymmetrical radiation pattern and 

 

 

 

 
(a) Top view (b) 3D image and 



CHAPTER 2: Defected Patch Surface Approach 31 
 

 

The microstrip patch for low XP radiation is an extensively investigated topic 

of research at present. The XP radiation from a patch becomes significant in probe-

fed designs and particularly when the thickness as well as the dielectric constant of 

the substrate increase [7]. The XP fields are more significant in H-plane than in E-

plane. The employment of defected ground structure (DGS) to improve XP radiation 

for microstrip patch is a widely accepted and recent technique for scientific 

community and those have been reported in [8]–[9]. Different geometries of DGS 

have been used in patch antennas to achieve 22–25 dB of CP-XP isolation. However, 

the DGS-integrated patch antennas suffer from difficulty in probe feeding because of 

the placement of slots at ground plane. Moreover, the enhanced back radiations, 

narrow beam and asymmetrical radiation pattern from such DGS-integrated 

microstrip antenna inevitably impose severe limitation in designing any wireless 

link. 

To alleviate the lacunae of the earlier studies and to address improvements 

for complete radiation performance such as symmetry in radiation beam, 3 dB beam 

width, and XP performances, a simple single element grounded comb-shaped patch 

with defects on non-radiating side and other concept with defects on radiating side 

(though not grounded) has been proposed and as depicted in Fig 2.1. The 

investigation has been performed on a patch with width (W) to length (L) ratio 1.5 as 

it yields better performance in terms of XP radiation [10] and impedance band width 

[11]. As the microstrip radiator has poor impedance band width [1], a relatively 

electrically thicker substrate with high dielectric constant is utilized. The substrate 

with high dielectric constant is preferable for electrically thick antenna to remove 

unwanted radiation from the probe and hence produces undistorted CP profile and 

also minimizes XP radiation. Recently, a simple shorted conventional patch has been 

reported in [12] for improvement of the CP-XP isolation. Around 700 and 1000 of E 

and H-plane 3 dB beam width has been obtained, respectively, from the structure. 

Still, it cannot be designated as wide beam antenna as its E-plane radiation beam is 

13% narrower than that of a conventional patch. Moreover, the structure fails to 

bring symmetry in 3D radiation beam [12]. On the contrary, the proposed structure is 

envisaged to perform better than that reported in [12] with respect to the symmetry, 

E- and H-plane 3-dB bandwidth, with 34 dB of CP-XP isolation in the entire 
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elevation angular range. The proposed structures has been intuitively conceived with 

a view to modifying the field distribution beneath the patch and results in a wide 

symmetrical radiation beam along with excellent polarization purity. The proposed 

structures are simple, easy to manufacture, and surely a good candidate for array 

antenna with low side lobe level. Unlike DGS-integrated antennas, the present ones 

do not extend beyond the patch periphery and hence it is free from the problems 

related to inter-element spacing in array antenna design.  

In subsequent sections, the proposed antenna structures and parameters have 

been discussed. In Section 2.2.1, qualitative analysis has been used to explain the 

radiation performance characteristics of the proposed structure. Also the effect of 

grounded strips in minimizing the XP radiations from the proposed structure has 

been discussed in the same section. In Section 2.2.2, radiation characteristics of 

grounded and ungrounded comb shaped microstrip patch antennas have been 

discussed in light of the aperture theory and electric field distribution within the 

substrate. In Section 2.2.3, proposed structure has been enumerated. In Section 2.2.4, 

results (simulated and measured) for the proposed structure have been presented. 

Later, the applicability of the proposed structure in relatively lower frequency band 

has been discussed which germinates a cross polar radiation free antenna. In Section 

2.3.1, Defected Patch Structure (DPS) with defects on radiating side on RMA is 

discussed in detail.  In Section 2.3.2, its results and physical insight has been brought 

out very deliberately. Section 2.4 gives the comparison between the proposed 

structures studied in details. Finally Section 2.5 contains the conclusions derived 

from the findings of the present work. 

 
2.2 Defected Patch Structure (DPS) with Defects on Non-
Radiating Side  
 Theoretical and parametric analysis of various grounded and ungrounded 
shaped structures are discussed in the succeeding sections. 

2.2.1 Theoretical Background of Some Ungrounded/ Grounded Comb-Shaped 
Structures 

Cavity model analysis of microstrip patch antennas is widely acceptable even 

today. The radiation characteristics of a rectangular patch antenna has been reported 

in [6] and [13] using the aperture antenna concept. The fringing fields along both the 
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radiating and non-radiating edges increase the effective dimensions of the patch 

aperture area. In this section, the aperture theory of antenna has been utilized to 

explain the obtained radiation performance of the present antenna. Use of such 

aperture theory to explain planar antenna beam is completely new. Along with the 

physics of aperture theory, an insightful visualization of the fact as been brought out. 

In that regard, the simulated field distribution has been portrayed using High 

Frequency Structure Simulator v. 14 [14]. 

The simulated [14] field distribution over the entire aperture area of the 

microstrip patch (conventional and comb-shaped patch) is depicted in Fig. 2.2. In 

general, the beam width of the microstrip patch (W/L=1.5) is different in two 

principal planes. The E-plane beam is always broader than the H-plane beam. The 

widening of beam from an aperture radiator is mainly because of two reasons: 

(i) The aperture dimension in the corresponding plane. 

(ii) The type of field variation that exists in that plane. 

In a conventional patch, one cosine variation of the electric field distribution 

is observed along the E-plane, whereas, no such variation is present along the H-

plane. Moreover, the effective dimension of the patch in the E-plane (i.e., L+2ΔL) is 

smaller than the effective dimension of the patch in the H-plane (i.e., W+2ΔW). 

These may be attributed for a broader E-plane beam width compared to the H-plane. 

The lateral slots symmetrically cut in the E-plane makes the proposed structure 

essentially a comb-shaped microstrip patch antenna (Fig. 2.1(a)).  

   
(a)  (b) 

FIGURE 2.2 Simulated substrate field distributions for conventional and proposed microstrip patch                       
(a) Conventional structure, (b) Proposed structure (scales are same in both figures). 
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With the introduction of the lateral slots on the patch surface, the top wall of the 

cavity boundary is perturbed. Therefore, the deviation of electric field comes into 

existence along the patch length and hence, it broadens the beam width in its E-

plane. 

 Again, each tooth of the comb is grounded with metal strips to the ground 

plane at the non-radiating edges, and because of the shorting strips placed at the non-

radiating edges; the electric fields are forced to disappear there to satisfy the 

vanishing electric field boundary condition. Hence, an electric field variation comes 

into existence along the width of the patch, which results in the broadening of the H-

plane beam. The fringing along the non-radiating edges are minimized because of 

the shorting strips and, hence the fringing width ΔW decreases. This reduction in 

W+2ΔW also contributed for broadening the H-plane radiation beam. Therefore, in 

both E and H-planes, the radiation beam becomes broader compared to conventional 

microstrip antenna.  However, as the fields are restricted within the physical width W 

of the patch because of the shorting strips, all the electric fields beneath the patch are 

clutched from the non-radiating sides of the patch. This, in turn, increases the 

fringing along the radiating edges and consequently the fringing length ΔL in the E-

plane increases (Fig. 2.2(b)). Therefore, the E-plane dimension of the patch (i.e., the 

effective length of the patch L+2ΔL) increases, which in turn, reduces the beam 

width in its E-plane. Therefore, the beam broadening is more prominent in the H-

plane than in E-plane for the present structure. In the present investigation, the 

structure has been chosen judiciously to obtain symmetrical wide beam radiation in 

both the principal and diagonal planes. Here, the fields within the cavity beneath the 

patch have modified themselves in a particular manner to produce a wide and 

symmetrical radiation beam. Nevertheless, as the fringing fields near the radiating 

edges are not hampered because of modification of the patch structure, the CP 

radiation pattern remains unaltered. 

The XP radiation from an optimally fed rectangular patch antenna mainly 

depends on the radiation from the non-radiating edges [8]. The higher order 

orthogonal resonating fields oscillating back and forth along the width of a patch 

leave significant amount of electric fields near the non-radiating edges which 

contribute in XP radiation from the patch. The asymmetry of the dominant mode 
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2.2.2 ANALYSIS OF SOME UNGROUNDED AND GROUNDED COMB
SHAPED STRUCTURES

(a) 

(d) 
FIGURE 2.3. Top view of 
tooth,  (b) two slots with ungrounded two teeth,  (c) three slots with ungrounded four teeth,  (d) single 
slot with grounded single tooth,  (e) two slots with grounded two teeth,  (f) th
four thin teeth. 
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field distributions between the lower and upper half sections of a patch is also 

another cause of XP radiation from the microstrip patch [9]. In fact, this asymmetry 

in field distribution is basically because of the placement of the feeding probe and is 

unavoidable for a probe fed patch. This asymmetry in the field causes asymmetry in 

the electric field distributions between the lower and upper half sections of a patch. 

In the proposed structure, the fields near the non-radiating edges are minimal 

because of the placement of shorting strips as shown in Fig 

Therefore, the radiations from non-radiating edges caused by orthogonal resonances 

consequently, their contributions to the XP fields are minimized. 

Moreover, as the slots have been judiciously cut along the width of the patch, the 

cavity field beneath the patch gets reoriented and brings symmetry 

lower and upper half sections of a patch. These may be attributed for low XP 

radiation from the patch antenna.  

ANALYSIS OF SOME UNGROUNDED AND GROUNDED COMB
STRUCTURES 

(b) 

  
(e) 

Top view of different comb-shaped patches. (a) single slot with ungrounded single 
tooth,  (b) two slots with ungrounded two teeth,  (c) three slots with ungrounded four teeth,  (d) single 
slot with grounded single tooth,  (e) two slots with grounded two teeth,  (f) three slots with grounded 

In the initial effort, the investigations on the effect of lateral slots (in 

over the patch surface are demonstrated with the six structures (
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p patch [9]. In fact, this asymmetry 

in field distribution is basically because of the placement of the feeding probe and is 

unavoidable for a probe fed patch. This asymmetry in the field causes asymmetry in 

er and upper half sections of a patch. 

radiating edges are minimal 

Fig 2.1(a) and (b). 

rthogonal resonances 

their contributions to the XP fields are minimized. 

Moreover, as the slots have been judiciously cut along the width of the patch, the 

cavity field beneath the patch gets reoriented and brings symmetry between the 

lower and upper half sections of a patch. These may be attributed for low XP 

ANALYSIS OF SOME UNGROUNDED AND GROUNDED COMB-

(c) 

 
(f) 

patches. (a) single slot with ungrounded single 
tooth,  (b) two slots with ungrounded two teeth,  (c) three slots with ungrounded four teeth,  (d) single 

ree slots with grounded 

In the initial effort, the investigations on the effect of lateral slots (in E-plane) 

over the patch surface are demonstrated with the six structures (Fig. 2.3). Before 
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going to radiation characteristics, the reflection coefficient profiles are analyzed as 

shown in Fig. 2.4.  
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FIGURE 2.4. Simulated and measured reflection coefficient (S11) profile of different comb-shaped 
patch antennas. 

When a pair of lateral slots (near both the non-radiating edges; structure Fig. 

2.3(a)), are cut the resonant frequency decreases from 8 GHz (for conventional patch 

with band width of 4.1%) to 7.2 GHz (4.6% band width). As the number of slots 

increases, this resonant frequency continuously decreases along with the slight 

enhancement in band width. It is found that the resonant frequency of structure Fig. 

2.3(b) becomes 6.05 GHz with 5.1% band width, whereas, the same for structure 

Fig. 2.3(c) becomes 5.1 GHz with 6.8% fractional band width. In fact, the reason for 

such changes in resonant frequency can be obtained from one classic analysis [15].  

When horizontal slots are added to a patch, the capacitance of the antenna is 

increased as the current distribution is dispersed by each horizontal slot. The current 

path is diverted through horizontal strips (teeth of the comb) and hence it is 

increased. Therefore, the impedance bandwidth is extended and the operating 

frequency is decreased [16].  

With the introduction of the shorts as can be seen in Fig. 2.3(d) and (e) the 

current gets diverted through the horizontal strip and short-circuited to the ground 

plane. In this manner, when three slots are embedded on to the patch, the four 

horizontal strips (four teeth) develop and those teeth are shorted as in Fig. 2.3(f). 
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Therefore, all the current dispersed through the horizontal strip/teeth gets shorted to 

ground plane. Therefore, a significant amount of dominant mode current flows 

through the central region of the patch instead of following a longer route (via each 

tooth/horizontal strip).  

 
TABLE-2.1 Comparison of simulated 3 dB beam widths and CP-XP isolation for some ungrounded 
and grounded comb-shaped patch of Fig. 3 

Structure Description 3 dB beam 
width in    
E-plane 

3 dB beam 
width in    
H-plane 

CP-XP 
isolation 

Symmetry in 
radiation beam  

at E and          
H-planes 

No slot/No short 
(conventional patch) 

800 670 15 dB 500 

Configuration 3a 950 690 15.5 dB 520 
Configuration 3b 1100 700 16 dB 510 
Configuration 3c 1200 720 15 dB 530 
Configuration 3d 1130 950 20 dB 900 
Configuration 3e 1100 1020 25 dB 1000 

Configuration 3f 1080 1100 35 dB 1250 

No slot/Full shorted non 
radiating edge [12] 

700 1000 34 dB 600 

In fact, the effective path length of the dominant mode current (structure Fig. 

2.3(f)) is similar to conventional structure and is equal to the length of the patch. As 

a result, the resonant frequency of the said structure becomes similar to the 

conventional patch and it is around 8 GHz. The conventional microstrip patch 

without any slot and grounded strips produces broader beam in its E-plane (around 

800) compared to the H-plane (around 670) (Table 2.1). The magnitude of the 

simulated [14] electric field distribution over the patch is shown in Fig.2.5. When a 

single lateral slot has been introduced on the patch surface (Fig. 2.3(a)), the variation 

in the electric field has come into existence along the patch length (Fig. 2.5(b)) and 

hence it significantly has broadened the beam width in its E-plane as discussed in 

section 4.2.1. This introduction of a single lateral slot over the patch surface has 

modified the field to a little extent along the H-plane. Hence, the beam width along 

the H-plane has increased by a small amount.  Table 2.1 and Fig. 2.5 depict that, 

introduction of  more number of lateral slots over the patch surface results in more 

perturbation along the E-plane of the patch and hence, cause more deviations of 

electric field along the length of the patch (i.e., along E-plane). The comparison of 

the variation of electric field magnitudes over the patch surface (along the length) 



CHAPTER 2: Defected Patch Surface Approach 38 
 

 

(Figs 2.5(a), (b), and (c)) undoubtedly illustrate the fact as discussed. Table 2.1 

shows that the 3 dB beam width of 1200 and 720 is achieved in E and H-plane, 

respectively, with a patch with three lateral slots without shorting. Around 50% and 

8% increment in the E-plane and H-plane 3 dB beamwidth, respectively are evident 

in comparison with the conventional patch. The introduction of a single lateral slot 

on the patch surface in its E-plane leaves a thin tooth that is shorted to the ground 

plane with a grounded metallic strip. In a similar manner, when more number of 

lateral slots are introduced, it creates more number of thin teeth that are shorted with 

grounded metallic strips. 

(a) (b) 

  
(c) 

FIGURE 2.5.  Variation of electric field magnitude over patch surfaces where the teeth of the comb 
is not grounded (a) conventional patch, (b) structure of fig 2.3a, (c) structure of fig 2.3c. 
 

It is noted that, as the number of shorted teeth are increased, the E-plane 

beam width decreases gradually, whereas, the same in the H-plane increases 

significantly. Around 4.4% decrement in the E-plane beam width and 17% 

improvement in the H-plane beam width is revealed with four grounded teeth comb-

shaped patch structure. In fact, as the numbers of slots are increased, it in turn 

increases the number of grounded teeth. Now, because of the shorts placed near non-

radiating edges, the fields are trapped beneath the patch rather than being extended 

from non-radiating edges because of fringing. The comparison of Figs. 2.6(a), (b), 
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and Fig. 2.2(b) clearly depicts this observable fact. Therefore, the fringing width ΔW 

becomes zero, which in turn reduces the H-plane dimension of the patch (i.e., the 

effective width of the patch W+2ΔW). 

(a) (b) 
FIGURE 2.6. Simulated substrate field distributions for single and double slotted grounded comb-
shaped microstrip patch (a) structure as in Fig 2.3(d), (b) structure as in Fig 2.3(e). (The distribution 
for proposed structure of Fig 2.3(f) is in Fig. 2.2(b)). 

 

Moreover, the grounded strips minimize the fields near the non-radiating 

edges because of the disappearing electric field boundary condition. Therefore, 

certain field variations are exposed along the H-plane (Fig. 2.7), for single slot and 

three-slot grounded comb-shaped structures. These two factors result in broadening 

the H-plane beam width.  

(a) (b) 
FIGURE 2.7. Variation of electric field magnitude over patch surfaces where the teeth of the comb is 
grounded with metallic strips (a) structure of figure 2.3d, (c) Structure of fig 2.3f (proposed structure). 
 

On the contrary, when the fields are restricted within the physical width W of 

the patch because of the shorting strips, the entire electric fields beneath the patch is 

squeezed. This in turn increases the fringing at the radiating edges and consequently 

the fringing length ΔL in the E-plane increases as discussed in section 2.2.1. 
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Therefore, the E-plane dimension of the patch (i.e., L+2ΔL) increases and beam 

width decreases. Around 1080 and 1120 of the E and H-planes, 3 dB beam widths are 

evident from the present three-slot four-tooth grounded comb-shaped patch structure 

(proposed structure). In the view of above discussions, if we compare the simple 

shorted patch (no slot but fully shorted non-radiating edges) with conventional 

microstrip patch (with no slot and no short), it shows a 13% decrement and in the E-

plane beam widths. However, its H-plane beam is broader than the conventional 

patch.  

The symmetry in 3dB beam width in the principal planes is depicted in    

Table 2.1.  For conventional and ungrounded comb-shaped patch, the symmetry in 

radiation beam is similar and is around 50°. As soon as the teeth of the comb-shaped 

patch are grounded, symmetry increases gradually (Table 2.1). This symmetry of up 

to 125° in the radiation beam in the principal planes is achieved for the proposed 

structure as is apparent from the Table.  

Also, Table 2.1 corroborates  that as the shorting strips are more at the non-

radiating edges, the CP-XP performance improves  because of the minimization of 

electric fields near the non-radiating edges caused by the shorting strips (as 

discussed in section 4.2.1). 

2.2.3 Proposed Structure 

A thin copper strip is utilized as patch (length L= 8.5 mm and width W=12.75 

mm) and it is fabricated on glass epoxy substrate with εr = 5.2 and height h = 1.58 

mm. Three pairs of slots are cut along the width of the patch symmetrically (Fig. 

2.8(a)). The length of each tooth of the comb is Lt = 4.5 mm and the width is Gs= 

1.375 mm. The gap between two thin teeth is Wt = 1 mm. The entire structure is 

fabricated on 30×30 mm2 (2 λg×2 λg) copper ground plane of thickness 0.5 mm. Each 

tooth of the comb-shaped patch is grounded by a metal strip of height equal to 

substrate height h = 1.58 mm.  The proposed patch is fed at 1.2 mm from the center. 

The fabricated prototype is shown in Fig. 2.8(b).  



 

 

(a)
FIGURE 2.8.    Schematic representation of proposed grounded comb
(a) Top view, (b) fabricated prototype; 

 
2.2.4 Results 

The simulated [14

comb-shaped patch antenna 

5.2 and height h = 1.58 mm as defined in Section

The radiation pattern has been 

Agilent’s E8363B network analyzer, Agilent’s E4413A CW power sensor. 

measure is taken to avoid improper soldering during experiment as it may degrade 

the S11 characteristics. Too poor soldering cann

hence the optimum input and radiation performances cannot be achieved. A small air 

gap introduced because of improper soldering can cause an increase in the resonant 

frequency of the structure. The measured resonant freq

structure (8.05 GHz) is shifted by 0.62% toward the higher side of the spectrum 

compared to simulation result (

may be because of the fabrication error as discussed. The structure 

narrowband width of 4.5% as the

higher εr. Figs. 2.10(a)

in the E and H-plane

that the E-plane radiation beam is quite broad and the 3 dB beam width becomes 

around 1080. The XP level of the proposed structure is also below 

elevation angular ranges.
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(a) (b) 
Schematic representation of proposed grounded comb-shaped microstrip antenna 

(a) Top view, (b) fabricated prototype; L= 8.5 mm, W = 12.75 mm. 

The simulated [14] and measured results obtained for the proposed grounded 

patch antenna (with length L = 8.5 mm and width W

= 1.58 mm as defined in Section-2.2.2) are presented in this section. 

The radiation pattern has been measured in an automated anechoic chamber

Agilent’s E8363B network analyzer, Agilent’s E4413A CW power sensor. 

measure is taken to avoid improper soldering during experiment as it may degrade 

characteristics. Too poor soldering cannot feed the antenna efficiently and 

hence the optimum input and radiation performances cannot be achieved. A small air 

gap introduced because of improper soldering can cause an increase in the resonant 

frequency of the structure. The measured resonant frequency of the proposed 

structure (8.05 GHz) is shifted by 0.62% toward the higher side of the spectrum 

compared to simulation result (Fig. 2.9). This little up-shift of resonant frequency 

may be because of the fabrication error as discussed. The structure 

band width of 4.5% as the structure has been fabricated on a substrate with 

.10(a) and (b) depict the radiation pattern of the proposed antenna 

planes, respectively. Both the simulation and measured results s

radiation beam is quite broad and the 3 dB beam width becomes 

. The XP level of the proposed structure is also below 

elevation angular ranges. 
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radiation beam is quite broad and the 3 dB beam width becomes 

. The XP level of the proposed structure is also below -35 dB in all the 
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FIGURE  2.9. Simulated and measured reflection coefficient (S11) profile of the proposed antenna. 

 

 
In the H-plane, the proposed structure exhibits around 1100 of 3 dB beam 

width along with more than 35 dB CP-XP isolation in the entire angular range. The 

measured gain of the proposed antenna is 4.89 dBi. The measured gain of the 

conventional patch of same dimension and frequency is 5.6 dBi (Fig. 2.11). 

Therefore, a decrement in gain by 0.71 dB in the proposed structure is observed. The 

shorts at the non-radiating edges impose restrictions to the fringing fields at the non-

radiating edges. This restricts the fields to be bound within the physical width of the 
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 FIGURE 2.10.   Simulated and measured radiation pattern at f=8.05 GHz (a) E-plane, (b) H-plane. 
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patch only and reduces effectively the width ‘W’ of the patch. It in turn reduces the 

effective aperture of the patch. 

 
FIGURE 2.11. Beam width characteristics of proposed antenna near broadside region (-1250 to 
+1250) at f=8.05 GHz in the principal planes. 

 
Therefore, this decrement in effective aperture may be attributed for the 

decrement in gain in the present structure by 0.71 dB. The measured gain of the 

conventional and proposed structure is around 0.9–0.98 dB below the simulated 

gain. This may be because of the losses in cables and connectors during 

measurement and presence of some ohmic loss in the structure. The simulated 

radiation efficiency of the proposed structure is around 95% and the rest may be 

considered as the ohmic loss. The measured CP radiation profiles in E and H-plane 

are presented in Fig. 2.11.  In both the principal planes, broad beam widths (1080 and 

1100 of 3 dB beam width and 2150 and 2100 of 10 dB beam width in E and H-planes, 

respectively) are found (Fig. 2.11). The measured radiation pattern in E and H-

planes are remarkably symmetrical in the entire broadside region from -1250 to 

+1250. For further corroboration of the symmetrical radiation beam in other diagonal 

planes (φ = 300, 450 and 600), the simulated CP pattern is presented in Fig. 2.12. 

Around 1070 of simulated 3 dB beam widths in φ =300, 450 and 600 diagonal planes 

are clear from the figure. Similar to the principal planes, the uniformity of CP 

radiation profiles in the other skew planes (φ = 450 and 600) persist in the entire 

broadside region from -1250 to +1250. It further confirms the wide symmetry in 3D 

radiation beam from the present structure that can be surely beneficial as feed of 

reflector antennas. There are some ripples in the measured radiation pattern (Figs. 
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2.10 and 2.11). This is mainly because of the finiteness of the ground plane and 

substrate dimensions. The surface waves propagate through the substrate until they 

reach the truncated edge of the dielectric substrate or the edge of a finite (substrate-

covered) ground plane where they are either diffracted or reflected. The diffracted 

signals then interact with the primary space wave radiation from the patch antenna 

and can cause ripples in the far field radiation pattern. This ripple effect in the 

radiation pattern becomes more for electrically thicker substrate. Nevertheless, in 

actual usage, a finite size ground plane can only be implemented.  

 

In some applications, for instance, in hand held receivers, space is at a 

premium. Moreover, for the use of microstrip antenna as a reflector feed (which is 

the focus of the present study), the ground plane size should be limited. The goal is 

to reduce the antenna size and the ground plane extension beyond the patch 

dimensions to a minimum [1].  

The CP-XP isolation of the present structure is around 35 dB, whereas the 

same for conventional patch is only 9 dB in other diagonal/skew planes (φ = 300, 450 

and 600) (Fig. 2.13). In the diagonal planes, XP radiation depends on the ratio of 

fringing fields at radiating to non-radiating edges (i.e.,Er/Enr)  [9]. The reduction of 

Enr and increment of Er causes reduction of XP in diagonal planes. There is a 

significant asymmetry in XP fields along the off-broadside direction in case of 

conventional patch (Fig. 2.13). The asymmetric distribution of fringing fields at non-

 
FIGURE 2.12. Simulated beam width characteristics of proposed antenna near broadside region    
(-1500 to +1500) at f=8.05 GHz in the diagonal planes. 
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radiating edges (Enr) between lower and upper half section of the patch (Fig. 2.2(a)) 

causes significant asymmetry in Er/Enr, which may be attributed to the asymmetric 

XP at off-broadside direction of conventional patch. This asymmetry is reduced in 

the proposed structure (Fig. 2.2(b)) and therefore, the XP fields are nearly 

symmetrical along the broadside direction (Fig. 2.13). 

 
FIGURE 2.13. Simulated relative XP performance of proposed and conventional patch at diagonal 
skew (φ =450 and 600) planes. 

It is found that front-to-back radiation isolation increases with ground plane 

dimension (Dλg=D/λg) but has a tendency to saturate beyond D/λg=1.5 to 3. The 3 dB 

beam width in the E-plane increases and that for H-plane decreases with D/λg when 

D/λg varies from 0.5 to 3. The beam widths in both E and H-planes become similar 

nearly when D/λg=2. However, it is interesting to note that, for conventional patch 

antenna, the beam widths in both principal planes are similar when D/λg is small and 

the same happen to be different when D/λg becomes greater than 1.5.   On the 

contrary, the proposed structure can produce wide symmetrical radiation in the entire 

range of D/λg and it varies within a limited range from 1050 to 1110 in both the 

principal planes (Fig. 2.14).  

In [17] an antenna has been reported with a grounded E shaped patch for 

improved polarization purity (around 30-40 dB) in the both principal planes and 

wide 3 dB beam width of 940in the H-plane only. The structure is purely intuitive 

and simulation based. Therefore, the investigation fails to exploit the structure for 

the improve radiation performance in terms of symmetry in radiation patterns and 

beam width enhancement in different diagonal planes. 
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FIGURE 2.14. Measured variation of front-to-back radiation isolation and beam width of the 
proposed patch as a function of ground plane dimension in terms of wavelength. 

 
Hence, we believe that the researchers should carry out more rigorous 

investigation with the similar structure. The issue of antenna cross-polarization 

isolation is very much crucial for the design of fully polarimetric synthetic aperture 

radars (P-SARs) [18]. Dual-polarized antennas with cross-polarization isolation that 

is better than -25 dB are desirable for more convenient polarimetric data calibration 

and in maritime surveillance applications [18]. The polarization purity is 

significantly required for dual-polarized hybrid antenna array operating in the 2.6-

GHz band (2550-2650 MHz) for 5G communication multi-input multi-output 

(MIMO) operation [19]. Therefore, for further corroboration of the applicability of 

the present configuration in relatively lower frequency (S band-2.6 GHz), the 

simulated radiation pattern of a 30 × 45 mm patch with D/λg=2.1 have been 

examined and presented in Fig. 2.15. The simulated gain is around 5.3 dBi. Around 

107° of 3 dB beam width in both the principal E and H-plane is evident from the fig. 

14. The radiation beams in principal planes are really symmetrical in the entire 

broadside region from -1000 to +1000. It may be noted that the said antenna exhibits 

excellent polarization purity (CP-XP isolation around 50 dB) in the entire elevation 

angular range and hence gives birth to a 2.6 GHz “cross polarization free planar 

antenna” with 6.5% bandwidth. 
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FIGURE 2.15.  Simulated radiation  pattern of the present structure in both principal E and H-
planes at f =2.6 GHz 

 
2.3 Defected Patch Structure (DPS) with Defects on Radiating 
Side 

Parametric and physical insight has been given in succeeding sections for 

DPS integrated RMA with defecting at radiating sides of the patch which is a rare 

practice however the pros and cons have also been enumerated.  

2.3.1 Background 

Compared to DGS integrated antennas, which have its own established 

benefits, defected patch structure (DPS) is a newer technique to suppress XP 

radiation [20] and as is discussed in preceding sections. This technique reduces back 

radiation level from a RMA in comparison to DGS integrated antennas. Around 25-

30 dB of CP-XP ratio is revealed from [20] while the same is 35dB in case of 

proposed structure. In these structures, the defects have been judiciously placed at 

the non-radiating edges of the patch so that, the electric field distributions of 

spurious higher order modes particularly that of TM02 can be nullified with same 

variation in the electric field distribution of dominant TM10 mode.  

In this work, single layer, simple and compact RMA, with corrugation like 

defects at the radiating edge, is studied thoroughly to reduce XP radiation from the 

patch. Unlike the earlier works on DGS and DPS integrated RMAs, the defects have 

been judiciously placed at the radiating edge of the RMA (Fig 2.1(d)). Earlier, 

different research groups reported application of corrugated circular patch for 

-150 -100 -50 0 50 100 150
-60

-55

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

XP

CP

 CP [H plane]
 XP [H plane]

 

 

 CP [E plane]
 XP [E plane]

R
el

at
iv

e 
p

ow
e

r 
le

ve
l (

d
B

)

Angle (theta) in degrees



CHAPTER 2: Defected Patch Surface Approach 48 
 

 

miniaturization and corrugated ground plane for improving CP-XP isolation at φ=450 

plane.  

On the contrary, from the present work and proposed structure (Fig 2.1(d)) 

around 40dB, 30 dB CP-XP isolation have been revealed at principal E and H plane, 

respectively, over whole elevation angle (±1800), whereas, for a RMA the same is 

around 8-10 dB in the H-plane. The structure resonates around f=7.72 GHz with 7% 

impedance bandwidth when defect length Lt=4 mm. However, it has also been 

observed that with a slight increase in the defect length (Lt=5 mm), the structure 

exhibits dual resonance at f=6.61 GHz and f=7.72 GHz. In the latter case, CP-XP 

isolation are around 11 dB, 30 dB in the principal H plane at f=6.61 GHz and f=7.72 

GHz, respectively. The antenna has been designed on FR-4 substrate (εr= 4.4) of 

dimensions 25×25 mm2. The peak CP gain from the proposed structure is around 5 

dBi.  

2.3.2 Proposed Structures 

A thin copper strip of length (L) =8 mm and width (W) = 12 mm, is utilized 

as patch and it is fabricated on FR-4 substrate with height (h)= 1.575 mm and εr= 4.4 

of dimensions 25×25 mm2 (Fig. 2.1(d)). Two antenna structures are studied and 

analyzed in the following sections. 

(a) In antenna 1, four defects of dimensions (Lt×Wt) = 4×1 mm2 have 

been cut on the patch surface at the radiating edge.  

(b) In antenna 2, the length of each defect has been increased to Lt=5mm 

but, the width of the slot Wt is kept unaltered. 

The ground plane dimensions are (LG×WG) = 25×25 mm2. The antenna 1 and 

antenna 2 are fed at pc=1.4 and 1.6 mm from the center of the patch, respectively, 

through a co-axial probe.  

2.3.3 Results and Physical Insight 

In this section, the simulated [14] results of a conventional RMA and RMAs 

with corrugated edge with slot dimensions (Lt×Wt) = 4×1 mm2 and 5×1 mm2 have 

been presented.  
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FIGURE 2.16   Reflection coefficient profile (S11) for conventional RMA, antenna 1 and antenna 2. 

Conventional RMA:  

Fig. 2.16 and Fig. 2.17 shows the simulated reflection coefficient (S11) and 

radiation patterns for a conventional RMA. The conventional RMA resonates at f = 

7.61 GHz with 4% impedance bandwidth (Fig. 2.16). It can be noted that for the 

conventional patch, peak CP-XP isolation is nearly 12 dB at around ±500 in H-plane 

whereas, in E plane, CP-XP isolation is around 40 dB (Fig. 2.17). 

Antenna 1: RMA with corrugated radiating edge with slot dimensions (Lt×Wt) 

= 4×1 mm2 

The antenna 1 resonates at f = 7.72 GHz with 4.2% impedance bandwidth 

(Fig. 2.16). It can be noted that for antenna 1, peak CP-XP isolation is nearly 30 dB 

at around ±500 in H-plane whereas, in E plane, CP-XP isolation is around 50 dB 

(Fig. 2.17). It is evident that, 30-40 dB of XP suppression is achieved over whole 

elevation angle (+1800 to -1800) than that of a conventional RMA (Fig. 2.17). 

Antenna 2: RMA with corrugated radiating edge with slot dimensions (Lt×Wt) 

= 5×1 mm2 

 The antenna 2 exhibits dual resonances at f = 6.61 GHz and f = 7.72 GHz 

with 6% impedance bandwidth (Fig. 2.16). It can be noted that for antenna 2, at f = 

6.61 GHz, peak CP-XP isolation is nearly 12 dB at around ±500 in H-plane whereas, 

in E plane, CP-XP isolation is around 55 dB (Fig. 2.18). At f = 7.72 GHz, peak CP-
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XP isolation is nearly 30 dB at around ±500 in H-plane whereas, in E plane, CP-XP 

isolation is around 55 dB (Fig. 2.18). At, f = 7.72 GHz, 30-40 dB of XP suppression 

is achieved over whole elevation angle (+180° to -180°) than that of a conventional 

RMA. It is also observed that the CP radiation patterns are nearly same at f = 6.61 

GHz and f = 7.72 GHz which indicate excitation of dominant modes at both the 

frequencies. 

 

  
(a) (b) 

 FIGURE 2.17   Radiation patterns of conventional RMA and antenna 1 at the centre frequency at:              
 (a) H- plane, (b) E-plane. 

  
(a) (b) 

 FIGURE 2.18   Radiation patterns of antenna 2 at: (a) f=6.61 GHz and (b) f=7.72 GHz. 
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2.4 Comparison between Both Types of DPS RMA  

 Table 2.2 tabulates various radiation parameters for performance analysis for 
both types of DPS integrated antennas. 

TABLE 2.2 Tabulation of radiation parameters for performance analysis for both types of DPS 
integrated antennas. 

Type of 
DPS 

Name 
Antenna 
Structure 

L 
(mm) 

W 
(mm) 

Feed 
positio

n 
(offset 
from 

centre) 
(mm) 

Symmetry 
in 

radiation 
beam at E 

and H-
planes 

Resonating 
Freq  

(GHz) 

Gain 
(dBi) 

Impedance 
BW 
(%) 

Polarization 
purity 
(dB) 

No 
Defecting 

CRMA 
Conventional 

RMA 
8.5 12.75 1.2 5° 8 5.6 4.1 15 

DPS at 
non-

radiating 
Side 

Grounded 
Comb-
Shaped 
Patch 

Antenna 

length of 
tooth 
4.5 mm and  
width is 1.375 
mm, gap 
between teeth 
is 1 mm. 
Ground 
30x30mm 

8.5 12.75 1.2 125° 8.05 4.89 4.5 
35 

(measured) 

No 
Defecting 

CRMA 
Conventional 

RMA 
8 12 1.2 

5° 

7.61 5.6 4 12 

 
DPS at 

radiating 
Side 
## 

Antenna 1 

Lt = 4 mm. 
Gap of 1mm  
and 
Ground 
25x25mm 

8 12 1.4 7.72 5 4.2 
30-40 

(simulated) 

Antenna 2 

Lt = 5 mm. 
Gap of 1mm     
and 
Ground 
25x25mm 

8 12 1.6 
6.61 
& 

7.72 
5 

 
 

6 
 
 

 
30dB-H 

plane 
55dB-E 
Plane 

(simulated) 

         ## aiming to find wide symmetrical radiation beam with defects in radiating  edge fails to address the same.  
 
2.5 Conclusion 

The chapter deals mainly with the Microstrip patch antenna with defected 

patch surface. The chapter has been mainly divided in two parts wherein detailed 

investigations have been shown in antennas having DPS at radiating and non-

radiating side. The independent conclusions are as enumerated below and the final or 

holistic conclusion has been drawn based on the section 2.4 above and the benefits as 

described in preceding sections:- 

(a) DPS integrated RMA (with defects on non-radiating side):  A simple 

and compact grounded comb-shaped microstrip patch antenna has been 

proposed for significantly improved radiation performance. The experimental 

investigation has been carried out for two different frequencies in X and S 
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bands. In both the cases, the present structure show consistently improved 

radiation performances such as wide symmetrical radiation beam with very 

low XP radiation.  In fact, these characteristics are very much positive for 

modern 5G communication, fully polarimetric synthetic aperture RADARs 

and some other applications in modern wireless communication links. 

Around 1050-1100 of 3 dB beam width is evident with more than 35 dB CP-

XP isolation from the structure while the same for a conventional patch is 

only 15 dB. Around 15 dB of front-to-back radiation isolation is found from 

the proposed patch. Most importantly, the proposed antenna produces 65% 

and 35% broader beam in H and E-planes respectively than that of a classical 

microstrip antenna. The structure is surely helpful for the scientists, 

researchers and practicing engineers looking for such simple low profile 

single element antenna with symmetrical beam and low XP radiation pattern 

mainly for polarimetric radars or as feed to reflector antennas like parabolic 

reflector antennas. 

(b) DPS integrated RMA (with defects on radiating side):  Single layer, 

simple and compact RMA, with corrugation like defects at the radiating edge, 

is recommended herewith to achieve improved polarization purity over whole 

elevation angle. Linear defects have been placed at the radiating edges of the 

patch to reduce cross polarization radiation. Around 30-40 dB of CP-XP 

isolation is observed in H plane with 7% impedance bandwidth in case of 

antenna 1 and in E plane also, more than 55 dB CP-XP isolation is found.  

Also, in case of antenna 2, dual resonances have been found due to an 

increase in defect length.  The proposed structure is simple and easy to 

fabricate. It will surely find applications in array antenna design and 

establishing wireless links where, improved polarization purity is required. 

However, placing defects on radiating edges are not reliable as it may hamper 

radiating edge fields of 𝑇𝑀ଵ mode specifically for smaller patches. The 

selection of above mentioned DPSs for particular applications to be based 

mainly on the level of requirement of polarization purity and the scope of 

implementation of array. The employment of array is must since the 

individual gain is limited here as observed but the polarization purity is 
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extremely high which makes it one of the most suitable candidates for array 

and for polarimetric radars or as feed to reflector antennas like parabolic 

reflector antennas. The bandwidths are limited too however the design and 

fabrication is extremely easy and would be fast and simple for automated 

factory level production chain. If a scope of slight investment of time and 

soldering efforts is available then DPS integrated RMA (with grounded 

defects on non-radiating side) should be preferred, else the easiest and fastest 

concept proposed herewith is DPS integrated RMA (with defects on radiating 

side) for second best results. 

 

 With the above discussed facets in mind of a limited short coming of 

marginal gain and restriction of bandwidth. Some other techniques must be explored 

to enhance the gain and bandwidth of RMA. 
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3.1 Introduction 

 Rectangular microstrip antenna (RMA) is the most useful antenna structure 

for its wide variety of applications, due to its simple design, ease of implementation, 

low profile, thin and conformal properties. Apart from these desirable properties, a 

simple RMA suffers from some severe disadvantages like low gain (around 5-7 dBi) 

and narrow impedance bandwidth (around 5%). RMA radiates linearly polarized 

wave along its broadside called, co-polarized (CP) radiation with poor CP gain 

which is not suitable for some specific applications where a little higher gain is 

required. Notably a few degree of cross-polarized (XP) radiation is also 

accompanied with CP radiation. Therefore, enhancement of CP gain without 

affecting the XP performance of RMA is a crucial assignment for research 

community. Further, the improved gain along with wider bandwidth specifically 

ultra wide bandwidth (UWB) is always preferred for using such antenna as an 

efficient radiator, particularly for satellite communications.  There has been 

considerable research effort put into UWB radio technology worldwide. However, 

the non digital component of UWB system i.e transmitting/ receiving antennas 

remains a particularly challenging topic. 

 Larger CP gain is always a positive requirement for a RMA and that using an 

air and air dielectric composite substrate has been achieved earlier [1]-[3]. Although, 

around 8.5 dB of peak CP gain is achieved, they fail to keep satisfactory level of XP 



 

 

and bandwidth performances of RMA. Polarizatio

isolation) in those cases are around 7

worsen at the higher frequency as the XP radiation increases with frequency [4

Also, the bandwidth in those cases 

is a well established technique for RMA to improve its polarization purity [

is observed that, the polarization purity of 20

[7], [8] and circular headed dumbbell DG

[9] DGS integrated RMA. However, in all these reports except [6] neither the gain 

nor the bandwidth of RMA is improved. Around 6

11% bandwidth is revealed from those. On the contrary, the

best result where, 9 dBi peak CP gain along with 22% bandwidth and a polarization 

purity of around 19-20 dB is achieved. 

(a)
FIGURE 3.1. Proposed HDGS integrated RMA

 
 In order to overcome the above mentioned shortcomings of RMA, i

Chapter, a hexagonal DGS (HDGS) integrated RMA (

studied for high gain UWB operation at 

to achieve stable radiation p

Unlike other structures, in the present structure the defect has been shaped in such a 

way that it modulates the field structure beneath the patch which in turn, improves 

both the gain and the band

performance. Around 9 dBi stable peak CP gain, ultra wide bandwidth 

58% with stable radiation pattern is revealed from present single layer RMA. 
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and bandwidth performances of RMA. Polarization purity (CP

isolation) in those cases are around 7-8 dB in X band RMA and nevertheless, it will 

higher frequency as the XP radiation increases with frequency [4

bandwidth in those cases was only 5-7%. Defected ground structure (DGS) 

is a well established technique for RMA to improve its polarization purity [

is observed that, the polarization purity of 20-25 dB can be achieved from slot DGS 

] and circular headed dumbbell DGS [6], non proximal [10]

[9] DGS integrated RMA. However, in all these reports except [6] neither the gain 

nor the bandwidth of RMA is improved. Around 6-7 dBi peak gain with maximum 

11% bandwidth is revealed from those. On the contrary, the structure [6]

best result where, 9 dBi peak CP gain along with 22% bandwidth and a polarization 

20 dB is achieved.  

 
(a) (b)
Proposed HDGS integrated RMA (a) Schematic diagram 

order to overcome the above mentioned shortcomings of RMA, i

Chapter, a hexagonal DGS (HDGS) integrated RMA (Fig. 3.1) has been thoroughly 

studied for high gain UWB operation at X, Ku and Ka band. Efforts have been given 

to achieve stable radiation pattern with high stable gain in the entire operating band. 

Unlike other structures, in the present structure the defect has been shaped in such a 

way that it modulates the field structure beneath the patch which in turn, improves 

both the gain and the bandwidth simultaneously without hampering its XP 

. Around 9 dBi stable peak CP gain, ultra wide bandwidth 

58% with stable radiation pattern is revealed from present single layer RMA. 
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n purity (CP-XP radiation 

nd nevertheless, it will 

higher frequency as the XP radiation increases with frequency [4], [5]. 

7%. Defected ground structure (DGS) 

is a well established technique for RMA to improve its polarization purity [6]-[10]. It 

achieved from slot DGS 

S [6], non proximal [10] and asymmetric 

[9] DGS integrated RMA. However, in all these reports except [6] neither the gain 

7 dBi peak gain with maximum 

structure [6] offers the 

best result where, 9 dBi peak CP gain along with 22% bandwidth and a polarization 

 
(b) 

Schematic diagram  (b) 3D image 

order to overcome the above mentioned shortcomings of RMA, in this 

) has been thoroughly 

band. Efforts have been given 

gain in the entire operating band. 

Unlike other structures, in the present structure the defect has been shaped in such a 

way that it modulates the field structure beneath the patch which in turn, improves 

width simultaneously without hampering its XP 

. Around 9 dBi stable peak CP gain, ultra wide bandwidth (UWB) of 

58% with stable radiation pattern is revealed from present single layer RMA. 
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Therefore, the present work happens to be the first work where, DGS technology has 

been adopted to achieve high gain with UWB performance from single element 

RMA. In section 3.2, parametric study of the proposed Hexagonal DGS integrated 

RMA has be done followed with the structural details, experiments and results. In 

section 3.3, performance evaluation of various DGS integrated RMAs with defects in 

increasing order of polygons has been done. Also, the parameters have been 

compared and tabulated for better analysis and to selection by research and industry 

community. Section 3.2 concludes the chapter to curl out advantages and limitations.   

3.2  Hexagonal DGS (HDGS) integrated RMA 

Parametric and physical insight based on results by simulation and 

measurements has been given in succeeding sections for HDGS integrated RMA. 

3.2.1 Parametric Studies 

 The rectangular microstrip antenna (RMA) is an open resonator where top 

and bottom walls are electric walls (PEC) and the four side walls are considered 

magnetic walls (PMC). Now, if the defect is placed on the ground plane, it perturbs 

the cavity boundary conditions and hence modulates the field beneath the patch. 

Therefore, the near field distribution becomes altered, which in turn, influence the 

input and radiation property of the RMA. The modulation of the cavity fields 

depends critically on the geometrical shape of the defect. Therefore, the judicious 

choice of the defect geometry is critical to obtain the optimum performance of the 

antenna. With this in view, four hexagonal defects have been incorporated at the 

ground plane in such a way that, the centre of the hexagon becomes coincident with 

the patch corners as shown in Fig. 3.1  

Initially a RMA with length L = 7.1 mm and width W = 10.8 mm has been 

fabricated on RT Duroid/ 5870 substrate with thickness of h= 1.575 mm and with 

dielectric substrate of permittivity εr = 2.33. In the next, a hexagon defect of side 

length 1 mm (ah = 1mm) is incorporated at four corners of the patch. The reflection 

coefficient profile and the impedance band width (Fig. 3.2 and 3.3) of such HDGS 

integrated RMA with ah = 1mm shows sudden improvement in impedance band 

width compared to the conventional RMA. The input impedance band width of 

conventional patch with no DGS (ah = 0) shows around 5.35% impedance band 
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width while the same for HDGS integrated RMA with ah = 1mm is around 11% at its 

lowest order dominant TM10 mode. It is also interesting to note that, as soon there is 

introduction of defect at the ground plane, the resonant frequency of lowest order 

dominant mode shifts around 2% in the higher side of the spectrum (Fig. 3.2). 
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FIGURE 3.2 Reflection coefficient profile for conventional RMA and HDGS integrated RMA of 
different side length ah in mm. 
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FIGURE 3.3. Fractional impedance band width of conventional and HDGS integrated RMA of 
different side length ah in mm 
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This may be due to slight decrement of effective permittivity of substrate due to 

hexagonal defect for present RMA as is indicated in [8]. Now, as the value of ah 

increases, fractional bandwidth increases monotonically up to ah = 2.8 mm. In fact, 

the defect beneath the patch increases loss and lowers the cavity Q factor and that 

can be obtained from cavity model as indicated in [6]. Therefore, as the defect 

dimension increases, it increases the bandwidth of proposed RMA. Indeed, the 

fringing fields near radiating edges follow the defect periphery because the fields 

always try to be terminated at the sharp edges of the defect. As a result, the fringing 

fields increase in such structures instead of being confined under the patch. 

Consequently, stored energy under the patch i.e microstrip cavity resonator 

decreases. Moreover, the radiation leaked through the defect into the back side 

increases the radiation loss and hence lowers the Q factor due to radiation loss.  

Therefore, the decrease in stored energy and increase of radiation loss may be 

attributed for lowering the total Q factor of the microstrip resonator which in turn 

increases the bandwidth of HDGS integrated RMA. The fractional band width of 

HDGS integrated RMA with ah = 2.5 mm becomes around 30%. Now, further 

increment of the value of ah shows more improvement in fractional band width of 

HDGS integrated RMA. Around 58% impedance bandwidth is evident from 

proposed HDGS integrated RMA with ah = 2.9 mm at its design frequency (f = 12.2 

GHz). 

 It may be noted from Fig. 3.2 that, the 2nd higher order orthogonal TM02 

mode for conventional RMA lies at 17.6 GHz. The simulated current distribution 

and magnitude of electric field distribution on the patch surface at f = 17.6 GHz is 

shown in Fig. 3.4(a) and 3.4(c). This confirms that, the above said frequency is 

corresponding to TM02 mode for the conventional RMA. Now, as the value of ah 

increases, the reflection coefficient profile become more and more flat and  the 2nd 

dip of the S11 profile of HDGS integrated RMA gradually comes closure towards the 

1st dip of S11 profile (primary TM10 mode frequency at which the antenna is 

designed). Therefore, it may be apparent that, the 2nd higher order orthogonal mode 

merges with the primary mode resulting in broader bandwidth of the proposed 

structure. However, the simulated current distribution and magnitude of electric field 

distribution on the patch surface at f = 16 GHz (2nd dip of S11 profile of HDGS 
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integrated RMA with ah = 2.9 mm), depicted in Figs. 3.4(b) and 3.4(d), confirms 

that the conjecture is not true. It is evident from Figs. 3.4(b) and 3.4(d) that, both the 

distributions of electric surface current and electric field magnitude on the patch 

surface of HDGS integrated RMA with ah = 2.9 mm at f = 16 GHz is exactly similar 

to that of the dominant mode. Hence, it corroborates that, there is no such influence 

of  TM02 mode at the higher frequency region in the operating band of proposed 

HDGS integrated RMA with ah = 2.9 mm. 

 
 

 

(a) (b) 

 

  

(c) (d) 
FIGURE 3.4. Simulated distribution of electric current and electric field magnitude on patch surface 
(a) electric surface current on conventional patch at f = 17.6 GHz, (b) electric surface current on 
present structure with ah =2.9 mm at f = 16 GHz (c) electric field magnitude on conventional patch at 
f = 17.6 GHz, (d)  electric field magnitude on present structure with ah =2.9 mm at f = 16 GHz 
  
Therefore, the hexagonal defects efficiently perturb the TM02 mode and enhance the 

bandwidth of the primary dominant TM10 mode. In fact, the reflection coefficient 

profile of the antenna structure is mainly governed by E/H ratio (electric field to 

magnetic field intensity ratio) near the feed location. In the present configuration, 
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because of the hexagonal geometry of the defect, the E and H fields beneath the 

patch are modulated in such a way that it offers a very good matching over wide 

range of frequencies at its primary dominant TM10 mode. Therefore, it may be 

concluded that, the judicious choice of the geometry of the defect and its dimension 

plays a vital role for obtaining the optimum performance of the patch antenna.  

 Now, we may focus into the radiation pattern of such configuration. The peak 

gain and the front to back radiation isolation (F/B radiation isolation) of RMA with 

(finite ah values) and without (ah = 0) hexagonal defect is depicted in Fig. 3.5. It is 

observed from the figure that, as soon as the hexagonal defect with   ah = 1mm is 

incorporated in ground plane, the peak gain of the structure increases around 1 dB. 
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FIGURE 3.5 Gain and F/B radiation isolation of conventional RMA and HDGS integrated RMA for 
different side length ah in mm. 
 
 The gain of the conventional antenna without HDGS is 7.5 dBi, while the 

same with HDGS structure is around 8.35 dBi. Then, the value of ah, incresses gain 

increases up to 9.03 dBi (when ah = 2.8mm).It may also be noted from Fig. 3.5 that 

the rate of increase in gain is higher than rate of degradation of F/B ratio till ah = 

2.5mm. After that point the back radiation increases abruptly and hence the F/B ratio 

degrades significantly. However, the performance of gain and F/B ratio is still better 

till ah = 2.9mm. In fact, the fringing fields near radiating edges follow the defect 
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periphery and hence, increase the fringing length. Therefore, the effective aperture 

increases and this may be attributed to higher gain in HDGS integrated RMA. Fig. 

3.6 depicts the electric field distribution over the substrate for conventional and 

proposed HDGS integrated RMA. It is clear from the figure that, the electric fields 

are distributed over wider area in HDGS integrated RMA compared to that for 

conventional RMA. 

 The effective aperture of the antenna is given by [2] 

   
22

22


WWLLAeff 
  (3.1)  

 

Where, ΔL and ΔW is the fringing length and width of the patch of length L and 

width W. The operating wavelength is λ. 

 It may also be noted that, as the value of ah is increased, back radiation also 

increases. This in turn, degrades the F/B radiation isolation. The F/B radiation 

isolation for conventional structure is around 20 dB while the same for HDGS 

integrated RMA with ah = 2.8 mm is 17.5 dB. The further increment of ah results in 

the reduction of gain. This may be due to the severe back radiation, as there is 

significant leakage of radiation field in the back side of the antenna due to its large 

defect dimension. However, when ah = 2.9 mm; the gain of the structure becomes 

slightly less than that for ah = 2.8 mm and it is around 9.01 dBi while its F/B 

radiation isolation is around 17.43 dB. Further increase in ah (= 3 mm) offers the 

peak gain of 8.5 dBi with F/B radiation isolation of 16 dB. Hence, ah = 3mm is not 

justified because of its poor F/B radiation isolation with the peak gain similar to the 

case of ah = 1mm. 

 In order to investigate the versatility of the present structure in other 

frequency band, similar configuration has been designed with HFSS [11] for X band 

with L = 12 mm, W = 18 mm, and ah = 5 mm. It is found that the structure exhibits 

broad impedance bandwidth of 72.28% (7.14 GHz to 12.65 GHz) with respect to its 

design frequency (Fig. 3.7). The simulated peak gain of the structure in X band 

varies from 9.55 dBi to10.5 dBi over the band though not shown in this chapter. The 

F/B radiation isolation of the structure is observed to be around 16 dB at the design 

frequency. In order to suppress the back radiation, another metallic plate (designated 
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as 2nd ground plane) has been employed behind the conventional defected ground 

plane. It may be noted that, the F/B radiation isolation of the structure with the 2nd 

ground plane has been improved by 2 dB while it losses both the features of broad 

impedance band width and high gain. 

 

 

  

(a) 
 

  

(b) 
FIGURE 3.6  Magnitude of electric field distribution over the substrate for (a) conventional and     
(b) HDGS integrated RMA with ah =2.9 mm. 
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It is because of the fact that, much of the fringing fields near radiating edges will be 

terminated at 2nd ground plane rather than being terminated at defect periphery. 

Therefore fringing length reduces which in turn, decreases the effective aperture and 

hence the gain of the structure. Furthermore, the loss due to back radiation is 

minimized due to the presence of 2nd ground plane. This in fact, decreases the Q 

factor due to radiation loss and consequently reduces the input impedance 

bandwidth. A similar investigation has been carried out with another dielectric plate 

(PTFE; εr = 2.33) behind the conventional defected ground plane. No such specific 

improvement is noted. Therefore, the idea of employment of 2nd plate (metallic/ 

dielectric) behind the ground plane has not been considered and examination of the 

structure in X, Ku and Ka band without any back plate for experimental verification 

is continued with. 
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FIGURE 3.7 Simulated reflection coefficient profile of X band HDGS integrated RMA with and 
without back plate (metallic/dielectric). 

 

  



 

 

3.2.2 Proposed Structure

FIGURE 3.8 Fabricated HDGS of patch length 
dielectric substrate of permittivity 
multi layer image with help of neon light and (d) ground plane side with completely integrated with SMA 
connector. 
 RMA of length 

5870 dielectric substrate of permittivity 

Ka band as shown in 

Four defects of hexagonal geometry of side length 

corners of the patch in such a way that, the centre of hexagon coincides with the 

patch corner as shown in 

3.2.3 Experiments and 

The simulated

integrated RMA are presented in the following section. The patch is fed with a SMA 

connector at 3.3 mm from the centre of the patch. The radiation pattern has been 

measured using Agilent 

probe. Agilent single channel power meter is also utilized for the measurement. 

Fig. 3.9 shows the measured and simulated reflection coefficient profile for proposed 

HDGS integrated RMA with 

The resonant frequency has been o

that the structure is resonating near 12.2 GHz at the optimum feed position. It is 

observed from the figure that, the impedance bandwidth of proposed HDGS 

integrated RMA with 
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Proposed Structure 

Fabricated HDGS of patch length L = 7.1 mm, width W = 10.8 mm on RT 
dielectric substrate of permittivity εr= 2.33, height h = 1.575 mm (a) patch side, (b) ground plane side, (c) 

image with help of neon light and (d) ground plane side with completely integrated with SMA 

RMA of length L = 7.1 mm, width W = 10.8 mm fabricated on RT duroid/

5870 dielectric substrate of permittivity εr= 2.33, height h = 1.575 mm for 

as shown in Fig 3.8. The dimension of the ground plane is 80 X 80 mm

Four defects of hexagonal geometry of side length ah = 2.9 mm is placed at four 

corners of the patch in such a way that, the centre of hexagon coincides with the 

patch corner as shown in Fig. 3.1 and 3.8.  

Experiments and Results 

The simulated (HFSS [11]) and measured results for the proposed HDGS 

integrated RMA are presented in the following section. The patch is fed with a SMA 

connector at 3.3 mm from the centre of the patch. The radiation pattern has been 

using Agilent network analyzer, Agilent power sensor

probe. Agilent single channel power meter is also utilized for the measurement. 

shows the measured and simulated reflection coefficient profile for proposed 

HDGS integrated RMA with ah = 2.9 mm.  

The resonant frequency has been obtained from S11 minimum and it shows 

that the structure is resonating near 12.2 GHz at the optimum feed position. It is 

observed from the figure that, the impedance bandwidth of proposed HDGS 

integrated RMA with ah =2.9 mm is around 58% at its design freq

(c) 

(d) 
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= 10.8 mm on RT Duroid/5870 with 

tch side, (b) ground plane side, (c) 
image with help of neon light and (d) ground plane side with completely integrated with SMA 

= 10.8 mm fabricated on RT duroid/ 

= 1.575 mm for X, Ku and 

. The dimension of the ground plane is 80 X 80 mm2. 

= 2.9 mm is placed at four 

corners of the patch in such a way that, the centre of hexagon coincides with the 

and measured results for the proposed HDGS 

integrated RMA are presented in the following section. The patch is fed with a SMA 

connector at 3.3 mm from the centre of the patch. The radiation pattern has been 

power sensor with Agilent’s 

probe. Agilent single channel power meter is also utilized for the measurement.    

shows the measured and simulated reflection coefficient profile for proposed 

minimum and it shows 

that the structure is resonating near 12.2 GHz at the optimum feed position. It is 

observed from the figure that, the impedance bandwidth of proposed HDGS 

=2.9 mm is around 58% at its design frequency. 



CHAPTER 3:  Defected Ground Structure Approach 67 
 

 
 

10 11 12 13 14 15 16 17 18 19
-25

-20

-15

-10

-5

0
MEASURED BW from 11.2 GHz to 18.26 GHz
Design freq=12.2 GHz
Frac BW in terms of design freq=58%

 

 

S
1

1 in
 d

B

Frequency in GHz

 Measured
 Simulated

 
FIGURE 3.9  Measured and simulated reflection coefficient profile of  HDGS integrated RMA with     
ah =2.9 mm. 

 
The present antenna operates over the frequency range from 11.2 GHz to 

18.3 GHz i.e it covers the whole Ku band (12-18 GHz) of frequency.  

Therefore,    
 
  2.05.0
2





LH

LH

ff

ff

   (3.2) 
and following [12], the present HDGS integrated RMA can be designated as UWB 

patch antenna. Fig. 3.10 shows the complete radiation characteristics of the present 

antenna in the entire band of frequencies. Simulation results are also incorporated in 

the same plot for comparison. Close mutual agreement between the simulation and 

measured results are revealed in both the planes. Measured gain of the present 

antenna varies from 8.5 dBi - 9.01 dBi in the entire operating band. It is revealed 

from Fig. 3.10 that, the radiation pattern of the present antenna is quite stable in the 

whole range of frequencies from 11.2 GHz to 18.26 GHz. However, at very high 

frequency f = 17.9 GHz, pattern is little distorted. It is evident from Fig. 3.10(f) that, 

at f = 17.9 GHz, there is a sharp null at one side (at around 350) in the E plane of 

radiation pattern of proposed HDGS integrated RMA. This is mainly due to the 

unwanted probe radiation [13].  
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(e) (f) 

FIGURE 3.10. Measured and simulated radiation pattern for E and H plane with proposed HDGS 
integrated RMA (ah =2.9 mm) at different frequencies. (a) f = 11.8 GHz, (b) f = 12.2 GHz, (c) f = 13 
GHz, (d) f = 14.9 GHz, (e) f = 16.9 GHz, (f) f = 17.9 GHz 
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In fact, the probe at such high frequency near 18 GHz, acts like short monopole and 

radiates some unwanted fields. Therefore, this causes an unexpected null on one side 

in E plane, leading to an asymmetric pattern. The back radiation of the present 

antenna near the design frequency is around 18 dB while it degrades as frequency 

increases. This becomes worse at very high frequency at f = 18 GHz and i.e around 

10 dB. However, in most of the frequency region the back radiation is below 16 dB 

from the peak CP gain.  

 The variation of the measured gain and CP-XP isolation of the present 

HDGS integrated RMA in the entire operating band of frequency is depicted in Fig. 

3.11. It is observed that the gain of the antenna varies from 8.5 dBi to 9.35 dBi as 

the frequency changes from 11.2 GHz to 18.3 GHz. In fact, the electrical effective 

aperture of any antenna increases with frequency results in an enhancement of gain. 

However, it may be concluded that, the present antenna exhibits flat gain over the 

entire frequency range. On the contrary, the measured CP-XP isolation of the 

present antenna is degraded as the frequency increases in its operating bandwidth as 

is seen in Fig 3.11. It may be noted that the cross polarized radiation (XP) is low for 

the proposed antenna near the design frequency. Around 22.5 dB to 23 dB of CP-XP 

radiation isolation is noted near design frequency f = 11.8-12.2 GHz. But, towards 

the higher side of the spectrum, XP performance becomes poor. Around 14-16 dB of 

CP-XP isolation is obtained from present antenna up to f = 17 GHz; while it 

becomes 13 dB at f = 18 GHz as is evident from Fig. 3.11. 

 However, a convention RMA at such high frequency (f = 18 GHz), shows 

very poor XP performance and in that case CP-XP isolation is around 8 dB (as per 

the simulation results). In fact, XP radiation usually increases with frequency. This 

is because, at high frequency, the substrate becomes electrically thick and at the 

same time, probe contributes unwanted radiation which in turn increases XP 

radiation. Therefore, compared to conventional RMA, the present antenna shows 

much better XP performance in the entire operating band.   

 Nevertheless, the present Ku band HDGS integrated RMA (ah = 2.9 mm) 

exhibits stable radiation pattern with high gain (around 9 dBi) with better CP-XP 

isolation in the entire 58% bandwidth. Therefore, this antenna may be utilized in 
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different satellite applications where, the scientists, researchers and practicing 

engineers looking for high gain UWB antenna in Ku band.  
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FIGURE 3.11. Variation of measured gain and CP-XP radiation isolation as a function of frequency 
for proposed HDGS integrated RMA with ah = 2.9 mm. 
 
3.3 Performance Evaluation of Various DGS Integrated RMA 
(Defects with Increasing Order of Polygons)  
 This section evaluates various types of optimized DGS integrated RMAs 

which can be selected for particular applications based on the performance and the 

concept behind the same can be analyzed. 

3.3.1. Requirement of Various Types of DGSs (Polarimetric Radar) 

 In the fields of not so very exploited polarimetric radars, improvements in 

antenna parameters with compulsorily maintaining the polarization purity is the key 

issue. Because of some beautiful characteristics of Microstrip patch antenna (MPA) 

it is the most suitable candidate for the same. A conventional rectangular microstrip 

patch antenna (RMA) resonating in its fundamental TM10 mode radiates co-polarized 

(CP) fields in the broadside direction as is discussed in section 2.1. Orthogonal 

radiation called as cross-polarization (XP) fields are also there as is explained earlier. 

This XP radiation is the most prominent due to first higher order orthogonal mode 

i.e. TM02. A broadband system always demands a broadband antenna/ radiator. A 
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CRMA has impedance bandwidth of around 5% [14] and various reported 

techniques to increase the same are L-probe feed inverted EE-H shaped slotted MPA 

[15], E [16] and Ψ [17] shaped patch antenna. Impedance bandwidths reported in 

those papers are 21.15%, 30%, and 54% respectively.  

 Out of different techniques as mentioned above, fractal concept are now 

being applied to antenna designs as being applied to various branches of engineering 

and science including electrodynamics, propagation and scattering [18]-[22]. 

However the limitations of all above highlighted structures are that they have poor 

CP-XP isolation (polarization purity). Some significant research results illustrate the 

investigation on minimizing the radiation of cross-polarized fields by altering the 

feed structure [12], [23] and ground plane structure [24], [25]. 10-20 dB CP-XP 

isolation is reported in those articles without any improvement in impedance 

bandwidth. Recently, defected ground structure (DGS) and defected patch surface 

(DPS) based on electronic band gap (EBG) theory have been used to improve the XP 

radiation purity of 10-15dB is reported in those articles. The use of defected ground 

structure technique is the most popular and widely acceptable technique to improve 

polarization purity and other antenna parameters.  

 In the present comparative study between various existing DGS which are 

particularly in increasing order of polygon (simple RMA without DGS [26], 

Triangular DGS integrated RMA [27], Pentagon DGS integrated RMA [28], 

Hexagon DGS integrated RMA [29] and Circular/ Ring DGS integrated RMA [30]) 

has been thoroughly studied with the aim to bring out the concept behind the benefits 

that they present and implication of the increasing order of polygon in particular. 

3.3.2. Selection Criteria for Comparison 

 The selection of polygons is practically adequate and covers an aspect of zero 

sides to infinite sides of the defects placed on the ground plane. The antennas 

selected for comparison are operating either in X band and Ku band only. The 

antennas selected for comparison are primarily having good CP-XP isolation 

(polarization purity), high impedance bandwidth and gain. However the selections 

are not random.  Selection of antennas is with an aim to recommend the concept 

behind them as opportunity to the field of polarimetric radars.  
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 Also, the comparison is meaningful if the design concepts are largely similar. 

All antennas are probe fed and have linear polarization pattern of radiation. All the 

antennas have incorporated DGS at the non-radiating sides of the rectangular patch 

which is the primary source of the cross polarization radiation [7], [31], [32], [33]. 

 The important concept of incorporating defect on the ground plane of antenna 

structure is being compared and the selection of polygons is in the increasing order. 

Few dominating key parameters like impedance bandwidth, gain, polarization purity 

has been compared.  All the structured have been optimized to get the best 

performance out of each structure. 

 The bandwidth of the antenna is directly proportional with the different 

losses provided by the antenna i.e. as losses increases bandwidth also increases. In 

each of the structure studies have been initiated with a small defect size at the 

appropriate position to improve the performance. Then the size of the defect 

increases gradually to get the optimum antenna structure which produces best 

performance in terms of impedance bandwidth. The impedance bandwidth may 

increase with the further increment of the defect size but other parameters like gain, 

polarization purity may be hampered. Therefore the optimum defect size has been 

considered for each defect geometries in regard to both the input as well as radiation 

characteristics.    

3.3.3. Results of Different Structures  

 The selection of the DGSs as mentioned above are very specific and more 

importantly they are in the increasing order of polygon. Investigation has been 

performed with similar types of DGS integrated RMA with equal electrical 

dimension for excitation of similar frequency. Also, the selection of the DGSs are 

located specifically or close to a particular reference locations on the ground plane. 

The features of these antennas are tabulated in Table 3.1.  

 
 
 
 
 
 
 



 

 

TABLE 3.1.  Parameters of the RMA used for investigations (Substrate thickness h = 1.575 mm)

Name 
Antenna 
Structure 

Antenna 
1 

Conventional RMA

Antenna 
2 

RMA with 
Triangular

Antenna 
3 

RMA with 
Pentagon Dumbelled DGS

Antenna 
4 

RMA with 
Hexagon DGS

Antenna 
5 

RMA with 
ring DGS  

The results obtained from each antenna used for comparison is simulated using 

[11] and documented in the following sections.

FIGURE 3.12: Conventional RMA (a) 3D view, (b) reflection coefficient
radiation pattern 

Antenna 1: In Antenna No 1 that is conventional RMA (without DGS, N = 0), the 

conducting patch and ground plane form perfect electric conducting (PEC) boundary 
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Parameters of the RMA used for investigations (Substrate thickness h = 1.575 mm)

 
 

L 
(mm) 

W 
(mm) 

Number of 
sides in DGS 
(N) 

Feed position
(offset from centre) 
(mm)

Conventional RMA 8 12 0 

with  
Triangular DGS 

8 12 3 

with  
Pentagon Dumbelled DGS 

8 12 5 

with  
Hexagon DGS 

7.1 10.8 6 

with  
 

8 12 ∞ 

 

The results obtained from each antenna used for comparison is simulated using 

documented in the following sections. 

 
(a) 

      (b)                                                  (c) 
Conventional RMA (a) 3D view, (b) reflection coefficient

 

In Antenna No 1 that is conventional RMA (without DGS, N = 0), the 

conducting patch and ground plane form perfect electric conducting (PEC) boundary 
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Parameters of the RMA used for investigations (Substrate thickness h = 1.575 mm) 

Feed position 
(offset from centre) 
(mm) 

2.4 

3.1 

4.32 

3.3 

3.1 

The results obtained from each antenna used for comparison is simulated using 

 

Conventional RMA (a) 3D view, (b) reflection coefficient profile (c) H-plane 

In Antenna No 1 that is conventional RMA (without DGS, N = 0), the 

conducting patch and ground plane form perfect electric conducting (PEC) boundary 

50 100 150

H-plane

 CP
 XP
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while edges boundaries provides perfect magnetic conducting (PMC) wall [

[30]. The reflection coef

depicted in Fig. 3.12

suffers from two common limitations namely narrow bandwidth (typically 

low polarization purity (typically 10

from Fig. 3.12(b) and 

 

(b)
FIGURE 3.13: Equilateral triangular DGS integrated RMA (a) 3D view, (b) reflection coefficient 
profile (c) H-plane radiation 
 

Antenna 2: In Antenna No 2 a pair of triangular shaped defect (DGS with N= 3) 

has been introduced at the non

polarization radiation of the antenna

through the proposed equilateral triangular shaped defected ground structure 

integrated RMA is 17% which is much better as compared to the conventional RMA 

(Fig. 3.13(b)). The polarization purity of 22 dB over a wide angle of ±130° [20] has 

been achieved through the o

triangular shaped DGS is 10.4 mm (
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while edges boundaries provides perfect magnetic conducting (PMC) wall [

0]. The reflection coefficient profile and the H plane radiation characteristics are 

.12. Well known literatures reported that conventional RMA 

suffers from two common limitations namely narrow bandwidth (typically 

rization purity (typically 10-15 dB). These two limitations are confirmed 

and (c).  

 
(a) 

 
(b)                                  (c) 

Equilateral triangular DGS integrated RMA (a) 3D view, (b) reflection coefficient 
plane radiation pattern 

In Antenna No 2 a pair of triangular shaped defect (DGS with N= 3) 

has been introduced at the non-radiating sides of patch to effect the cross 

polarization radiation of the antenna [27].The impedance bandwidth achieved 

proposed equilateral triangular shaped defected ground structure 

integrated RMA is 17% which is much better as compared to the conventional RMA 

). The polarization purity of 22 dB over a wide angle of ±130° [20] has 

been achieved through the optimum structure where each side of the equilateral 

triangular shaped DGS is 10.4 mm (Fig. 3.13(c)). 
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while edges boundaries provides perfect magnetic conducting (PMC) wall [4], [29], 

ficient profile and the H plane radiation characteristics are 

. Well known literatures reported that conventional RMA 

suffers from two common limitations namely narrow bandwidth (typically 5%) and 

dB). These two limitations are confirmed 

 

 

Equilateral triangular DGS integrated RMA (a) 3D view, (b) reflection coefficient 

In Antenna No 2 a pair of triangular shaped defect (DGS with N= 3) 

radiating sides of patch to effect the cross 

7].The impedance bandwidth achieved 

proposed equilateral triangular shaped defected ground structure 

integrated RMA is 17% which is much better as compared to the conventional RMA 

). The polarization purity of 22 dB over a wide angle of ±130° [20] has 

ptimum structure where each side of the equilateral 
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Antenna 3: Four regular pentagon shaped defects (DGS with N= 5) have been 

laid down just below the corners of the RMA in such a way that the center of 

pentagon coincides the corners of patch

below the non radiating sides of the patch centrally and these slits connects the 

pentagon defecting as seen in 

bandwidth as compared to conventional RMA but significantly improves the 

polarization purity up

the regular pentagon is 5 mm [3

 

                
FIGURE 3.14: Regular pentagon dumbelled shaped DGS integrated RMA (a) 3D view, (b) reflection 
coefficient profile (c) H-plane radiation pattern
 

Antenna 4: Four hexagonal shaped defects (DGS with N= 6) are itched out at the 

ground plane in such a way that, centre of the hexagons matches with the patch 

corners (Fig. 3.15(a)

integrated RMA with one side of hexagon of 2.9 mm becomes around 58% (

3.15(b)) while the polarization purity varies between 13

operating bandwidth which is quite good for such an UWB antenna 
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Four regular pentagon shaped defects (DGS with N= 5) have been 

laid down just below the corners of the RMA in such a way that the center of 

agon coincides the corners of patch [28]. Two slits of 1 mm width is itched out 

below the non radiating sides of the patch centrally and these slits connects the 

as seen in Fig 3.14. The structure fails to improve the impedance 

as compared to conventional RMA but significantly improves the 

polarization purity up-to 25 dB over a wide angular range of ± 180

ar pentagon is 5 mm [31]. 

 
(a) 

                (b)                                                     (c) 
Regular pentagon dumbelled shaped DGS integrated RMA (a) 3D view, (b) reflection 

plane radiation pattern 

Four hexagonal shaped defects (DGS with N= 6) are itched out at the 

such a way that, centre of the hexagons matches with the patch 

(a)) [29]. The fractional bandwidth of hexagonal shaped DGS 

integrated RMA with one side of hexagon of 2.9 mm becomes around 58% (

) while the polarization purity varies between 13- 22 dB within the wide 

operating bandwidth which is quite good for such an UWB antenna 
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Four regular pentagon shaped defects (DGS with N= 5) have been 

laid down just below the corners of the RMA in such a way that the center of 

8]. Two slits of 1 mm width is itched out 

below the non radiating sides of the patch centrally and these slits connects the 

. The structure fails to improve the impedance 

as compared to conventional RMA but significantly improves the 

25 dB over a wide angular range of ± 1800 when the arm of 

 

 

Regular pentagon dumbelled shaped DGS integrated RMA (a) 3D view, (b) reflection 

Four hexagonal shaped defects (DGS with N= 6) are itched out at the 

such a way that, centre of the hexagons matches with the patch 

9]. The fractional bandwidth of hexagonal shaped DGS 

integrated RMA with one side of hexagon of 2.9 mm becomes around 58% (Fig. 

22 dB within the wide 

operating bandwidth which is quite good for such an UWB antenna [7]. 
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FIGURE 3.15: Hexagon
(c) H-plane radiation pattern
 

              
FIGURE 3.16: Ring shaped DGS integrated RMA (a) 3D view, (b) reflection coefficient profile (c)
H-plane radiation pattern 
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(a) 

             (b)                                                             (c)  
Hexagon shaped DGS integrated RMA (a) 3D view, (b) reflection coefficient profile 

plane radiation pattern 

 

   (a) 

            (b)                                                            (c)  
shaped DGS integrated RMA (a) 3D view, (b) reflection coefficient profile (c)
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shaped DGS integrated RMA (a) 3D view, (b) reflection coefficient profile 
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Antenna 5: The final structure that has been considered for comparative study is a 

ring shape DGS integrated RMA with external diameter (So) of 6 mm and internal 

diameter (Si) of 2 mm (Fig. 3.16(a)). Maximum impedance bandwidth of 47% (Fig. 

3.16(b)) along with comparable polarization purity has been achieved from the 

structure [30].  

 

 The performance of different antenna for the comparative study has been 

summarized in Table 3.2.  

TABLE 3.2.  Comparison between input and radiation properties of different antenna structure 

Type of DGS 
Defect  
Dimension 
(mm) 

Operating 
Band 

Resonating 
Freq  
(GHz) 

Variation 
of Gain 
(dBi) 

Impedance 
BW 
(%) 

Polarization 
purity 
(dB) 

Conventional   
RMA 

nil X band 10.33 3-4 3- 4 12 

RMA with  
Triangular DGS 

S = 10.4 X band 10.35 7 - 8.7 17 22 

RMA with  
Pentagon 
Dumbelled DGS 

S = 5 X band 5.6 6.6 – 7.4 15 28 

Hexagonal DGS 
integrated RMA 

S = 2.9 Ku band 12.2 7.5-9.1 58 22.5 

Ring DGS-
integrated RMA 

So = 6 
Si = 2 

X band 9.86 4.5-5.7 47 22 

 
3.4 Conclusion 

 
 In this chapter, the employment of DGS has been considered mainly to 

improve the gain and bandwidth of RMA. As such, the classical report on 

implementation of defected ground structure (DGS) in microstrip antenna was 

prominently considered for lowering cross-polarized radiation.  

 The experimental investigations with hexagonal defected ground structure 

(HDGS) integrated rectangular microstrip antennas (RMA) has been considered in 

the present chapter and it shows that the bandwidth and the gain properties of such 

antenna can also be improved by judicious exploitation of the defect geometry on 

ground plane. Around 58% input impedance bandwidth (covering Ka and Ku 

spectrum) with high gain (around 9.1-9.4 dBi) and stable radiation pattern is 
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obtained from the structure. The XP radiation for the present antenna shows much 

better results than conventional RMA at Ku band. 

 Furthering the study, a comparative analysis between various existing DGSs 

which are particularly in increasing order of polygon has been methodically carried 

out. The geometry of DGS is a critical factor that governs the input parameters and 

the radiation characteristics of an antenna. The bandwidth of an antenna enclosed in 

a given space can be enhanced only if the antenna exploits the space within it 

proficiently. In view of the above, it can be concluded that, amongst the available 

polygons, the hexagonal DGS integrated RMA can address all the issues of XP/ 

polarization purity and board banding along with higher gain of around 9 dBi. 

Further to it, it offers UWB. And, the above mentioned requirements are inescapable 

being fundamental in nature to the field of polarimetric radars. 

 The structure (HDGS) is very simple and easy to manufacture. The HDGS 

integrated RMA will surely be helpful for scientific community looking for 

broadband, high gain antenna with stable radiation pattern and polarization purity in 

Ku band operations and applications. 

 In the next Chapter, unlike the present approaches, no slots or shorts have 

been implemented on the patch or even in the ground plane respectively to suppress  

the cross-polar radiation from an antenna. An attempt has been made to achieve 

better performance from an extremely simple structure.  
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CHAPTER 

4 

Bracketed and Stub-loaded  
Rectangular Microstrip Antenna: 

A NovelApproach to Improve Polarisation Purity  
 

 

 

4.1 Introduction  

In present wireless world, rectangular microstrip antenna (RMA) is probably 

the most functional planar radiator due to its multiple attractive features like light 

weight, small size and low cost as discussed in Chapter 1. Such a RMA radiates 

linearly polarized wave at its broadside with some orthogonally polarized wave 

referred as cross-polarized (XP) radiation [1]. These XP radiations are more 

prominent in H plane than in E plane as reported in [2]. Therefore, it has certain 

major restriction for applications such as adaptive antenna arrays for cellular, or 

other wireless communications, where wide angular coverage is usually required [3]. 

 In the previous chapter, the issue of broad banding and gain while 

maintaining polarization purity in RMA has been well addressed by means of 

Defected Ground Structure (DGS). However, there are few marginal shortcomings. 

The DGS integrated RMAs suffers from significant back radiation. Also in some 

cases the radiation pattern are not stable with off-boresight nulls which may be due 

to diffracted radiations in back side due to sharp edges of defects of ground plane. 

Notably, defecting the ground plane and at the same time proper placement of feed 

probe at ground plane is a critical fabrication task. Therefore some new techniques 

other than DGS must be explored to address the issues of XP radiation from RMA. 

Although the sources of XP fields are believed to be germinated from higher 

order orthogonal TM02 mode, a recent investigation [4] shows that considerable XP 
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radiations are generated from its own dominant TM10 mode. In fact, the possibility of 

contribution to the XP fields due to excitation of TM02 mode is fewer in the patch 

with width (W) to length (L) ratio W/L = 1.5 as the frequency of TM02 mode is 

situated far away from the dominant mode frequency in the frequency spectrum, and 

it is more prominent for the cases with W/L>1.5. The elaborate qualitative and 

quantitative discussions in [4] establishes that, the deviation of magnetic field (H) 

locus beneath the patch due to the placement of feeding probe is the key reason for 

high XP in RMAs. 

Few investigations, e.g. by modifying the feed structure [5], [6] and ground 

planes [7], [8] for microstrip antenna were reported to have 15-18 dB of XP 

suppression. These include the dual feeding with 1800 phase difference, meandered 

line feeding or W and U shaping of ground planes. Nevertheless, these structures 

suffer from either complex manufacturing process or composite feeding techniques. 

Beside this, the employment of defected ground structure (DGS) [9]-[13], defected 

patch surface (DPS) [14], [15] and shorting techniques [16]-[18] have been reported 

to have successfully achieving improved co-polar to cross polar radiation isolation 

(CP-XP isolation). In these techniques, polarization purity of RMA can be improved 

to higher degree than feed or ground plane modification techniques. Around 19 dB-

22 dB of CP-XP isolation with no improvement in gain has been achieved with 

different DGS geometries [9]-[13]. However, in all the cases of  DGS integrated 

RMA, the H plane XP suppression occurs mainly near the bore sight at the cost of 

enhanced XP radiation near the back side (at around ±1500 or ±1600) of the antenna 

at its H plane [12]. On the contrary, DPS technique can improve the CP-XP isolation 

in the entire elevation angle and around 24 dB of isolation is achieved [14], [15]. 

However, this technique suffers from poor impedance matching, because it is 

difficult to place the feeding probe due to the placement of defect on the patch 

surface. Consequently, the antennas cannot be fed optimally and hence suffers from 

poor radiation efficiency and gain. The RMA with shorted edge [16]-[18] give 

around 20 dB-25 dB of CP-XP isolation. Nevertheless, in [16], the excited mode is 

TM11 and its operating frequency becomes 26% higher than the conventional RMA. 

It is evidently against the era of miniaturization of the patch and moreover, the 

structures [16]-[18] have complex manufacturing process. Out of all the DGS 



 

 

integrated RMA, only in [11], the technology is applied to 2×2 array and around 20 

dB of CP-XP isolation is revealed in the report. However, the single DGS integrated 

RMA reported in [11] has inadequate gain of 6 dB with poor impedance matching. 

(a)
FIGURE 4.1 Proposed Bracketed Stub Loaded single layer RMA 
(b) 3D CAD image. 

 
 Furthermore, the structure is intuitive and suffers from back 

plane XP fields as is expected from DGS structures.

In order to alleviate the lacunae of the earlier techniques, 

chapter the CP-XP isolation issue

employing stub loaded RMA

slightly greater than λ

a conventional RMA to achieve best impedance matching. It modulates the magnetic 

(H) field locus in an excellent way. In general, the H field locus beneath a 

conventional RMA takes arc shape due to placement of feed or probe [4].

electric field distribution over the lower and upper half section of the patch gets 

modified, and in turns enhances the XP radiations from RMA. However, the H field 

locus should be along the central part of the patch following a linear locus from 

to +W as suggested in conventional cavity model [4]. It will create a uniform 

distribution of electric fields between lower and upper half section of the patch that 

results in improving the CP

proposed bracketed stub loaded single layer RMA with a pair of stub of length 

slightly greater than λ

mode, the effort has been given to restrict spurious radiation from probe that is a 

major factor of XP radiation. The schematic 

bracketed stub loaded single
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integrated RMA, only in [11], the technology is applied to 2×2 array and around 20 

XP isolation is revealed in the report. However, the single DGS integrated 

11] has inadequate gain of 6 dB with poor impedance matching. 

 
(a) (b) 
Bracketed Stub Loaded single layer RMA (a) Schematic diagram 

Furthermore, the structure is intuitive and suffers from back radiation in terms of H 

plane XP fields as is expected from DGS structures.  

In order to alleviate the lacunae of the earlier techniques, 

XP isolation issue has been addressed with a novel approach by 

employing stub loaded RMA. In the present work, a pair of bracketed stub of length 

λg/4 has been integrated centrally nears the non radiating edge of 

a conventional RMA to achieve best impedance matching. It modulates the magnetic 

(H) field locus in an excellent way. In general, the H field locus beneath a 

conventional RMA takes arc shape due to placement of feed or probe [4].

electric field distribution over the lower and upper half section of the patch gets 

modified, and in turns enhances the XP radiations from RMA. However, the H field 

locus should be along the central part of the patch following a linear locus from 

as suggested in conventional cavity model [4]. It will create a uniform 

distribution of electric fields between lower and upper half section of the patch that 

results in improving the CP-XP isolation. The same phenomena is observed with the 

d bracketed stub loaded single layer RMA with a pair of stub of length 

λg/4. Also, instead of suppressing higher order orthogonal TM

mode, the effort has been given to restrict spurious radiation from probe that is a 

XP radiation. The schematic and 3D CAD design 

bracketed stub loaded single layer RMA is shown in Fig. 4.1. The proposed antenna 
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integrated RMA, only in [11], the technology is applied to 2×2 array and around 20 

XP isolation is revealed in the report. However, the single DGS integrated 

11] has inadequate gain of 6 dB with poor impedance matching.  

 
 

Schematic diagram (Top view), 

radiation in terms of H 

In order to alleviate the lacunae of the earlier techniques, in the present 

has been addressed with a novel approach by 

a pair of bracketed stub of length 

the non radiating edge of 

a conventional RMA to achieve best impedance matching. It modulates the magnetic 

(H) field locus in an excellent way. In general, the H field locus beneath a 

conventional RMA takes arc shape due to placement of feed or probe [4]. Hence, 

electric field distribution over the lower and upper half section of the patch gets 

modified, and in turns enhances the XP radiations from RMA. However, the H field 

locus should be along the central part of the patch following a linear locus from –W 

as suggested in conventional cavity model [4]. It will create a uniform 

distribution of electric fields between lower and upper half section of the patch that 

XP isolation. The same phenomena is observed with the 

d bracketed stub loaded single layer RMA with a pair of stub of length 

/4. Also, instead of suppressing higher order orthogonal TM02 

mode, the effort has been given to restrict spurious radiation from probe that is a 

and 3D CAD design of the proposed 

. The proposed antenna 
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also exhibits better aperture field distribution than that of a conventional RMA to 

achieve higher gain. Around 8 dBi peak CP gain with more than 27 dB of CP-XP 

isolation is achieved with single antenna. Furthermore, to investigate the 

compatibility of the proposed structure in array, a 2 element array has been 

examined and 10 dBi peak CP gain with more than 27 dB of CP-XP isolation is 

obtained from the 2 element array.  

The proposed structure is completely planar and simple, and it can exhibit 

multiple functionalities in single and array configuration. Unlike earlier works, no 

slot or short have been made on the ground plane and patch surface. Also, the effect 

of feed inductive reactance is nullified using capacitive reactance produced by a pair 

of bracketed stubs, which helps to achieve excellent impedance matching. Such 

excellent impedance matching brings linearity in the H field locus from –W to +W 

that creates uniform distribution of electric fields between lower and upper half 

section of the patch, leading to the XP suppression with high gain. 

4.2 Parametric Studies and Design Approach 
Qualitative and quantitative analysis has been given in succeeding sections 

for Bracketed Stub Loaded RMA based on simulations and measurements.  

4.2.1 Effect of feed position on a bracketed stub loaded RMA for a fixed stub 
line of length Sl : 
 First, a pair of bracketed shorted stub line of length Sl = 6 mm is connected at 

the central part of a non radiating edge the patch (length L = 8 mm, width W = 12 

mm designed on PTFE substrate with thickness h =1.575 mm and relative 

permittivity εr= 2.33) as shown in Fig. 4.1. The simulated [19] electric current 

vectors and reflection coefficient of a bracketed stub line loaded RMA (L = 8 mm, W 

= 12 mm and Sl= 6mm) with different feed positions (fed near edge and fed near 

centre) are presented in Fig. 4.2. From simulation [19], it is apparent that the current 

from feed or probe will travel through the stub lines and this allows the current to 

move through a little longer path length that in turn produces lower frequency. 

However, it is also dependent on the probe positions, for example when the probe is 

near the centre of the patch (Fig. 4.2(b)), much of the currents will follow the 

longitudinal path towards the radiating edge of the patch as is the case for 

conventional RMA. On the contrary, while, the patch is fed near the edge (Fig. 
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4.2(a)), a portion of currents will follow the path through stub lines along with the 

conventional longitudinal current path. Therefore, the probe position may be shifted 

towards the edge to allow the current to follow the stub lines. On the contrary, if the 

probe position is near the centre i.e. slightly offset from the centre, much of the 

currents will follow the conventional path, and the operating frequency will be 

constant and same as the dominant mode frequency of conventional RMA. The 

corresponding reflection coefficient profiles for both cases are depicted in             

Fig. 4.2(c). In both the feed positions, the antenna is matched with feeder.   

(a) (b) 
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(c) 

FIGURE 4.2 The simulated [19] electric current vectors and reflection coefficient profiles for a 
bracketed stub loaded  RMA  (L = 8 mm, W = 12 mm and Sl= 6 mm) with different feed positions (a) 
electric current vectors patch fed near edge and (b) electric current vectors patch fed near centre, (c) 
reflection coefficient profiles for both the cases. 
 
Indeed, the conjecture of the different current paths due to shift in feed position is 

confirmed from both the figures (Figs. 4.2(a) and (b)).  Although, a patch fed near 

the edge can yield miniaturization, the matching between the feed and antenna is still 

poor. Furthermore, the currents in the stub line produces y-polarized orthogonal 
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current that enhances the XP radiation. Therefore, efforts have been given to 

suppress the lower frequency and to excite the same frequency equivalent to 

conventional RMA with L = 8 mm, W = 12 mm by modulating the feed position. 

4.2.2 Effect of Stub line length 𝑺𝒍  on the impedance matching of a bracketed 

stub loaded RMA for fixed probe position: 

To examine the effect of stub lengths on impedance matching for optimized 

feed position, the simulated reflection coefficient of the bracketed stub line loaded 

RMA with different stub length Sl are presented in Fig. 4.3. Here, a conventional 

RMA (with L = 8 mm, W = 12 mm fabricated on PTFE substrate with h =1.575 mm 

and εr= 2.33) produces its lowest order dominant TM10 mode at 10.22 GHz.  It is 

noticed from Fig. 4.3, that the present bracketed stub line loaded RMA also 

resonates at the same mode. It may be noted that, when Sl< 5 mm; the present 

bracketed stub line loaded RMA cannot excite any mode. Hence, in Fig. 4.3, we 

refrain from giving the results for the cases when Sl< 5 mm. The same reason has 

been explained in subsequent section.  
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FIGURE. 4.3. The simulated [19] reflection coefficient profiles for the bracketed stub loaded RMA 
for different stub length Sl 
 

On the contrary, when Sl ≥ 5 mm; the present antenna will excite near 10 

GHz. However, it is interesting to note from Fig. 4.3 that there is a possibility of 

excitation of a mode with lower frequency spectrum which is more prominent when 

Sl = 5.2 mm and 5.5 mm. Notably modes with lower frequencies such as f = 8.88 

GHz (Sl = 5.5 mm) and f = 9.20 GHz (Sl = 5.2 mm) are also excited with the 
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conventional operating frequency of f = 10.2 GHz. It is further observed that as the 

stub length increases beyond Sl = 0.25λg = 5 mm, the matching becomes gradually 

better. The best matching is obtained with stub length Sl = 0.33 λg = 6.5 mm. This is 

expected because of the capacitive reactance produced by the stub of length Sl> 

0.25λg balancing the inductive reactance produced by the feed and hence achieving 

better matching. The simulated impedance locus on the smith chart is depicted in 

Fig. 4.4 for conventional as well as present bracketed stub loaded RMA with 

different stub lengths Sl. Here, this bracketed stub of length Sl may be considered as 

a short circuited transmission line that produces input reactance of 

                       lin kSjZZ tan0             (4.1) 

at the patch surface [20] where, gk 2 and Z0 is the characteristic impedance of 

the line. This input impedance of short circuited transmission line follows the 

oscillatory profile with Sl and produces inductive and capacitive reactance for Sl = 0 

to 0.25λgand Sl = 0.25λg to 0.5λg respectively. 

 
 

(a) (b) 

 
(c) 

FIGURE 4.4. The simulated impedance locus on the smith chart for (a) conventional RMA, (b) 
bracketed stub loaded RMA with Sl=4.8 mm (Sl<0.25λg), (c) bracketed stub loaded RMA with Sl=6.5 
mm(Sl>0.25λg) 
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      This reactance definitely modulates the probe input reactance and hence the 

probe input reactance of stub loaded patch follow the oscillatory nature as the stub 

length is increasing in [21]. In general, the probe fed patch has high inductive 

reactance due to the probe inductance. Because of this high inductive reactance, 

probe fed microstrip patch often suffers from poor impedance matching.  

Therefore, From Fig. 4.4(a), the impedance locus is found to lie on the upper 

section of the Smith Chart for conventional RMA. if the bracketed stub loaded RMA 

with Sl = 4.8 mm is used (Sl<0.25λg which produces inductive reactance at the input 

of stub), the patch input impedance becomes more inductive and the impedance 

locus shifts upward compared to conventional RMA as is observed from Fig. 4.4(b). 

It is well known that, in microstrip patch antennas, the probe is characteristically 

inductive and it prevents from good matching of the antenna impedance with input 

connector or probe [22]. Therefore, as the probe is inherently inductive, further 

increase in the inductive reactance due to the stub is not useful for impedance 

matching. Hence, the bracketed stub loaded RMA with Sl = 4.8 mm (Sl<5mm ~ 

0.25λg) cannot excite proper radiating mode. The simulated input impedance profile 

of the patch (with Sl=4.8 mm), and compared with the conventional patch has been 

depicted in Fig. 4.5 The simulated S11 profile of the bracketed stub loaded RMA with 

Sl =4.8 mm is also been shown in the same plot that confirms the observation. It is 

found that the input reactance of conventional RMA is 40 Ω while the same for 

bracketed stub loaded RMA with Sl = 4.8 mm is 70 Ω. 
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FIGURE 4.5. Reflection coefficient of the bracketed stub loaded RMA with Sl<5mm i.e Sl = 4.8 
mm and input impedance of the same and conventional RMA. 
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Moreover, input resistance has also been increased from 60 Ω to 100 Ω due 

to the incorporation of stub (Sl = 4.8 mm). On the contrary, in the bracketed stub 

loaded RMA with Sl = 6.5 mm (Sl>0.25λg that produces capacitive reactance at the 

input of stub), the inductive reactance is reduced and the patch input impedance 

locus shifts downward (Fig. 4.4 (c)).This confirms the direct influence of the 

reactance of inductive stub (Sl=4.8 mm<0.25λg) and capacitive stub (Sl = 6.5 mm 

>0.25λg) on patch input reactance and reveals more better matching in case of 

present structure with capacitive stub of length Sl = 6.5 mm. 

For further corroboration of the conjecture, the input impedance of 

conventional RMA and bracketed stub loaded RMA (with Sl = 5.5 mm, 6.0 mm and 

6.5 mm (Sl>0.25λgin all the cases) are studied and presented in Fig. 4.6.  For the 

bracketed stub loaded RMA, as stub length increases, the input resistance of the 

patch decreases as in [21]. By further observing Fig. 4.6, it shows that as soon as the 

stub is connected, the input reactance of the patch decreases drastically from 40 Ω 

(conventional RMA) to 19 Ω (bracketed stub loaded RMA with Sl = 5.5 mm). 
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FIGURE. 4.6. Input impedance of conventional RMA and bracketed stub loaded RMA (with 
Sl=5.5 mm,6.0 mm and 6.5 mm (Sl>0.25λgin all the cases ) 
 

In fact, the high capacitance produced by the stub of length 5.5 mm (which is 

greater than λg/4 = 5 mm) reduces the patch input reactance and hence the inductive 

reactance of the feed is mitigated. Next, as Sl increases, the capacitance decreases 

(following equation (1)) and hence the patch input reactance is slightly increased. In 

fact, the capacitive reactance produced by stub changes with stub length following 
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equation (1), which directly influence the probe inductance. Nevertheless, the 

increment of probe inductive reactance is marginal with Sl = 5.5 mm to 6.5 mm and 

produces no such effect in matching. It is found that the patch input inductive 

reactance increases from 19 Ω to 21.5 Ω when Sl increases from 5.5 mm to 6.5 mm. 

However, the input resistance of the patch decreases significantly from 78 Ω to 55.5 

Ω as Sl increases from 5.5 mm to 6.5 mm. This is expected as the effective width of 

the structure increases due to the incorporation of stubs [2], [23] with larger Sl value. 

Consequently, the patch input impedance becomes well matched with input probe 

and hence offers better matching of the proposed antenna.  

 In conclusion, (i) compensation of the feed reactance can be achieved by 

tuning the stub, (ii) reduction of input resistance towards 50 Ω for better matching of 

bracketed stub loaded RMA can be attained by setting Sl = 6.5 mm. Also, the probe 

inductance compensation by capacitive stub is not effective if the probe is distant 

from the patch centre because of the reduction of inductive reactance of the probe 

with distance from the patch centre [24]. Further increase in Sl does not show 

significant effect on the resonant frequency or the impedance matching of the 

present bracketed stub line loaded RMA. Hence, we refrain from giving the results 

for the cases when Sl> 6.5 mm. 

4.2.3 Influence of Stub line length Sl on the XP characteristics of a bracketed 

stub loaded RMA for optimized probe position 

The influence of the stub line length on the CP-XP isolation of the present 

bracketed stub line loaded RMA is investigated. The feed location is optimized near 

the centre of the patch as discussed in section 4.2.1. It has been discussed in section 

4.2.2 that there is an excitation of a mode at lower frequency spectrum for Sl = 5.2 

mm and 5.5 mm along with the conventional dominant mode frequency. The H plane 

radiation pattern has been examined for both the frequencies in case of Sl = 5.5 mm. 

The resulting plot is presented in Fig. 4.7(a). It is noted that at lower frequency (f = 

8.88 GHz), the XP radiation is similar to CP radiation, which is expected because of 

appreciable y polarized orthogonal electric current as discussed in section 4.2.1. 

Nevertheless, around 21 dB of CP-XP isolation is clearly noticed at f = 10.2 GHz.  

It may be noted from Fig. 4.7(a) that at the lower frequency (f = 8.88 GHz), 

the XP peaks at 450 while the main CP 3dB beam width is 340. Therefore, XP peak is 
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far off from 3dB CP beam and will not cause disturbance in the main beam. 

Nevertheless, within 3dB main beam, CP-XP isolation at 8.88 GHz is not 

satisfactory and is around 10-20 dB only. Hence, the structure with Sl = 5.5 mm may 

be useful for dual band applications where this 8.88 GHz signal (1st band) can be 

used for wireless applications in multi path environment [25], where CP-XP 

isolation is not an issue. Here, the same structure with Sl = 5.5 mm may also be used 

in borehole radar measurements, where both polarizations are required to obtain 

more precise data [26]. 

It is noteworthy that the impedance matching is poor in both bands for the 

structure with Sl = 5.5 mm as is revealed from Fig. 4.3. Nevertheless, in the present 

investigation, the main attempt has been given to conceive a completely planar 

structure with excellent impedance matching and CP-XP isolation. Therefore, the 

efforts have been given to suppress the lower frequency and to achieve best 

matching at the conventional f = 10.2 GHz frequency by optimizing the stub length. 

In fact, improved impedance matching produces more efficient feeding mechanism 

that in turn results in uniform field distribution between the lower and the upper half 

sections of the patch, which results in exhibiting two fold improvements i.e. the CP-

XP isolation becomes much better as well as the gain of the antenna becomes higher 

due to uniform aperture distribution at f = 10.2 GHz. The simulated H plane 

radiation pattern for different length of Sl is shown in Fig. 4.7(b) at f = 10.2 GHz.  

As the matching becomes better, CP-XP isolation also improves. The 

bracketed stub line loaded RMA with Sl = 0.33λg = 6.5 mm produces more than 26 

dB CP-XP isolation in the entire elevation angular range (Fig. 4.7(b)). The simulated 

gain of the same bracketed stub line loaded RMA is around 8 dBi.  

4.2.4 Physical Insight into the XP radiation suppression of bracketed stub 

loaded RMA for optimized probe position 

As shown in Fig. 4.8(a), a conventional RMA develops an asymmetric field 

distribution beneath the patch resulting in an arc shaped H field locus. Therefore, the 

horizontal component of the electric field excited from the patch corners will 

produce XP radiation as they are not uniform between the upper and lower section of 

the patch, as shown in Fig. 4.8(b). On the contrary, as shown in Fig. 4.8(c), in the 
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bracketed stub loaded RMA with stub length Sl = 0.33λg = 6.5 mm, symmetrical field 

distribution is developed between the upper and lower section of the patch and by  
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FIGURE 4.7. (a) The simulated H plane radiation pattern of a bracketed stub loaded RMA (L = 8 
mm, W = 12 mm and Sl= 5.5mm) at different frequencies, (b) The simulated H plane radiation pattern 
of a bracketed stub loaded RMA at different stub length Sl . 
 
this means, the equivalent horizontal component of E field from the upper and lower 

corners of the patch will cancel each other and hence, reduces the XP radiation, as 

shown in Fig. 4.8(d). It may be noted that, the stub length is kept a little longer than 

0.25λg. This is done to create very less (nearly minima) E field (between stub and 

ground plane) near the central part of non radiating edge of the RMA. It increases 

the H field at the central part of the non radiating edge of the RMA, and leads to 

modification of H field locus from arc shape to linear along –W to +W. Hence, 

matching is improved and field distribution becomes symmetric between the upper 
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and lower section of the patch. Hence, XP radiation is suppressed with higher CP 

gain. 

 

 
 
4.2.5 The Effect of Stub Width on the Performance of bracketed stub loaded 
RMA  

The effect of stub width Sw on the performance of bracketed stub loaded 

RMA are investigated and presented in Fig. 4.9. In the proposed structure, the stub 

width Sw is fixed at 1.5 mm. Instead of decreasing Sw (which will make the 

fabrication process more complex), the effect of increasing Sw on reflection 

coefficient and input impedance profile are depicted in Fig. 4.9(a) and (b), 

respectively. Fig. 4.9(a) indicates that the operating frequency of the proposed 

structure increases with the width of the stub Sw. In fact, following the literatures 

 
FIGURE 4.8. (a) E (red-max) and H (blue-max) field distribution over the substrate for conventional 
RMA, (b) corresponding E field component at patch corners  for conventional RMA , (c)  E and H 
field distribution over the substrate for single bracketed stub loaded  RMA,  (d) corresponding E field 
component at patch corners  for single bracketed stub loaded  RMA . 
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(c) (d) 



CHAPTER 4: Bracketed and Stub Loaded RMA 96 
 

 
 

[21], [27], it may be concluded that as width of the stub Sw increases from 1.5 mm to 

3 mm, the fringing length ΔL decreases slightly. This may be attributed for slight 

increase in operating frequency 
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FIGURE 4.9 (a)  Reflection coefficients profiles and  (b) the input impedance profiles  of bracketed 
stub loaded RMA with different stub widths Sw, (c) Normalized H plane radiation pattern of bracketed 
stub loaded RMA with different stub widths Sw 
 
with the increment of  stub width. Nevertheless, it is noteworthy that as Sw increases 

from 1.5 mm to 3 mm, the input impedance matching becomes poorer. The input 

impedance for all three cases is depicted in Fig. 4.9(b). In this figure, the input 

reactance remains unaffected and maintains between 21.5Ω to 22 Ω with the 



 

 

increment of Sw from 1.5 mm to 3 mm. On the contrary, the input resistance 

increases from 56 Ω to 80 Ω as 

increment of operating frequency increases the electrical thickness (

structure with Sw> 1.5 mm. Hence the input resistance increases with 

[2],[23] which in turn affect the input impedance matching of the bracket stub loaded 

RMA for Sw> 1.5 mm. Consequently, the polarization purity degrades as is noted 

from Fig. 4.9(c). 

4.3 Proposed Structure

(a)
FIGURE 4.10 Image of 
two elements 

 

An RMA with 

thickness h =1.575 mm and relative permittivity 

length Sl = 6.5 mm was incorporated at the central part of non radiating edge as 

shown in Fig. 4.1. The short circuited stub is created with thin copper strips of 0.5 

mm thickness. The width of the stub 

around 1.5 mm. The antenna is fed at a distance 2.1 mm from the centre of the patch. 

In addition to that, a two element array (constituted with same structure) was 

fabricated on a 65 × 80 mm

Fig. 4.10(b) and (c). 

4.4 Results and Analysis

Results and analysis of the design 

is enumerated in succeeding sections for single element and also for an array of 2x1.
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from 1.5 mm to 3 mm. On the contrary, the input resistance 

increases from 56 Ω to 80 Ω as Sw increases from 1.5 mm to 3 mm. In fact, the 

increment of operating frequency increases the electrical thickness (

> 1.5 mm. Hence the input resistance increases with 

[2],[23] which in turn affect the input impedance matching of the bracket stub loaded 

> 1.5 mm. Consequently, the polarization purity degrades as is noted 

Proposed Structure 

 
(a) (b)

Image of fabricated BSRMA prototypes (a) Single element, (b) array antenna of 

An RMA with L = 8 mm, W = 12 mm was fabricated on PTFE substrate of 

=1.575 mm and relative permittivity εr= 2.33. A planar shorted stub of 

= 6.5 mm was incorporated at the central part of non radiating edge as 

The short circuited stub is created with thin copper strips of 0.5 

mm thickness. The width of the stub Sw  i.e. the gap between horizontal strips is 

he antenna is fed at a distance 2.1 mm from the centre of the patch. 

In addition to that, a two element array (constituted with same structure) was 

fabricated on a 65 × 80 mm2 ground plane. The fabricated prototypes are depicted in 

 

Results and Analysis 

Results and analysis of the design with help of simulation and measurements 

is enumerated in succeeding sections for single element and also for an array of 2x1.

and Stub Loaded RMA 97 

from 1.5 mm to 3 mm. On the contrary, the input resistance 

increases from 1.5 mm to 3 mm. In fact, the 

increment of operating frequency increases the electrical thickness (h/λ0) of the 

> 1.5 mm. Hence the input resistance increases with Sw values 

[2],[23] which in turn affect the input impedance matching of the bracket stub loaded 

> 1.5 mm. Consequently, the polarization purity degrades as is noted 

 
(b) 

fabricated BSRMA prototypes (a) Single element, (b) array antenna of 

= 12 mm was fabricated on PTFE substrate of 

= 2.33. A planar shorted stub of 

= 6.5 mm was incorporated at the central part of non radiating edge as 

The short circuited stub is created with thin copper strips of 0.5 

i.e. the gap between horizontal strips is 

he antenna is fed at a distance 2.1 mm from the centre of the patch. 

In addition to that, a two element array (constituted with same structure) was 

ground plane. The fabricated prototypes are depicted in 

with help of simulation and measurements 

is enumerated in succeeding sections for single element and also for an array of 2x1. 
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FIGURE 4.11. (a) Simulated and measured reflection coefficient profile for the proposed bracketed 
stub loaded RMA, (b) Measured and simulated H plane radiation pattern for the conventional RMA 
(L = 8 mm, W = 12 mm) and (c) Measured and simulated H plane radiation pattern for the proposed 
bracketed stub loaded RMA (L = 8 mm, W = 12 mm and Sl = 6.5mm) ( f= 10.2 GHz). 
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4.4.1 Single Element Bracketed Stub Loaded RMA 

In this section, measured results for single bracketed stub loaded RMA are 

discussed. Fig. 4.11(a) shows the measured reflection coefficient of a single element 

bracketed stub line loaded RMA.  An excellent matching between the bracketed stub 

line loaded RMA and the feed is clearly shown from the figure for both the 

simulation and measurement. It is observed that the antenna is resonating at 10.22  

GHz. Slight disagreement between measured and simulated results may be due to 

fabrication error. As shown in Fig. 4.11(a), the proposed structure works in the 

frequency range from 9.64 GHz to 10.75 GHz, which yields 11% impedance 

bandwidth. The H plane radiation patterns for conventional RMA and bracketed stub 

loaded RMA are presented in Fig. 4.11(b) and (c). From Fig. 4.11(c), more than 27 

dB of CP-XP isolation along with high gain of 8 dBi are observed from the 

bracketed stub loaded RMA. On the contrary, only around 10 dB of CP-XP isolation 

with 6 dBi gain are demonstrated by the conventional RMA, as shown in Fig. 

4.11(b). Following [16], the field distribution over the aperture is plotted for both the 

conventional RMA and proposed bracketed stub line loaded RMA, as depicted in 

Fig. 4.12. Indeed, the modulation of H field locus from its arc shape (Fig. 4.12(a); 

conventional patch) to linear from –W to + W (Fig. 4.12(b); proposed structure) is 

apparent from the figure that leads to better symmetry in electric fields between the 

upper and lower sections of the patch as discussed in section 4.2.4. This further 

confirms the justification developed in relation to Fig. 4.8. Therefore, it may be 

concluded that the aperture field distribution becomes more uniform in proposed 

structure as compared with conventional patch, and this may be attributed for high 

gain and improved polarization performance of the proposed structure. 

4.4.2 Two Element Array Antenna of Bracketed Stub Loaded Single Layer 

RMAs 

The results of 2 element array constituted by same bracketed stub line loaded 

RMA are shown in Fig. 4.12(c) and (d). To avoid the grating lobes in broadside 

array, the element spacing should be less than λ [28]. Following the restriction, the 

inter-radiator spacing is kept 5 mm. Although the present structure is extended along 

the y direction, this gap can easily be incorporated in between the elements, as the  
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permissible separation between the radiators is 19.26 mm at 10.2 GHz frequency 

[28]. The measured and simulated S parameters are depicted in Fig. 4.12(c). Notably, 

the impedance matching is consistently good for both the antennas and the isolation 

between them is below 27 dB. However, Fig. 4.12(c) shows slight disagreement 

between the simulation and measurements in terms of S12, and this may be due to 

fabrication error.  

The measured H plane radiation pattern of of the antenna array is presented 

in Fig. 4.12(d). Around 10 dBi of peak gain is achieved with CP-XP isolation of 

more than 27 dB from the 2 elements array structure. However, the XP isolation in 

the E plane is always below 35 dB, and hence the E plane pattern is not given, for 

brevity.  
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 FIGURE 4.12. (a) Simulated electric field distribution over the aperture of single element conventional 
 RMA, (b) Simulated electric field distribution over the aperture proposed single element bracketed stub 
 loaded  RMA  (c) Simulated and measured S parameters of 2 element array constituted by proposed 
 bracketed stub loaded  RMA , (d). Measured H plane radiation pattern of 2 element array constituted by 
 proposed bracketed stub loaded  RMA . 
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TABLE 4.1 : Comparison of present antenna with other recently reported results 

 

 

Ref. 
No. 

Structural 
properties       

/Configuration 

Impedance 
matching 
( S11 (dB) 

at 
resonance) 

CP-XP 
isolation 
(Angular 
region) 

Gain 
(dBi) 

Suitability 
in array 
structure 

Remarks 

[29] 
Square patch with 
symmetric DGS 

-37  
 

25dB 
(±600) 

7.5 - 

Polarization purity 
has been achieved 
over narrow angular 
range around bore 
sight, increased back 
radiation due to DGS 

[30] 
Shorting pin loaded 
square patch 

- 
17.7dB 
(±900) 

< 0 Yes Gain lower than 0 dB 

[11] 
Rectangular patch 
array (2x2) with 
DGS 

-24  
 

20 dB 
(±950) 

12.2 Yes 

Complex DGS 
structure and hence 
suffers from 
increased back 
radiation 

[13] 
Rectangular patch 
with asymmetric 
DGS 

-19  
 

19dB 
(±1100) 

7 - 

Defect geometry is 
complex and 
asymmetric, poor  
matching and suffers 
from increased back 
radiation 

[31] 
Differentially fed 
dual polarized 
antenna 

- 
10dB 
(±600) 

7.9 Yes 

Improvement in 
polarization purity is 
not apparent, 
Complex structure 

[32] 
Air loaded 
rectangular patch 
with capacitive fed 

-17  
19dB 
(±500) 

9 Yes 

Improvement in 
polarization purity 
over narrow angular 
range, poor matching 

[33] 
Rectangular patch 
with shorting wall 
and pins 

-25  
21dB 
(±500) 

8 - 

Too many shorting 
pins and long 
shorting walls make 
structure complex 

[34] 
EH shaped slotted 
multiple stacked 
patch antenna 

-21  
40dB 

(±1800) 
 

11.2 - 

High profile, 
Complex fabrication 
& feeding 
mechanism due to 
multilayer alignment. 
XP suppression is 
shown in E plane 
only 

[35] 
Graphene based 
multilayered 
structure 

-27  
20dB 
(±900) 

2 - 
Multilayered 
structure, Gain is too 
low 

Present 
Structu

re 

Bracketed stub 
loaded RMA 

-37 
27dB 

(±1800) 
 

10 Yes 

Simple single layer 
structure and low 
back radiation of 24 
dB lower than peak 
CP radiation. 
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4.4.3 Comparative Evaluation  

 The performances of the proposed bracketed stub loaded RMA are compared 

with recent literatures [29]-[35] and shown in Table 4.1. Here, the proposed 

structure exhibits excellent impedance matching and polarization purity along with 

high gain. It is also observed that the structure is suitable in array configuration. 

Therefore, the structure, with high gain and excellent CP-XP isolation in the entire 

elevation range may be helpful for antenna community to meet the demand of 

modern wireless communication, as well as different military wireless applications. 

4.5 Conclusions 

A single layer and planar bracketed stub loaded RMA has been successfully 

investigated for high gain and low XP radiation in the entire elevation angle. In this 

concept, the modulation of locus of the magnetic field generated due to feeding by 

probe has been exploited to evolve a simple amd single element with single copper 

lad structure. This is done with a view to enhance radiation performance by 

improving impedance matching. Unlike the earlier approaches, the present study 

optimizes by handling the issue of cross polar radiation in RMA due to its own 

dominant TM10 mode by modulating and ensuring the uniformity in field distribution 

between upper and the lower half’s of a patch to repress the valuable orthogonal 

radiations (cross polar radiations) from the corners of a radiating patch.  

In this approach, unlike the usual style no slots or shorts with the ground 

plane are made to suppress cross polar radiation, and hence it is a structure which is 

easy to fabricate. The proposed bracketed stub-loaded single layer RMA structure 

exhibits good and viable gain of 8 dBi with 27 dB of co-cross polar isolation in the 

most affected plane i.e H plane. Also, in order to enhance the gain and to study its 

viability in terms of array, a 2 element array was constituted. Around, 10 dBi gain 

with 27 dB of co-cross polar isolation was obtained. The structure is quite simple  in 

design and can be easily fabricated. Although the gain issue can be addressed by 

array implementation, the issues of improved and symmetrical radiation patterns are 

of significant importance. Hence, some more efforts may be put to improve the co-

polarized radiation characteristics.   
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Quasi Planar Composite  
Rectangular Microstrip Antenna: 

     An Approach to Achieve High Gain, 
Flat Top Radiation With Low Cross Polarization 

 
 
 
 
 
 
 

 

5.1 Introduction  

In the present wireless world, with the expeditious growth of modern 

wireless communication, tiny antennas with wide and symmetrical radiation beam, 

high gain and low cross-polarization is a crucial challenge to the scientific 

community. Further, antennas with flat-top radiation pattern are also in great demand 

for ubiquitous wireless communication services, in base station for mobile 

communication and as efficient feeds for parabolic reflectors for the sake of uniform 

aperture illumination [1]–[6]. In fact, antennas with flat-top radiation pattern provide 

stable maximum gain along boresight to improve signal strength within service 

coverage area [1]-[6]. The issue of improvement in cross polarization has been 

discussed with different techniques in the previous chapters. The impedance 

bandwidth along with wide symmetrical radiation from RMA has also been 

discussed vividly.  However, the concurrent improvement in gain, symmetry in 

radiation, widening of radiation beam along with low cross-polarization is definitely 

a vital challenge. Achieving the above mentioned parameters for an RMA is an 

audacious evocation to antenna research community and this can be attended by 

composite antenna structures.   



CHAPTER 5:  Quasi Planar Composite RMA 108 
 

 
 

Rectangular Microstrip Antenna (RMA) is a very much popular genre of tiny 

printed antennas for its attractive features as discussed in Chapter 1. In general, 

linearly polarized (LP) RMA generates asymmetric radiation pattern along its 

broadside with relatively wider E-plane beam-width than the H-plane beam-width 

[7].  For instance, the E-plane beam-width of a RMA (fabricated on PTFE substrate 

with εr=2.33) is around 800 while the same in H-plane is only 600 [7]. A conventional 

RMA does not possess a flat-top radiation pattern. Furthermore, RMA suffers from 

very poor co-polar to cross-polar radiation isolation (CP-XP isolation) particularly in 

its H-plane; the typical CP-XP isolation in the H-plane is around 8-10 dB at X band 

[7]. Also, RMA has poor gain (around 4-6 dBi). In wide-angle scanning phased array 

applications, antenna with wide beamwidth is preferably required [8]. Also, wide 

and symmetrical radiation pattern is always preferred in a point-to-multipoint 

wireless communication system. Although, RMA is an attractive contender for such 

applications, the narrow H-plane beam-width with asymmetrical 3D radiation pattern 

puts a major drawback in its use. A wide beam composite substrate RMA 

configuration was reported in [9] with 880 and 640 3 dB beamwidth in E-plane and 

H-plane, respectively.  However, the structure is complex to fabricate because of 

composite nature of dielectric which limits practical use. A shorted comb shaped 

antenna proposed in [10] exhibited around 1000 3 dB beam-width but suffered from 

the feeding problem and the maximization of the patch size for a resonant frequency. 

A two-layer stacked patch structure reported in [11] exhibits symmetrical radiation 

pattern in E and H planes with 600beam-width in both planes. However, because of 

the stacking, the structure became bulky with no improvement in XP performance 

[11]. Earlier, non-planar microstrip-monopole antenna topology was reported in 

[12], where four finite height metallic rods were integrated with a circular microstrip 

antenna to achieve only broad 3 dB beam-width (1700) and circular polarization. The 

antenna structure reported in [12] is basically a composite antenna made up of 

cylindrical rods (monopole antenna) integrated with circular microstrip antenna. Any 

improvement in CP-XP isolation is not apparent from [12]. Furthermore, none of the 

antennas reported in these works [8]-[12] exhibit flat-top radiation pattern. 

Recently, a few research results have been reported on flat-top radiation 

pattern from antennas. Around 600flat-topradiationpattern with 28 dB CP-XP 
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isolation with 7.9 dBi gain has been obtained from LP double shell lens antenna in 

[1].  Four element linear and 8 × 8 planar array LP antenna have been proposed in 

[2], [3] to obtain 460 and 200 flat-top radiation pattern with side lobe level -20 dB 

and -15 dB respectively. The 3 dB beam-width in [2] is 600 in the principal planes. 

The techniques to develop flat-top radiation pattern and pencil beam have been 

discussed in [4]. Circular polarized array antenna with flat-top radiation pattern and 

dual patch with flat gain have been reported in [5], [6]. However, the angular range 

of flat-top sector is very small, and antenna structures are complex and expensive to 

fabricate [5], [6]. Additionally, the studies on symmetry in radiation patterns, 

broadening of beams and CP-XP isolation are not apparent from these works. It is 

also observed that flat-top radiation was achieved from non-planar antennas, high-

profile antennas or volumetric antennas [1]-[6]. More importantly, no effort has been 

reportedly made to achieve flat-top radiation pattern from a simple, single element 

RMA. Also, the physics behind achieving flat-top radiation pattern have not 

explored in all these works. 

Improved CP-XP isolation is very much required over wide angular range in 

numerous applications [7]; for instance, it is an issue of vital relevance in the design 

of fully polarimetric synthetic aperture radars for convenient polarimetric data 

calibration and in maritime surveillance applications [13], as well as in dual-

polarized hybrid antenna array for 5G communication MIMO operation [14]. The 

widespread techniques for achieving good CP-XP isolation (around 22-30 dB) in LP 

antennas are employment of defected ground structures (DGS) [15], defected patch 

structure (DPS) [16] and shorted patch technique [17]. In recent years, DGS has been 

widely used in a number of applications for instance in designing RFID tag [18] and 

band pass filter [19]. However, DGS and DPS integrated RMAs experience 

complexity in probe feeding in view of the difficulty in placing the slots either on the 

ground plane or on the patch surface. Enhanced back radiation from such DGS 

structures is a severe limitation in wireless communication. Shorted patch technique 

conflicts with the miniaturization as the operating frequency increases thereby 

making it non-attractive for miniaturized wireless systems. Furthermore, the 

antennas proposed in these reports emphasizing only on CP-XP isolation [15]-[17] 

did not exhibit wide, symmetrical, flat-top radiation pattern. The composite and non 



 

planar antennas such as magneto

integrated microstrip antennas [21], lens integrated 

microstrip monopole antenna loaded with metamaterial superstrate [22], 3D printed 

fractal antenna [23] are very much popular and widely investigated in the recent 

years.  Nevertheless, in some cases such as in surveillance application and satellite 

communication where, the user defined stringent performance criteria are to be met, 

antenna of one type is really difficult to meet the requirement. Therefore, two 

different types of structures with different characteristics may be employed which 

lead to a composite volumetric antenna structure. For instance, a microstrip antenna 

integrated with bi-conic

broadcast [24].  
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planar antennas such as magneto-electric dipole antennas [20], horn antenna 

integrated microstrip antennas [21], lens integrated microstrip

microstrip monopole antenna loaded with metamaterial superstrate [22], 3D printed 

enna [23] are very much popular and widely investigated in the recent 

years.  Nevertheless, in some cases such as in surveillance application and satellite 

communication where, the user defined stringent performance criteria are to be met, 

ype is really difficult to meet the requirement. Therefore, two 

different types of structures with different characteristics may be employed which 

lead to a composite volumetric antenna structure. For instance, a microstrip antenna 

conical antenna can be used in satellite digital multimedia 

In order to alleviate the lacunae of the earlier works and further to take care 

of the improvement of complete radiation performance, i.e., for improving the 

symmetry in radiation pattern, achieving flat-top radiation pattern in principal 

planes, widening 3dB beam-width, and improving gain and CP-XP isolation in both 

the principal planes; in the present work, a simple, quasi-planar composite microstrip 

consisting of a single element RMA along with two metallic 

is proposed (Fig. 5.1). Around 900 of 3 dB beam

principal planes have been achieved from the proposed QPCMA. The proposed 

antenna exhibits wide beamwidth with 1450 symmetry in radiation pattern in 

principal planes along with considerably high gain of 8.2 dBi (although using a FR

substrate) and around 26-40 dB CP-XP isolation concurrently. Furthe

QPCMA exhibits around 700 of flat-top radiation pattern with almost no ripple. Also, 
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.1. Proposed  QPCMA RMA (a) Schematic Diagram  (b) 3D image
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the physics behind the germination of flat-top radiation pattern from the proposed 

QPCMA have been explored thoroughly and accurately. Same concept has been 

investigated for low loss substrate and excellent results have been observed.  

The Chapter has been covered in following sections. Section 5.2, gives 

physical insight of the proposed structure wherein, Subsection 5.2.1. covers effect of 

monopole height on improving co-polar (CP) radiation pattern of QPCMA. 

Subsection 5.2.2, effect of monopole length on suppressing cross-polar (XP) 

radiation from QPCMA. Subsection 5.2.3 covers effect of monopole spacing on CP 

and XP radiation patterns of QPCMA. Section 5.3 covers the theoretical aspects 

wherein, Subsection 5.3.1 gives theoretical look into flat-top radiation, Subsection 

5.3.2 gives theoretical look into wide angle gain, Subsection 5.3.3 gives performance 

analysis of QPCMA with low loss substrate. Section 5.4 gives the details of 

proposed structure. Section 5.5 enumerates the results and analyses it. Section 5.6 

compares the proposed design with various established designs for its advantages. 

And finally, Section 5.7 concludes the chapter. 

5.2 Physical Insight 

Quantitative and qualitative analysis is carried out in succeeding sections for 

various optimizations of monopole lengths, spacing, etc. with respect to patch.  

5.2.1 Effect of Monopole Height on Improving Co-Polar (CP) Radiation 

Pattern Of QPCMA 

 Following the aperture modeling technique [25], it is evident that any 

perturbation (like metallic post or monopole) placed at the radiating slot apertures, 

significantly modifies the field distribution which, in turn alters the radiation pattern 

of RMA. The investigations has been started with simple RMA of dimension (L ×W) 

= 7.8 × 12 mm2  and has been fabricated on FR-4 dielectric substrate with dimension 

of 90 mm × 90 mm (5λg × 5λg) (ε୰ = 4.4, height h = 1.58 mm) (Fig. 5.1). The 

antenna has been fed at 2.1 mm from the centre of the patch. And then two metallic 

posts of 1.5 mm diameter acting like monopoles are placed centrally near radiating 

edges of the patch of a RMA to realize a QPCMA (Fig. 5.1). These monopoles are 

parasitically coupled with the patch and the distance between patch edge and outer 

surface of the monopole is optimized to 1 mm for achieving best result. This pair of 
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monopoles forms a linear array along the E-plane (ϕ = 00 plane) with inter radiator 

spacing ~ λg/2~ 9.5 mm and are excited with 1800 out of phase fields from radiating 

edges of the patch. Hence, the array factor produces maxima along ϕ = 00 and 

1800while, it exhibits null radiation along the H-plane (ϕ = 900 plane). From 

simulations [26], it is clear that if the monopoles are of length λg/4 = 4.5 mm; the 

monopole like radiation pattern dominates the overall CP radiation pattern of the 

QPCMA at E-plane (Fig. 5.2(a)). Hence, the peak gain in E-plane is slightly offset 

from the bore sight. It rolls off after the peak point (approximately around 600) due 

to the composite effect of radiation from RMA with that of monopoles at E-plane.  

When, height of the monopole increases to λg/2 = 9.3 mm; E-plane 

beamwidth of the QPCMA becomes narrower than that of conventional RMA (Fig. 

5.2(b)).This is expected as the radiation from λg/2 monopole is very less near the 

bore sight. However, the effect of monopole like radiation is still evident from the 

creation of one sided null in the CP radiation pattern of the QPCMA at E-plane. 

Unlike, conventional RMA, the E-plane beamwidth of the QPCMA becomes 

narrower at the cost of significant radiation near 900 elevation angle (θ = 900) (Fig. 

5.2b). Unlike Fig. 5.2(a), the peak gain of the QPCMA at its E-plane occurs along 

bore sight because of the generation of very thin or pencil beam from λg/2 

monopoles along the horizon i.e. along 900 elevations. 

 Now, if the length of monopoles is increased beyond λg/2; it starts to develop 

certain lobes along the higher elevation angles. These lobes merge with the original E-

plane radiation pattern of the RMA and broadens the overall E-plane beam-width of 

QPCMA. The radiation pattern of the QPCMA (Fig. 5.2c) shows that when each 

monopole length is 3λg/4 = 13.7 mm; it yields wide E-plane beamwidth in comparison 

to the structure with λg/2 monopoles (Fig. 5.2b). It may be noted that the length of 

monopole does not have an influence on the H-plane beam-width of the QPCMA as 

the array factor exhibits null radiation along the H-plane (ϕ = 900 plane).However, it 

can be observed that the H-plane beamwidth of QPCMA is wider compared to that of 

conventional RMA. This H-plane beam-width is consistently wide for all lengths of 

monopole as seen from Figs. 5.2(a), (b) and (c).  
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 In all the cases, the H-plane CP radiation pattern becomes 40% wider (yielding 

850 beamwidth) than that of conventional RMA fabricated on conventional RT-Duroid 

or PTFE substrate with εr =2.33.  

 
(a) 

 
(b) 

 
(c) 

FIGURE 5.2. E and H-plane radiation patterns of QPCMA for different monopole height (a) for λg/4 
monopole, (b) for 2λg/4 monopole, (c) for 3λg/4 monopole. 
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In general, a RMA fabricated on higher dielectric constant (like FR-4) 

exhibits wider beamwidth in comparison to the same fabricated on lower dielectric 

constant substrate (Fig. 5.3). Here, QPCMA structure is fabricated on higher 

dielectric constant substrate (FR-4). Along with the same, as the monopoles are 

placed near the radiating edges of the patch; it localizes more H-fields at the vicinity 

of the monopoles. This result into the reduction of E-fields at the vicinity of the 

monopole causing a non-uniform distribution of E-field along the radiating slot 

aperture width (contained in H-plane).  

 
FIGURE 5.3. Normalized H-plane CP profile of conventional RMA with PTFE substrate (εr =2.33) , 
conventional RMA with FR-4 substrate  (εr =4.4) and the present QPCMA with FR-4 substrate        
(εr =4.4). 
 Therefore, this non-uniform distribution of fields along the radiating slot 

aperture width (contained in H-plane of QPCMA) widens the beam-width of 

QPCMA more at its H-plane [9],[25].In fact, the non-uniform distribution of field at 

any plane of aperture antennas results in wide beam-width at corresponding 

plane[27],[28].The field distribution over the substrate for both the present QPCMA 

and conventional RMA with FR-4 substrate is presented in Fig. 5.4. This confirms 

the observation of this non-uniform distribution of fields along the radiating slot 

aperture width (Fig. 5.4(a)). From the figure, it may also be noted that the fringing 

E-fields are extended in both lateral and longitudinal directions as they are mitigated 

at the central region of radiating edge because of the presence of monopoles there. 

This effectively increases the H-plane dimension QPCMA (as fringing width ΔW 

increases). Therefore, the use of FR-4 substrate, the non-uniform distribution of field 
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FIGURE 5.4. Field distribution over the substrate for (a) QPCMA with FR
(b) conventional RMA with FR
 
 Now, if we concentrate on the overall radiation pattern of the QPCMA 

structure, it is observed from 

plane), beam-widths of the structure with 3

significantly wide 3 dB beam

principal E and H-planes are observed from 

observe that the CP radiation patterns are quite flat about 70

5.2(c)). Commonly, the flat

configuration by manipulating the amplitude and phase excitation of individual 

elements. 

This in fact increases radiation in the desired front direction while eliminat

the side lobes slightly off side from the desired direction. However, in present 

investigation, the merging of monopole lobes at higher elevation angle with the E
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along the radiating slot aperture width (H plane) causes wide beam

the QPCMA.  

(a) 

(b) 
Field distribution over the substrate for (a) QPCMA with FR

conventional RMA with FR-4 substrate. 

Now, if we concentrate on the overall radiation pattern of the QPCMA 

ture, it is observed from Fig. 5.2(c) that in both the principal planes (E and H

widths of the structure with 3λg/4 monopoles are symmetrical and 

significantly wide 3 dB beam-widths of 900.Around 1400 to 150

planes are observed from Fig. 5.2(c).  It is very motivating to 

observe that the CP radiation patterns are quite flat about 700 along the bore 

). Commonly, the flat-top radiation pattern can be obtained from array 

configuration by manipulating the amplitude and phase excitation of individual 

This in fact increases radiation in the desired front direction while eliminat

the side lobes slightly off side from the desired direction. However, in present 

investigation, the merging of monopole lobes at higher elevation angle with the E
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wide beam-width at the H-

 

 

Field distribution over the substrate for (a) QPCMA with FR-4 substrate,              

Now, if we concentrate on the overall radiation pattern of the QPCMA 

that in both the principal planes (E and H-

are symmetrical and 

to 1500 symmetry in 

.  It is very motivating to 

along the bore sight (Fig. 

top radiation pattern can be obtained from array 

configuration by manipulating the amplitude and phase excitation of individual 

This in fact increases radiation in the desired front direction while eliminates 

the side lobes slightly off side from the desired direction. However, in present 

investigation, the merging of monopole lobes at higher elevation angle with the E-
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plane lobe of RMA is exploited to achieve such flat-top radiation patterns. Also, the 

flat-top region in the radiation patterns is of all most no ripple. 

5.2.2 Effect of Monopole Length on Suppressing Cross-Polar (XP) Radiation 

from QPCMA 

 It is observed from Fig. 5.2 that as the monopoles are introduced; CP-XP 

isolation in the radiation pattern of QPCMA improves. In fact, these monopoles 

mitigate the electric fields at their vicinity and intensify the magnetic fields in the 

same region (Fig. 5.4 (a)). It results in a uniform field distribution between the lower 

and upper half sections of the QPCMA at its non-radiating edges (Fig. 5.4(a)) 

whereas,  the field distribution is highly non-uniform between the lower and upper 

half sections of  conventional RMA [29] (Fig 5.4(b)). Consequently, CP-XP 

isolation improves [29]. As the monopole length is increased from λg/4 to 3λg/4; CP-

XP isolation improves from 14 dB to 28 dB (Fig. 5.2). Following the current 

distribution of the monopole, it may be noted that the magnetic field near the base of 

monopole is maximum for monopole length of odd multiple of λg/4 than monopole 

length of even multiple of λg/4. Hence, the electric fields are not too less at the 

vicinity of the monopoles in case of the structure with λg/2 length.  

 It, in turn, cannot produce a uniform field distribution between the lower and 

upper half sections of QPCMA at its non-radiating edges [29] and hence, CP-XP 

isolation does not improves. The effects of increasing the length of monopoles 

beyond λg/2 on the overall radiation properties (Table-5.1); corroborates the 

observed phenomenon. As the height of monopole increases gradually from λg/2 to 

3λg/4; base feed current increases and hence the magnetic fields near the base of 

monopole increases. Therefore, electric field reduces at the vicinity of the monopole 

at the cost of increased electric fields at the upper patch corners which, improves the 

CP-XP isolation [29].Moreover, the excellent symmetry between the E and H-plane 

radiation patterns for the QPCMA with monopole length 3λg/4 is also the reason for 

improved CP-XP isolation. 

5.2.3 Effect of Monopole Spacing on CP and XP Radiation Patterns of 

QPCMA 

In the present QPCMA structure, the monopoles are placed at close 

proximity of the radiating edges. This is done with a view to couple the fields 
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efficiently from radiating edges of the patch to the monopole. The distance from the 

post surface to radiating edge is 1 mm i.e. the distance from each radiating edge to 

centre of each post is a = 1.75 mm. This yields an asymmetric distribution of fields 

along radiating slot aperture width (Fig. 5.4(a)) and uniform field distributions 

between lower and upper half section of patch which causes wide symmetrical flat-

top radiation patterns in conjunction with low XP radiation in the present QPCMA 

structure with monopole length 3λg /4 as discussed elaborately in section 5.2.1 and 

5.2.2. Now, if we increase the distance of monopole from the radiating edge of patch 

i.e. if a increases, initially, the radiation patterns does not degrade much. 

Table-5.1 Radiation properties of the QPCMA with different monopole heights: patch length L =8 

mm, width W =12 mm, substrate permittivity εr=4.4, substrate height h =1.58 mm 

Electrical 
length of 
monopole 

E- plane 
3 dB 

beam- 
width 

H-  plane 
3 dB 

beam- 
width 

CP-XP 
isolation 

in dB 

Symmetry 
in 

principal 
planes 

Flat- top 
range in 

the 
radiation 
pattern 

2λg/4 700 860 17 300 450 
2.3λg/4 740 860 21 400 500 
2.5λg/4 780 880 25 600 600 
2.7λg/4 820 870 28 950 680 
3λg/4 900 900 26 1450 720 

 
 However, significant distortion is noted in the radiation pattern for higher 

values of a. The radiation patterns for QPCMA for different a values are depicted in 

Fig. 5.5. It is found that if the monopoles are at a distance a = 2.5 mm, there is no 

significant change in radiation patterns of the QPCMA. Hence, the QPCMA with a = 

2.5 mm, also exhibits high-gain symmetrical, wide beam-width and flat-top radiation 

pattern with low XP radiation. This is because of the extension of fringing fields at 

patch radiating edges which, efficiently couples the fields to the monopoles. Hence, 

this extended fringing fields interact with the monopoles in a similar manner (like a 

= 1.75 mm) which in turn cause no change in radiation characteristics of QPCMA. 

The magnitude of electric field distribution is depicted in Fig. 3.6(a) for the QPCMA 

with a = 2.5 mm is to a certain extent similar to that of the QPCMA with a = 1.75 

mm (Fig. 5.4(a)). Next, the separation is increased (increase a values), radiation 

pattern of QPCMA particularly in the H-plane XP starts to degrade significantly. 
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(a) (b) 

FIGURE 5.5. Normalized radiation pattern of the present QPCMA for different spacing (a values) 
between monopole and the radiating edges of  RMA. 
 
 The radiation pattern of QPCMA for a = 4 mm, incorporated in the same plot 

(Fig. 5.5(a)) shows noteworthy increase in H-plane XP radiation and hence fails to 

improve the CP-XP isolation. Close inspection of Fig. 5.5 also shows some 

asymmetry between the E and H-plane CP patterns of QPCMA in case of a = 4 mm. 

It is found that the E and H-plane CP patterns of QPCMA are symmetric in right side 

while the same is not true in the left side of the radiation pattern plot. The magnitude 

of electric field distribution is depicted in Fig. 5.6(b) for the QPCMA with a = 4 

mm. Although, an asymmetric distribution of fields along radiating slot aperture 

width is maintained to some extent, still there is an asymmetry in field distribution 

between lower and upper half section corners of the patch which degrades the CP-

XP isolation [29] of the QPCMA with a = 4 mm. The radiation patterns for the 

QPCMA for values a ≥ 4 mm are illustrated in Fig. 5.5(b). It is found that for higher 

values of a (=5.5 mm or 7 mm), the QPCMA exhibits the radiation pattern like 

conventional RMA. This is expected because the monopoles are far away from 

radiating edges and hence the extended fringing fields cannot interact with the 

monopoles. Therefore, the composite effect on radiation pattern of QPCMA is not 

apparent. 
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(a) 

 
(b) 

 
(c) 

FIGURE 5.6. Field distribution over the substrate for QPCMA with (a) a =2.5 mm, (b) a =4 mm,    
(c) a =5.5 mm 
 The E-field magnitudes in case of QPCMA with a =5.5 mm is portrayed in 

Fig. 5.6(c) which is similar to conventional RMA (Fig. 5.4(b)) and confirms the 

observations. Hence, the monopoles of length 3λg /4 are placed at close proximity  
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(a = 1.75 mm) to the radiating edge of the patch for obtaining best performance for 

further investigations. 

5.3 Theory 

 Theoretical analysis for flat top, wide angle gain to include performance 

analysis of QPCMA with low loss substrate is given in succeeding sections.  

5.3.1 Theoretical Look into Flat-Top Radiation 

It is clear from Section 5.2.1 that the 3λg/4 monopole has a critical influence 

in the overall E-plane radiation pattern of QPCMA. On the contrary, the H-plane 

beam-width of QPCMA is already wide due to non-uniform electric field variation at 

slot aperture as discussed in same section 5.2.1. Therefore, it is necessary to look 

into the physics behind the beam-width widening of QPCMA in its E-plane. 

For a conventional RMA, Eθ and Eφ components of  the far-field radiation 

pattern can be expressed as [7] 
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For a simple metallic post or monopole antenna of length l, Eθ component of the 

far-field radiation pattern is 
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    Two monopoles constitute a linear array along 00 and the array factor will be 
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Hence, contribution from monopoles can be computed as  
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In E-plane, 
00 and in H-plane, 2

   

In case of array of two dissimilar sources, the total field pattern factor may be 

written as [30] for E-plane, 

 
 

     RMAmonopoleTOTAL EEE  
    (5.6)

 

 
 

and for H plane, 
 

     
RMAmonopoleTOTAL EEE  

      (5.7) 
The computed field components radiation patterns in E and H-plane show 

wide and flat-top radiation pattern in both planes. This is clearly due to the effect of 

monopole as clear from equation (5.5).  Also, a close inspection of equation (5.3) 

reveals that when the length of monopole is greater than 3λg/4, it develops higher 

elevation lobes which is superposed with the radiation pattern of conventional RMA 

and hence, the proposed QPCMA develops wide flat-top radiation pattern.  

The computed E-plane pattern for conventional RMA and the present 

QPCMA using above equations is depicted in Fig. 5.7.The above analysis can also 

be done with the simple pattern multiplication method. However, it is not shown in 

this chapter. 
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FIGURE 5.7.    Computed E-plane pattern for conventional and present QPCMA 
 
5.3.2 Theoretical Look into Wide Angle Gain 

The modulation of near field distribution to obtain enhanced radiation 

performance is a useful technique which has been currently adopted in some very 

recent investigations [31], [34]. In general, a RMA produces non-uniform aperture 

field distribution over the substrate (Fig. 5.4(b)). This leads to poor aperture 

efficiency and poor gain of such antenna [33], [34].Unlike conventional RMA, the 

presence of two monopoles in case of QPCMA modulate the field distribution in 

such away (as discussed above) that the E-fields extend in both lateral and 

longitudinal directions near the corners of the patch as shown in Fig. 5.4(a).This in 

turn, results in a uniform aperture distribution over the substrate and hence the gain 

of the QPCMA is much improved [33], [34]. On the contrary, the field distribution 

of conventional RMA shown in Fig. 5.4(b) reveals non-uniform field distribution 

over the aperture and hence the aperture efficiency decreases and reveals low gain. 

[33], [34]. 

Furthermore, in QPCMA, due to the tapering of fringing fields at the central 

part of the radiating edges (Fig 5.4(a)), the fields are extended in both lateral and 

longitudinal directions which increase the effective fringing length ΔL and fringing 

width ΔW which increases the effective aperture (L+2ΔL)(W+2 ΔW). 
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Therefore the gain of the QPCMA antenna [33], [34] increases due to the increments 

of ΔL, ΔW and also the aperture efficiency εap 

  
2

224


 WWLL

G ap




      (5.8)
 

Therefore, the gain of the present QPCMA configuration is high. It is also 

found that the present QPCMA with 2λg /4 monopole exhibits wide beam-width in 

H-plane and narrow beam-width in the E-plane. 

The close look of Fig. 5.8 for the CP profile of the structure in both E and H-

planes corroborate the observation. It is important to note that though their peak gain 

is high (around 8.3 dBi) and is maintained in the H-plane over wide elevation angle 

θ=-340 to +340, E-plane gain rolls off within a few degrees (around ~220). Hence, it 

is a challenging work to widen the E-plane beam-width of the antenna with stable 

high gain in wide angular range. As discussed earlier, the lobes of 3λg/4monopole at 

high elevation angle (θ= 150-450) merges with the E-plane radiation pattern of the 

RMA and this results in wide E-plane beam-width in the QPCMA. However, to 

obtain the stable peak gain over wide elevation angle (within θ= ±350) at E-plane, 

the portion of high elevation lobe (within θ= 220-350) of monopole array (which 

merges with the E-plane radiation pattern of the RMA) should have sufficient gain of 

around 8-9 dBi. 

 
FIGURE 5.8. Radiation pattern of QPCMA with a =1.75 mm and monopole length l =2λg /4. 

 
Now, the directive gain of a monopole at specified direction can be obtained 

from [28] as 
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Where, f(θ)is the pattern factor and can be calculated from (2) as 
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Now, in E-plane, the normalized array factor of N = 2 elements 3λg /4monopole array 

can be written from (3) as 
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Therefore, from (11), the radiation intensity can be written as 
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In the upper hemisphere, the average radiation intensity of array of monopoles 
separated by a distance d = λg/2 is given by [28] 
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Directive gain of the array as a function of elevation angle θ 
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Therefore, overall directive gain at a particular direction (θ) in case of array of 
monopoles can be written as 
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Hence, using above equation (5.17), the overall gain of the monopole array in 

the angular region θ =220 to 340 varies from 8 dBi to 11 dBi. Therefore, the 

monopole array has sufficient gain in the angular region 220 to 340 where, the E-

plane gain of the RMA rolls off. This merges with the E-plane radiation pattern of 

RMA resulting in stable wide angle gain in case of present QPCMA.  

5.3.3 Performance Analysis of QPCMA with Low Loss Substrate 

Conventional RMA at high frequency is significantly vulnerable to losses 

and hence, the use of a substrate with high loss tangent is usually not preferred. 

Consequently, to examine the validity of the present QPCMA in low loss substrate, 

the antenna has been designed on RT-5870 at X band and the radiation pattern is 

illustrated in Fig. 5.9. It is found that the gain of the QPCMA with RT-5870 

increases by 1.2 dB compared to the same with FR4 substrate. In fact, the antenna 

gain enhances with lower dielectric constant substrate [34] because the E-fields are 

loosely bound to the substrate which contributes in CP radiation. This may be 

attributed for higher gain of QPCMA with low loss substrate. On the contrary, as the 

E-fields are loosely bound to the substrate, it contributes in XP radiation also and 

hence XP radiation increases. However, around 25 dB of CP-XP isolation is revealed 

for QPCMA with RT-5870 substrate. It may also be noted from Fig. 5.9 that the 

QPCMA exhibits symmetry in radiation patterns of around 1100 in principle planes 

with 690 flat-top regions. The QPCMA with RT- 5870 at X-band also exhibits wide 
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3 dB beam-width of 890 which is similar to the same with FR-4 substrate. Therefore, 

it may be concluded that the QPCMA works well with both the low loss and high 

loss substrate except some degradation in peak gain for high loss substrate.  

 

(a) (b) 

 
(c) 

FIGURE 5.9. Simulated radiation pattern of QPCMA with different substrate (a) low loss substrate (RT-
Duroid,εr = 2.33), (b) same as (a) to depict the flat-top region, (c) low loss substrate (FR-4,εr = 4.4). 

 

In general, the FR-4 substrates are used up to 1-2 GHz. In fact, the dielectric 

loss tangent increases with frequency in most of the cases. However, the loss tangent 

of FR-4 is typically constant from 1 to 10 GHz [35]. Therefore, to manufacture low 

cost antenna, FR-4 may be used by sacrificing gain of the antenna. Furthermore, it 

may be noted that for such substrate, the gain may be low, but it has lower XP 

radiation and definitely the wide beam-width. 
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5.4 Proposed Structure 

First, a RMA with dimension (L ×W) = 7.8 × 12 mm2 has been fabricated on 

grounded FR-4 dielectric substrate with dimension is 90 mm × 90 mm (5λg × 5λg) 

(𝜀 = 4.4, height h = 1.58 mm) (Fig. 5.1). The antenna has been fed at 2.1 mm from 

the centre of the patch. Then, two grooves of diameter 1.5 mm have been cut in the 

substrate at the central part of radiating edges at a distance of 1 mm from the 

respective edges. Two conducting copper sticks of length 3λg/4=13.5 mm and 

diameter 1.5 mm are inserted through grooves resulting in proposed QPCMA      

(Fig. 5.10(a) and 5.10(b)). 

5.5 Results and Analysis 

The measured results obtained for the proposed QPCMA prototype have 

been documented in this section. The resonant frequency of the proposed QPCMA is 

8.04 GHz with around 7% impedance bandwidth (from 7.8 GHz to 8.3 GHz) (Fig. 

5.11). Fig. 5.12 shows the H and E-plane radiation patterns of the proposed QPCMA 

along the boresight at two frequencies within its operating band. The H-plane XP 

radiation pattern is plotted in the same figure. There is no significant change in E-

plane XP radiation. Therefore, we refrain from giving E-plane XP radiation pattern 

in the manuscript for brevity. The measured 3-dB and 10-dB beam-width of the 

QPCMA are around 900 and 1250, respectively in both the principal planes at centre 

frequency f =8.04 GHz. The H-plane beam -width has been broadened by 50% while 

the same for E- plane is 13% compared to that of a conventional RMA. Around 1450 

symmetry in measured E and H-plane radiation patterns is clearly found from Figs. 

5.12 (a) and (c) at two frequencies in its operating band.   

The proposed QPCMA exhibits flat-top radiation in the entire bore sight 

region. At each frequency, the close view of the flat- top portion in the radiation 

patterns in the E and H planes is portrayed in Figs. 5.12 (b) and (d). Around 700 flat-

top in the radiation pattern is revealed from the QPCMA in all the frequencies of 

operation with almost no ripple. 

 

 



 

FIGURE 5.10. Fabricated 
and (d) side view depicting
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(a) 

(b) 

(c) 

(d) 
 

Fabricated prototype (a) Top view, (b) Back-view, CAD based 
view depicting monopoles. 
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CAD based (c) isometric view 



CHAPTER 5:  Quasi Planar Composite RMA 129 
 

 
 

 
FIGURE 5.11.  Measured reflection coefficient profile of the proposed QPCMA. 

 
 

 
(a) (b) 

(c) (d) 
FIGURE 5.12. Measured E and H-plane radiation patterns for QPCMA at different frequency.      (a) 
Complete pattern at f =8.04 GHz, (b) flat-top region at f =8.04 GHz, (c)complete pattern at f =7.9 GHz, (d) flat-
top region at f =7.9 GHz. 
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FIGURE 5.13. Measured gain and minimum CP-XP isolation as a function of frequency for QPCMA. 

 

The simulated and measured gain of the proposed QPCMA (fabricated on a 

grounded FR-4 substrate with εr =4.4, height h = 1.58 mm) are 8.7 dBi and 8.2 dBi, 

respectively whereas, the measured gain of a conventional RMA is 4.5 dBi. The 

measured gain of the proposed QPCMA is reasonably stable and varies from 7.95 

dBi to 8.2 dBi in the whole band and the peak CP-XP isolation is in the range of 26-

40 dBi the whole operating band. Therefore, around 14-18 dB improvement in 

suppression of XP radiation is revealed from the proposed QPCMA than that of a 

conventional RMA.  In order to examine the stability of peak gain and the 

polarization purity of the proposed QPCMA as a function of frequency, the 

measured values of these are presented in Fig. 5.13. It shows that the gain of the 

QPCMA is quite stable and varies from 7.95 dBi to 8.3 dBi in the whole band. On 

the contrary, minimum CP-XP isolation is in the range of 26-27 dB in the whole 

operating band.  

Therefore, the proposed QPCMA shows 7% impedance band width, wide-

beam flat-top radiation pattern with1450 symmetry in principle planes with high gain 

(8.2 dBi) and improved CP-XP isolation (26-40 dB along wide elevation angle). 

5.6 Comparison between Radiation Properties of the QPCMA 

with Various Established Designs of RMAS  

The performance of QPCMA is compared with conventional RMA designed 

on FR-4 substrate (εr = 4.4) and earlier reported works in Table 5.2. It is apparent 
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that the proposed QPCMA exhibits wide beam-width with 1450 symmetry in 

radiation pattern in principal planes along with considerably high gain of 8.2 dBi 

(although using a FR-4 substrate) and around 26-40 dB CP-XP isolation 

concurrently. Additionally, the present QPCMA exhibits around 700 of flat-top 

radiation pattern with almost no ripple. 

TABLE-5.2: Comparison between radiation properties of the QPCMA with conventional RMA and 

earlier reported works 

Ref Antenna type Gain 
(dBi) 

E-
plane 
3 dB 
beam 
width 

H-
plane 
3 dB 
beam 
width 

Symmetry 
between 
radiation 
patterns 

in 
principal 

planes 

Peak  
CP-XP 

isolation 
in dB 

Flat-top 
range in 

the 
radiation 
patterns 

Remarks 

- Conventional 
RMA (εr = 4.4) 

4.5 650 700 - 16 - Planar 
structure 

[1] Double shell lens 
antenna fed by 
aperture coupled 
microstrip 
antenna 

 80  - 28 800 in  
H-plane, 
600 in E-

plane, 

Volumetric 
antenna, 
ripple in 
flat-top 
region 

[2] Switched  
beam microstrip 
antenna array 

16.6 560 50  25 460 Quasi 
planar 
antenna 
array 

[5] Circularly 
polarised  
bow tie array 

>11.8 600 300  25 300 in  
E-plane 

Quasi 
planar 
antenna 
array 

[9] Composite 
dielectric  
loaded RMA 

7 640 880 - 17 - Quasi 
planar 
structure 

[12] Circularly 
polarised 
microstrip 
monopole  
antenna 

3.5 1370 1560 1300 - - Quasi 
planar 
structure 

[15] Slot type DGS 
integrated RMA 

- 550 600 - 25 - Planar 
structure 

[17] Shorted RMA 7.5 600 700 - 27 - Planar 
structure 

[29] T-shaped 
microstrip 
antenna 

6.11 560 - - 21 - Planar 
structure 

- Present QPCMA 8.2 900 900 1450 26 720 in 
both E 
and H-
plane 

Quasi 
planar 
structure 
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5.7 Conclusion 

A compact QPCMA is proposed for high gain, flat-top, wide beam-width, 

symmetrical radiation pattern with excellent CP-XP isolation. The concurrent 

improvement of all the radiation properties with such low profile structure is 

absolutely new in the field of microstrip radiator till date. The reasons for the 

improvement in each parameter are thoroughly investigated, analyzed and 

documented in the present chapter for insightful exploration of the structure. The 

proposed structure is extremely simple and trouble-free to construct. The proposed 

antenna structure will surely be helpful for antenna community and find potential 

applications in the fields of modern wireless communications as it addresses 

majority of the primary lacunae of an RMA. 
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 In this dissertation we have investigated the most useful and versatile patch 

antenna geometry i.e.  Rectangular Microstrip Antenna (RMA), theoretically and 

experimentally for the improvement of bandwidth and radiation characteristics. 

 Rectangular microstrip antenna (RMA) is the most useful antenna structure 

for its wide variety of applications, due to its simple design, ease of implementation, 

manufacturing and even production. Modification of and RMA due to its basic 

structure of just copper clad and dielectrics is very easy and hence tweaking it as per 

requirement is relatively easy. Because of these features, RMA is a best choice to 

address all the requirements of latest personal or handheld wireless communication 

equipment. Noth withstand the above, the RMA is also suitable for certain aerial 

applications like satellite and missiles due to its conformability and lightweight. 

Nevertheless, the parameters of an RMA viz-z-viz its versatility are not so promising 

and its performance without and with modifications are discussed in Chapter 1. 

 Hence, investigation to enhance some characteristics of rectangular 

microstrip antennas is imperative for above mentioned applications. As always, an 

antenna needs to be having high gain, wide bandwidth, low cross polarization, 

symmetric radiation pattern, stable gain profile over wide angle, etc. However, the 

physics of an antenna does not permit the concurrent improvement in the 

characteristics. Hence, it is important to design the antenna judiciously which can 

improve the needful parameters for a particular application while keeping other 

parameters well maintained. Notably, complexity of design and manufacturing is a 
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very important constraint. With that in key sight some designs along with theoretical 

and parametric analysis have been provided in the preceding chapters. The summary 

and conclusion is as enumerated below.  

In Chapter 2, has been investigated the Microstrip patch antenna with 

defected patch surface (DPS). The chapter has been mainly divided in two parts 

wherein detailed investigations have been shown in antennas having DPS at 

radiating and non-radiating side.  

 In the first part of chapter 2, DPS integrated RMA with defects on non-

radiating side have been thoroughly investigated. This germinates a simple and 

compact grounded comb-shaped microstrip patch antenna with significantly 

improved radiation performance. The structure shows consistently improved 

radiation performances such as wide symmetrical radiation beam with very low XP 

radiation.  Around 1050-1100 of 3 dB beam width is evident with more than 35 dB 

CP-XP isolation from the structure while the same for a conventional patch is only 

15 dB. Around 15 dB of front-to-back radiation isolation is found from the proposed 

patch. Most importantly, the proposed antenna produces 65% and 35% broader beam 

in H and E-planes respectively than that of a classical microstrip antenna. The 

antenna may be useful for polarimetric radars or as feed to parabolic reflector 

antennas. 

In the second part of chapter 2, similar investigations have been carried out 

by making corrugation like defects on radiating side of RMA. Good Polarization 

purity along with dual resonance has been obtained from the structure. However, 

placing defects on radiating edges are not reliable as it may hamper radiating edge 

fields of 𝑇𝑀ଵ mode specifically for smaller patches. 

The selection of above mentioned DPS structures for particular applications 

to be based mainly on the level of requirement of polarization purity and the scope of 

implementation of array. The employment of array is must since the individual 

antenna gain is limited here as observed. The bandwidths of the structures are 

limited too to meet the requirement of high speed data transmission in some specific 

applications.  

With the above discussed facets and limited short coming of marginal gain 
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and restriction of bandwidth, some other techniques were explored to enhance the 

gain and bandwidth of RMA in Chapter 3. 

 In Chapter 3, the employment of defected ground structure (DGS) of 

hexagonal geometry has been methodically investigated. Here, the employment of 

DGS has been considered mainly to improve the gain and bandwidth of RMA. As 

such, the classical report on implementation of DGS in RMA is prominently 

considered for lowering cross-polarized radiation. The experimental investigations 

with hexagonal DGS (HDGS) integrated RMA shows that the bandwidth and the 

gain properties can also be improved by judicious exploitation of the defect 

geometry on ground plane. Around 58% input impedance bandwidth (covering X 

and Ku spectrum) with high gain (around 9.1-9.4 dBi) and stable radiation pattern is 

obtained from the structure. The XP radiation for the proposed design shows much 

better results than conventional RMA at Ku band. 

 Furthering the study, a comparative analysis between various existing DGSs 

which are particularly in increasing order of polygon has been methodically carried 

out. With the results, amongst the available polygons, the hexagonal DGS integrated 

RMA can address all the issues of polarization purity and board banding along with 

higher gain of around 9 dBi. Further to it, it offers UWB too. And, the above 

mentioned requirements are inescapable being fundamental in nature to the field of 

communications and polarimetric radars. However the cross polar radiation at back 

side of this structure is relatively higher as is expected from DGS integrated 

structures.  

 In the next Chapter, unlike the DPS or DGS approach, no slots or shorts were 

incorporated on patch surface or anywhere in ground plane to repress cross-polar 

radiation. A completely novel and easy technique has been employed to address the 

issue of cross and co-polarization. In Chapter 4 a single layer and planar bracketed 

stub loaded RMA has been investigated for high gain and low XP radiation in the 

entire elevation angle. In this concept, the magnetic field locus due to attachment of 

coaxial probe feed has been modulated and the same is exploited to evolve a simple, 

single element with single layer patch. 

The proposed bracketed stub-loaded single layer RMA structure exhibits 

good and viable gain of 8 dBi with 27 dB of co-cross polar isolation in the most 
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affected plane i.e H plane. Also, in order to enhance the gain and to study its 

viability in terms of array, a 2 element array was constituted. Around, 10 dBi of gain 

with 27 dB of co-cross polar isolation was obtained.  

TABLE 6.1 Tabulated form of all the investigated structures for objective assessment and selection. 

 

 Although the gain issue can be addressed by array implementation, the issues 

of improved and symmetrical radiation patterns with low cross polarization are of 

significant importance. Along with these, achieving the flat top radiation beam from 

such antennas is very much laudable. Hence, investigations to improve the complete 

radiation characteristics with an different approach has been covered in next chapter. 

 In Chapter 5, a compact Quasi-planar Composite Microstrip Antenna 

(QPCMA) has been investigated thoroughly and proposed for high gain, flat-top, 

wide beam-width, symmetrical radiation pattern with excellent CP-XP isolation. The 

concurrent improvement of all the radiation properties with such low profile 
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structure is absolutely new in the field of microstrip radiator. The reasons for the 

improvement in each parameter are thoroughly investigated, analyzed and 

documented in this chapter for insightful exploration of the structure. The proposed 

structure is extremely simple and has potential applications in the fields of modern 

wireless communications. 

The performance comparison for all the investigated structures is tabulated in 

Table 6.1. This may be helpful for practicing engineers to choose the antenna 

structure for their specific applications. 

It may be noted that there is plenty of scope available to exploit different 

kinds of composite structures. Further, different geometries of patches may be 

investigated employing the designs documented in this dissertation.  

The theoretical and experimental analysis of the investigations, presented in 

this dissertation, are very much important for scientific and research community. The 

investigated techniques are most up to date with cutting edge technologies and 

complete in all aspects and hence should be very much useful for efficient 

rectangular microstrip antenna design. 
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Introduction 

 In the dissertation, we have reported the investigations on the useful, versatile 

and easy to implement patch antenna geometry i.e. Rectangular Microstrip Antenna 

(RMA), theoretically and experimentally for the improvement of bandwidth and 

radiation characteristics optimally. 

 Rectangular microstrip antenna (RMA) is the most useful antenna structure 

for its wide variety of applications, due to its simple design, ease of implementation, 

manufacturing and even production. Modification of and RMA due to its basic 

structure of just copper clad and dielectrics is very easy and hence tweaking it as per 

requirement is relatively easy. Because of these features, RMA is a best choice to 

address all the requirements of latest personal or handheld wireless communication 

equipment. At the same time, the RMA is also suitable for certain aerial applications 

like satellite and missiles due to its conformability and lightweight. However, the 

performance of an RMA viz-z-viz its versatility are not so promising. Without 

modifications, RMA has poor gain and is around 3 to 4 dBi. Also, bandwidth is 

limited and is up to 5% for conventional microstrip antenna. The efficiency of the 

antenna too is limited, where in the radiation efficiency is around -3.8 db and total 

efficiency of is upto -8.8 db. One of the important parameter i.e polarization purity 

of RMA, is around 10 to 15 dB which is not so promissing too. From industrial and 

military application point of view, the power handling capacity of RMA is limited to 

mW or few W which is just suitable for home applications. Also, like few other 

antennas, the RMA too suffers with surface waves which reduces radiation 

efficiency and directivity.  

Objective 

 Hence, investigations to enhance some characteristics of rectangular 

microstrip antennas are imperative for effective use of RMA in above mentioned 

applications.  

 Specifically, an antenna needs to be having high gain along with stable gain 

profile over wide angle, wide bandwidth, low on cross polarization, symmetric 

radiation pattern, etc. But the physics of an antenna does not permits concurrent 

improvement in these characteristics. Hence, it is essential to design the antenna 



Abstract 2 
 

 
 

optimally, which can improve the requisite parameters for a particular application 

while maintaining other parameters to a desired level. With that in key sight, some 

designs supported with theoretical and parametric analysis have been provided in the 

thesis. The highlights have been summarized and conclusion is enumerated as below.  

Summary of Results 

 In Chapter 1 of the thesis, introduction of the RMA along with its technical 

aspects have been covered. The chapter also includes radiation characteristics, 

limitations, and extensive literature survey on improving the radiation parameters of 

RMA. In order to enhance some characteristics of RMA, initially the application of 

defecting patch structure was exploited. Hence, in Chapter 2, we have investigated 

the Microstrip patch antenna with defected patch surface (DPS). The chapter has 

been primarily divided in two parts, wherein detailed investigations have been 

carried out in antennas having DPS at radiating and non-radiating side.  

 In first part of chapter 2, DPS integrated RMA having defects on               

non-radiating side has been investigated. This design form is a simple and a compact 

grounded comb-shaped microstrip patch antenna with improved radiation 

performance was designed. The structure exhibited improved radiation performances 

wherein wide symmetrical radiation beam pattern with very low XP radiation has 

been observed.  Around 1050-1100 of 3 dB beam width is with more than 35 dB   

CP-XP isolation has been achieved. Whereas, the same for a conventional patch is 

only 15 dB. Also, front-to-back radiation isolation has been found to be around 15 

dB from the proposed patch modification. Most significantly, the proposed antenna 

produces 65% and 35% broader beam in H and E-planes respectively than a classical 

microstrip antenna. The antenna may be useful as feed to parabolic reflector 

antennas or as a polarimetric radars antenna. 

In the second part of chapter 2, corrugation like defects is made on radiating 

side of RMA and similar investigations have been carried out. Good Polarization 

purity along with dual resonance has been obtained from the structure. However, it 

was studied that placing defects on radiating edges are not reliable as it may hamper 

radiating edge fields of 𝑇𝑀ଵ mode specifically for smaller patches. 

The above discussed DPS structures were selected for particular applications 
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to be based mainly on the level of requirement of polarization purity and for 

implementation of array. The employment of array is must, as the individual antenna 

gain is limited as observed. The bandwidths of the structures are also limited.  

With the above discussed facets and marginal short coming of limited gain 

and restriction of bandwidth, some other techniques were further explored in Chapter 

3 to enhance the gain and bandwidth of RMA. 

 In Chapter 3, a different approach by employing defected ground structure 

(DGS) of hexagonal geometry has been investigated for RMA. The employment of 

DGS has been considered in this chapter, mainly to improve the gain and bandwidth 

of RMA. The experimental investigations of hexagonal DGS (HDGS) integrated 

RMA shows, the bandwidth and the gain properties can also be improved. However, 

that requires judicious exploitation of the defect geometry on ground plane. Around 

58% input impedance bandwidth of X and Ku spectrum with high gain of around 

9.1-9.4 dBi with stable radiation pattern was obtained. The XP radiation for the 

proposed structure exhibits much better results than conventional RMA in Ku band. 

 Furthering the study, a comparative analysis of various existing DGSs which 

are particularly in the increasing order of polygon was carried out. The hexagonal 

DGS integrated RMA had parameters better than available polygons, which can 

address the issues of polarization purity, higher gain of around 9 dBi and board 

banding simultaneously. Further to it, DGS integrated RMA offers UWB. These 

requirements are imperative being fundamental to the field of communications and 

polarimetric radars. However, the cross polar radiation on the back side of this 

structure is relatively higher which is expected from a DGS.  

 In the next Chapter, a completely novel and easy technique has been 

employed to address the issue of radiation characteristics (cross and co-polarization). 

Unlike the DPS or DGS, in this design no slot or short were incorporated. In 

Chapter 4, a planar bracketed stub loading of RMA has been designed and 

developed and investigated for high gain and low XP radiation for the entire 

elevation angle. In this concept, the modulation of locus of the magnetic field 

generated due to feeding by probe has been exploited to evolve a simple and single 

element with single copper lad structure. This is done with a view to enhance 

radiation performance by improving impedance matching. The proposed bracketed 
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stub-loaded single layer RMA structure exhibits good and viable gain of 8 dBi with 

27 dB of co-cross polar isolation in the most affected plane i.e H plane. Also, in 

order to enhance the gain and to study its viability in terms of array, a 2 element 

array was constituted. Around, 10 dBi gain with 27 dB of co-cross polar isolation 

was obtained. The structure is quite simple and easy to manufacture.  

 Although the gain issue can be addressed by array implementation, the issues 

of improved and symmetrical radiation patterns with low cross polarization are of 

significant importance. Along with these, achieving the flat top radiation beam from 

such antennas is very much laudable. Hence, investigations to improve the complete 

radiation characteristics with a different approach have been attempted in next 

chapter. In Chapter 5, a Quasi-planar Composite Microstrip Antenna (QPCMA) has 

been investigated thoroughly for overall improvement in radiation parameters like 

high gain, flat-top, wide beam-width, symmetrical radiation pattern with excellent 

CP-XP isolation. The concurrent improvement as discussed above of all the radiation 

properties with such low profile structure is absolutely new in the domain of 

microstrip radiators. The reasons for improvement in each parameter are 

systematically investigated, analyzed and documented in the chapter for insightful 

exploration of the proposed structure. The proposed structure is extremely simple 

and promising for the fields of modern wireless communications. 

The performance comparison for all the investigated structures has been 

tabulated and provided in the last chapter. This may be helpful for practicing 

engineers to choose the antenna structure for their specific applications. 

Also, there is plenty of scope available to exploit different kinds of composite 

structures. Further, different geometries of patches may be investigated employing 

the designs recommended and documented in the dissertation.  

The theoretical and experimental analysis of the investigations, presented in 

this dissertation, are very much important for scientific and research community. The 

investigated techniques are most up to date with cutting edge technologies and 

complete in all aspects and hence should be very much useful for efficient 

rectangular microstrip antenna design. 
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