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CHAPTER  

                                 1 

Introduction and Literature  

Review 

 

 
1.1 Introduction 

The beginning of communication can be traced back to 1844 when Morse 

successfully transmitted a message over a single wire. The age of wireless 

communication started in 1886 when German scientist Heinrich Hertz discovered 

radio waves. In 1988 the first antenna was built by Heinrich Hertz for his experiment 

to prove the existence of radio waves. Antenna is a radiator by which radio frequency 

waves are transmitted or received. Antennas have wide range of configuration and can 

be classified to understand their functionality and physical structure. Some of the 

common configuration of antenna includes wire antennas, aperture antennas, lens 

antennas and microstrip antennas. Significant efforts have been made by scientists and 

researchers to explore different types of antennas for use in the wireless world. Initially 

communication happens at very low radio frequency so the size of the antennas was 

gigantic. As time goes by, requirement of smaller antennas increases as the demand 

for wireless world shifts towards higher spectrum operations. In the present wireless 

world, mobility of wireless device is imperious and has become an essential constraint 

for developing the antennas compatible with handheld communication devices. This 

demands for light weight, low profile, compact and low-cost antennas. In this context, 

microstrip antenna emerges as the best choice to meet all the requirements of the 

modern wireless world.  

In the kilomegacycle range, the first concept of microstrip antenna as a new 

transmission technology is introduced by Greig and Engleman [1] in the year 1952. In 

1953, Deschamps [2] first proposed the concept of microstrip antenna as a radiator. 

The concept of microstrip antenna was patented by Gutton and Bassinot [3] in 1955. 

The concept of microstrip antenna was proposed by Deschamps but it came into 
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existence in 1970’s when Howell [4] and Munson [5] practically proposed it. In 1960, 

Lewin [6] investigated and reported the radiation from strip line discontinuities. 

During the year 1955 to almost 1969, research has been carried out for radiation from 

discontinuities of strip line and researchers brought forward different perspectives [7-

9]. The inherent advantage of microstrip antenna like light weight, structural 

simplicity, low cost and easy to fabricate attract many antenna researchers. 

Researchers reported theoretical analysis and practical implementation of different 

geometry of microstrip antenna [10-20]. Two well cited and famous books were 

published in the early 1980’s by Bahl and Bhatia [21] and James, Hall and Wood [22]. 

These two books cover all the achievements in the field of microstrip antennas. Nearly 

after a decade, James et. al published the first handbook [23] in 1989. Balanis in 1997 

published a book which covers the fundamental antenna theory and design related 

issues of microstrip antenna [24].  The microstrip antennas are gaining popularity day 

by day but they also have some inherent limitations which need to be addressed and 

overcome. 

This chapter deals with the basic historical background of microstrip antenna in 

section 1.1. In section 1.2 basic structure, advantages and limitations are covered. In 

section 1.3 different feeding techniques of microstrip antenna is discussed. In section 

1.4 a survey on the existing techniques to improve the radiation characteristics of 

microstrip antenna has been documented. Lastly, section 1.6 presents the summary of 

the chapter.  

1.2 Basics of Microstrip Antenna 

Microstrip antenna (MA) consist of a patch which is a conducting metal strip on 

one side of a dielectric substrate and a ground plane which is another conducting metal 

plate of bigger size on the other side of the substrate. The following subsection covers 

the basic structure, basic operation, advantages and limitations of a microstrip antenna. 

1.2.1 Basic Structure  

In its most basic form, a microstrip antenna consists of a thin dielectric substrate 

which is sandwiched between two conducting plates. The lower conducting plate acts 



 

3 
 

as the ground plane and the other conducting plate acts as the patch. The length of the 

upper metallic plate geometry approaches a half-wavelength long of its operating 

frequency. Conducting materials such as gold and copper are generally used as the 

patch. The basic structure of a circular microstrip antenna is shown in Fig. 1.1.  

 

Fig. 1.1 Basic structure of microstrip antenna  

A microstrip antenna can come in various shapes. Some common shapes of 

microstrip antenna are shown in Fig. 1.2. To simplify the analysis and predict the 

performance, the patch is generally rectangular, circular, elliptical and triangular.  

 

                                

                      (a)                                                          (b)                                                        (c)     

                                         

                   (d)                                                          (e)                                                       (f) 

Fig. 1.2 Different shapes of a microstrip antenna (a) square (b) rectangle (c) dipole  

(d) circular (e) rectangular (f) circular ring 
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1.2.2 Advantages and Limitations 

Microstrip antennas are gaining attention for use in wireless application, handheld 

wireless devices, military applications and commercial sectors. The principal 

advantage which makes the microstrip antenna popular are low profile, light weight, 

small in size, ease of mass production as the fabrication cost is low, both circular and 

linear polarization can be obtained from a single MA. The MA can work in multiband 

frequency i.e., they are capable of dual, triple or further more frequency operation. The 

MA are flexible, can be mounted to any curved surface and can be molded to any 

shape. They can be easily integrated with microwave monolithic integrated circuits 

(MMICs) [25-28].   

Besides the many advantages mentioned above, microstrip antenna has some 

limitations like narrow impedance bandwidth (typically less than 5%), low efficiency, 

low gain, low power handling capacity, excitation of surface waves, less co-

polarization to cross polarization isolation (polarization purity), large ohmic losses, 

and design complexity due to small size [25-28].   

The different techniques employed for improving the radiation characteristics are 

discussed in section 1.4.  

1.3 Feeding Techniques 

Variety of feeding techniques is available for feeding microstrip antennas. To get 

efficient radiation from the patch, the antenna should fed properly. Feeding 

mechanisms available for microstrip antenna are broadly classified into two categories 

namely contacting and non-contacting. In the contacting method, contacting elements 

such as microstrip line is used to feed RF power directly to the radiating patch. In the 

non-contacting method, power transfer between the radiating patch and the microstrip 

line is done by electromagnetic field coupling. Microstrip line feeding, coaxial cable 

feeding, proximity coupling and aperture coupling are the four most common feeding 

techniques used in microstrip antenna. The two most popular contacting method used 

for feeding are coaxial cable feeding and microstrip line feeding whereas proximity 

coupling and aperture coupling are the two extensively used non-contacting type of 

feeding. 
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The coaxial probe feeding is one of the most common feeding techniques used for 

feeding microstrip antenna. The basic arrangement of coaxial probe feed is shown in 

Fig. 1.3.  The inner material of the coaxial cable extends through the substrate which 

is a dielectric material and is connected and soldered to the patch. The outer material 

of the coaxial cable is connected to the ground plane. The probe or the feed point can 

be placed at any desired contact point on the patch so that impedance matching is 

maximized. This feed method is easy to fabricate. If it is properly soldered, spurious 

radiation from the probe is very less and this makes the feeding mechanism more 

versatile and most efficient. However, it has some limitations such as narrow 

bandwidth, high cross polarization radiation due to asymmetries in feed position, 

impedance matching problem and inappropriate with array structures. 

 

                    (a) 

 

 

(b) 

Fig. 1.3 Coaxial probe feeding technique (a) top view (b) side view 
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In microstrip line feeding a microstrip line or strip is directly connected to the 

edge of the microstrip patch. The basic arrangement of this type of feed is shown in 

Fig. 1.4.  Compared to the width of the patch, the conducting strip is smaller. The 

advantage of this type of feed arrangement is that the feed can be etched on the same 

substrate so as to provide a planar structure. It is an easy feeding technique that 

provides ease of fabrication, simplicity in analysis and modeling and provides good 

impedance matching. The increase in thickness of the dielectric substrate hampers the 

bandwidth of the antenna. This is due to the increase in surface waves and increase in 

spurious feed radiation as the thickness of the substrate increases. The increase in 

spurious feed radiation result in undesirable cross polarized radiation. 

 

Fig. 1.4 Microstrip line feeding technique 

Aperture couple feeding is another type of feeding technique. In this type of 

feeding arrangement, the ground plane is sandwiched by two substrates as shown in 

Fig. 1.5. The two substrates have different height and different dielectric constant. The 

microstrip antenna is etched on top of the upper substrate and the microstrip line is 

etched on the lower substrate. A slot or an aperture is made for coupling the patch and 

the feed. To lower cross polarization the coupling aperture is usually centered under 

the patch. The shape, size and location of the aperture determine the amount of 

coupling from the feed line to the patch. Spurious feed radiation is minimized since 
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the patch and the feed line are separated by the ground plane. This results in improved 

bandwidth. The major drawback of this feeding arrangement is that it is difficult to 

fabricate due to the multi-layers and narrow bandwidth. 

 

Fig. 1.5 Aperture coupled feeding technique 

Proximity coupled feeding is non-contact type of feeding mechanism and shown 

in Fig. 1.6, It is also called as electromagnetic coupling scheme. Two dielectric 

substrates of different height are used and the feed line is between the two substrates. 

The patch is placed on top of the upper substrate. The major advantage of this feed 

technique is elimination of spurious feed radiation which provides a very high 

bandwidth. The main drawback of this scheme is that it is difficult to fabricate. This is 

due to the two dielectric layers which need proper alignment making the fabrication 

process complex.  

 

Fig. 1.6 Proximity coupled feeding technique 
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1.4. Existing Techniques to Improve the Radiation Characteristics of a 

Microstrip Antenna  

The radiation characteristics of a basic MA suffers from several significant flaws; 

for instance, narrow bandwidth, low gain, low efficiency, poor polarization purity and 

low power handling capability. Thereupon, over the last few years, substantial 

attention is given by antenna researchers to enhance various characteristics of MA. 

Several techniques like the use of electromagnetic bandgap surface [29], air substrate 

[30], laminated ground plane [31], frequency selective surface absorbing layer [32], 

and dielectric covers [33] are investigated to improve the radiation characteristics of a 

MA. The basic radiation characteristics of circular microstrip antenna is discussed in 

[34]. The effects of finite ground plane have been used to analyze the radiation 

characteristics of a CMA in [35].   

Recently, numerous researches have been carried out to improve the gain of a MA. 

The demand for fast and reliable connectivity with minimum path loss leads to the 

increasing demand for high gain antennas. The improvement of bandwidth and gain 

by incorporating the resonator structure is presented in [36]. Adding a metamaterial 

resonating structure [37 - 38] is one technique used to enhance the gain of a MA. Gain 

enhancement is achieved by using several techniques like using of electronic band gap 

structure (EBG) [39-43] and polarization rotation metasurface (PRMS) [44]. 

Superstrate materials [45 - 47], metallic reflectors [48], artificial magnetic conductors 

(AMC) [49] and frequency selective surface (FSS) [50 - 51] are also employed to 

increase the gain. Loading of shorting pins or shorting slots are proposed in [52 - 55] 

to enhance the gain a microstrip antenna. Other methods that have been proposed to 

improve the gain are partial removal of substrate [56 - 57] and defected ground surface 

(DGS) in [58 - 59]. 

Narrow bandwidth of a microstrip antenna is one of its major drawbacks. The 

increasing demand of high-rate data transfer motivates researchers to find a way to 

improve the bandwidth of a microstrip antenna. Different techniques have been used 

by various researchers to improve the bandwidth [60 - 86]. Modification in the patch 

shape like S- shape [62], stacked stair-case patch [63], E- shape [64], multiple notches 
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on the patch [65], and different types of slots in the patch [66 - 69] are investigated for 

improvement of bandwidth. Enhancement in bandwidth is achieved by modifying the 

ground plane and is reported in [70 -74]. In [70] modification of ground plane to partial 

ground plane is proposed. Partial DGS of hexagonal periodic array [71], ridge ground 

plane [72], W- shaped ground plane [73] and inserting multiple slots in the ground 

plane [74] has been employed for improving the bandwidth. Addition of parasitic patch 

is also proposed in [75-77]. The parasitic patch that is added couples with the main 

radiating patch and this causes a multiple resonance frequency which creates 

bandwidth enhancement. In [78-80] air gap technique for bandwidth improvement is 

reported. Use of multiple feeding techniques [81], metamaterials [82-85] and different 

liquid crystal polymer substrates [86] are proposed to improve the gain and bandwidth 

of a microstrip antenna.  

A MA emits linearly polarized radiation (Co polar (CP) radiation) in its broadside 

direction in its dominant mode. Cross polarized (XP) radiation are also emitted in the 

orthogonal direction. The XP radiation are not desirable. The E-plane XP radiation is 

always lower than -40 dB so it is not that significant. But the H-plane XP radiation is 

quite significant which limits the application of the microstrip antenna in the modern 

wireless world. So, the cross polarized radiation of a microstrip antenna is another 

aspect that needs to be considered. Researchers have documented many techniques for 

enhancement of CP-XP isolation.  

Non-contact type fed patch for the improvement of CP-XP isolation (polarization 

purity) in H-plane is reported in [87-89]. CP-XP isolation of -23 dB is reported in [87] 

using a T-shaped microstrip feed line and an annular ring slot exited by aperture 

coupling feed. In [88], a broad-band dual-polarized aperture coupled stacked patches 

provides 30 dB of CP-XP isolation. A differential rat-race feeding structure achieves 

an excellent CP-XP isolation of 22.5 dB and has been reported in [89]. 

Improvement of CP-XP isolation in the H-plane can be achieved by modifying the 

feed structure and this technique is documented in [90-94]. A wideband microstrip 

antenna fed by meandering strip [90] achieves XP level below -20 dB in both E-plane 

and H-plane. In [91], a differentially fed patch achieves cross polarization levels lower 

than 20 dB. A broadband suspended plate antenna [92], dual polarized single antenna 
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fed by two hybrid input ports [93] and dual-feed dual polarized microstrip antenna [94] 

have been experimentally studied to improve the polarization purity. 

Stacked offset microstrip antenna [95] and two-layer shorted square microstrip 

antenna [96] are designed and experimented to enhance the CP-XP isolation. In [97], 

XP radiation of below -16 dB over all angles in both the principal planes using stacked 

patch structure is reported. A mirrored pair feeding technique of an 8×2 element L 

band dual polarization stacked microstrip antenna which achieves around 15-20 dB of 

cross polarized radiation is reported in [98]. 

Modification of the ground plane of a microstrip antenna is another technique that 

is reported in [73, 99] to reduce XP radiation. A 3-dimensional U- shaped ground plane 

for a broadband probe fed microstrip antenna is investigated in [99]. This proposed 

antenna provides 10-15 dB of XP isolation. In [73] 14 dB CP-XP isolation is attained 

with a W-shaped ground plane. 

Shorted patch configuration for improvement of CP-XP isolation is reported in 

[100 - 106]. A rectangular patch which is short circuited to the ground plane for use in 

UMTS application is reported in [100]. A square patch shorted to the ground plane  via 

two shorting walls [101] and a shorted microstrip  antenna which is fed by a folded 

ramp patch suspended by shorting pins [102] are utilized for broad banding. The 

impedance and radiation characteristics of a classic shorted quarter wavelength 

microstrip antenna for wide bandwidth are reported in [103]. Shorting the non-

radiating edge of a rectangular microstrip antenna [104], a rectangular patch antenna 

with shorted plate [105] and a microstrip patch with near-field edge-shorted slot [106] 

are also investigated for reduced cross polarized radiation.  

There has been an increasing interest in the use of defected ground surface (DGS) 

to reduce the cross polarized radiation from a patch. In this technique defect which can 

be of different forms and dimensions are created on the ground plane to achieve 

improvement in the radiation characteristics. The concept of DGS for improving the 

CP-XP isolation is reported in [107-123]. A rectangular patch with bracketed DGS 

provides around 13 dB of XP suppression in the H-plane [107]. Integrated DGS 

triangular patches [108-109], Elliptical DGS [110] and circular headed dumbbell DGS 
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[111] are investigated to address the issues of XP radiation. In [112] a symmetric non-

proximal DGS employed with a square confirms up to 8-10 dB improvement in cross 

polarization level in the H-plane. Significant improvement in CP-XP isolation is 

achieved using a Dumbbell shaped DGS employed with a rectangular microstrip 

antenna [113]. A rectangular microstrip antenna with a simple slot type DGS is 

proposed in [114] which provide 15-25 dB of XP suppression. An asymmetrically 

shaped DGS has been explored for the first time in [115] and this technique is capable 

of suppressing over 10 dB. Around 25-28 dB of CP-XP isolation is achieved using a 

cross type DGS integrated microstrip antenna [116]. Cross polarization reduction in a 

square microstrip antenna is done based on gap analysis with DGS and suppression of 

cross polarization level ranges from 10-20 dB [117]. In [118] a compact hexagonal 

patch antenna with DGS structure is investigated. Suppression of Xp level from -10 

dB to -34.6 dB in the boresight direction is achieved with an arc shaped DGS etched 

in the ground plane under each patch [119]. A Z shaped DGS [120] is investigated for 

improving impedance matching and cross polarization performance and it provides 

around 22 dB of XP reduction. In [121] 18-22 dB of polarization purity is achieved 

using a rectangular microstrip antenna with triangular slotted ground plane. Linear 

shaped defected ground structure, fractal defected ground structure [122] and F-shaped 

DGS [123] have been investigated to suppress the cross polarization.  

Defected patch surface is a new and simple technique used for improving XP 

radiation without affecting the back radiation performance. The concept of DPS is 

almost similar to that of DGS. In the concept of DGS, defects are made on the ground 

plane whereas in DPS defects are introduced on the patch surface. The concept of DPS 

for improving cross polarization has been investigated in [124-130]. In [124] more 

than 28 dB of cross polarization isolation is achieved using a simple compact 

rectangular microstrip antenna with cross headed dumbbell defected patch surface. 

Linear slot defects on the patch surface [125] and D- shaped defected patch structure 

[126] has been designed for suppression of cross polarized radiation. Circular arc 

defected patch surface on a rectangular microstrip antenna is proposed in [127] and 

around 25 dB of XP radiation isolation is revealed. Rectangular patch with a circular 

defect on the patch surface [128], rectangular microstrip antenna with dumbbell shaped 
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defected patch surface [129] and a wideband slot dipole loaded shorted rectangular 

patch with defected patch surface [130] is investigated to address the issues of XP 

radiation.  

The different techniques to miniaturized the microstrip antenna have been 

documented in [131]. In [132 - 133] gain enhancement of a compact circular microstrip 

antenna is achieved using electromagnetically coupled parasitic ring. An analytical 

method for gain enhancement by replacing the dielectric substrate with air substrate is 

proposed in [134-135]. A dual-frequency selective surface (FSS) superstrate layer with 

a circularly shaped microstrip antenna is implemented to optimize the gain and is 

reported in [136]. Shorting pin loading technique for gain enhanced circular microstrip 

antenna is reported in [137]. Bandwidth enhancement technique for a CMA is 

investigated in [138-140]. Characteristic mode analysis [138], introduction of 

modified microstrip feed [139] and introduction of different feeding techniques [140] 

are discussed to enhance the bandwidth of a CMA. 

Cross polarization suppression technique of a CMA is investigated in [141-147]. 

Guha et. al. proposed the concept of DGS for minimizing XP radiation for a CMA in 

2005 141]. 5-8 dB of XP suppression is achieved in the broadside direction. In [142] 

arc-shaped DGS and ring-shaped DGS are reported to improve the cross polarized 

radiation. Around 12 dB improvement is achieved for an arc-shaped DGS whereas the 

ring-shaped DGS achieves about 7 dB improvement over a conventional MA. A new 

arc-shaped DGS [143] is again designed and it achieves a significant improvement in 

suppressing the XP radiation. Dot DGS, annular ring DGS and arc DGS for XP 

suppression is compared in [144]. From the comparison arc- shaped DGS is the best 

choice followed by annular ring DGS. 10-12 dB of XP level suppression is achieved 

using an arc-shaped DGS. A new arc-cornered microstrip antenna with a circular 

shaped and rectangular shaped microstrip antenna is investigated in [145]. Wide 

impedance bandwidth and 20-25 dB of CP-XP isolation is achieved. The concept of 

defected patch surface for improved polarization purity of a circular microstrip antenna 

is proposed in [146]. About 27-28 dB XP isolation is achieved with circular cut defects 

placed at the non-radiating edge of a CMA. A pair of symmetric clusters of shorting 

pins peripherally located along the radius of the patch [147] is also investigated foe 
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cross polarization reduction in a CMA. Around 51 dB of XP isolation at the boresight 

and an average of 30 dB around ±60° on either side of boresight is achieved.  

1.5 Conclusion 

In this literature survey, existing techniques to improve the radiation 

characteristics of a circular microstrip antenna has been investigated and documented. 

In this thesis, a circular microstrip antenna has been investigated theoretically and 

experimentally for the improvement of the input and radiation characteristics. 

In Chapter 2, two different approach namely shorting of non-radiating side of 

CMA and rectangular strip loading aa the radiating side of a CMA have been studied 

for improvement of co-polarization gain as well as the polarization purity. The study 

of the shorting of the non-radiating side of CMA has been investigated using two 

different substrate materials like FR4 (εr = 4.4) and glass (εr = 5) with two different 

substrate thickness of 0.787 mm and 1.58 mm.    

In Chapter 3, two different defected ground surface structure namely curved 

dumbbell shape DGS (CDDGS) structures and rectangular DGS (RDGS) structure 

have been investigated for improvement of impedance bandwidth as well as the 

polarization purity.  

In Chapter 4, a simple circular microstrip antenna with a pair of shorting strips 

loaded at the non-radiating sides has been successfully investigated analytically and 

experimentally based on the reduced surface wave theorem to improve co-polarization 

gain, efficiency, and polarization purity simultaneously.  

In Chapter 5, a symmetrically modified circular microstrip antenna with a pair of 

thin strips has been proposed and investigated theoretically as well as experimentally. 

Excellent improvement in radiation performance like high co-polarization gain, 

polarization purity, efficiency have been obtained. Notably, a new feature of reduced 

horizontal radiation compare to the co-polarization gain has been achieved which is 

undeniably helpful for modern array or 5G MIMO configuration.  

Finally in chapter 6, a conclusion of all the investigations that have been carried 

out in this thesis is presented along with future scope of research in the particular area. 
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CHAPTER  

                                 2 

Improvement of Polarization Performance and Gain 

Properties with Shorting and Strip Loading 

Approach of Circular Microstrip Antenna  
 

 

2.1    Introduction 

In the present scenario, tiny, compatible and affordable antennas are very much 

crucial to design. A circular microstrip antenna (CMA) is a good contender in this field 

due to its inherent advantages such as light weight, small size, low profile, planar 

structure and ease of fabrication. All these advantages have made it very popular as an 

attractive radiator for the modern wireless world [26, 147-148]. However, conventional 

microstrip antennas have several shortcomings such as narrow impedance bandwidth, 

poor polarization purity (co-polar radiation (CP) to cross-polar radiation (XP) 

isolation), poor gain and less efficiency. The circular microstrip antenna (CMA) emits 

broad side field in TM11 mode, which is the dominant mode of CMA. When CMA emits 

these broad side fields, a small number of orthogonal fields are also emitting which is 

undesirable. These unwanted fields are called cross polarized radiation (XP). Due to 

these XP the separation between co-polarization radiation and cross polarization 

radiation becomes very less which limits the application of patch antenna in full 

elevation angle. H plane XP is always higher than the E plane XP. The higher order 

mode i.e., TM21 is mainly responsible for this high XP [149].  

Researchers have carried out handful number of investigations to improve the input 

and radiation performance of a conventional microstrip antenna.  

Around 7.8 dBi gain in circular patches have been investigated using different 

techniques like aperture coupling [150], slot and short loaded stacked ground plane 

[151] without any improvement in polarization purity (PP). The employment of 

shorting vias with branch line couplers in annular ring antenna [152], numerous 
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shorting vias beneath the circular patch [137, 153] have been employed to achieve 

maximum 7.2 dBi to 9 dBi gain with polarization purity of around 18 dB only. Hence, 

the investigations [137, 150 - 153] fail to address all the main antenna parameters 

concurrently such as gain and polarization purity. Although the gain is good in [137], 

still it suffers from poor polarization purity. Furthermore, the radiation pattern obtained 

in [137] suffers from much distortion with high side lobe level. The use of multi-layered 

circular substrate patch [154], hexadecagon circular geometry [155], patch with 

graphene-based materials [156] are investigated for high gain and around 6.8 to 8 dBi 

gain has been achieved without any enhancement in polarization purity. 

Nevertheless, the upgradation in polarization purity is always important for modern 

wireless applications. Numerous efforts such as use of defected patch surface (DPS) 

[157 - 158], defected ground surface (DGS) [141-144] have been reported by different 

research groups to improve polarization purity of CMA. Maximum 20-22 dB of 

polarization purity is achieved with no enhancement in co-polarization gain. 

Therefore, to discourse the limitations of previously investigated structures and for 

the simultaneous enhancement in co-polarized gain and polarization purity, two 

approaches are discussed in the following sections.  

The chapter has been arranged in the following way. In section 2.2 shorting of 

non-radiating periphery of conventional CMA is explained in details including design 

technique (section 2.2.1), parametric studies to obtain optimum structure (section 

2.2.2), final proposed structure obtain through parametric studies (section 2.2.3), and 

results obtained from the optimum structure (section 2.2.4). In section 2.3 detail 

investigations of a strip loaded CMA is presented which includes evolution of the 

optimum structure through parametric studies (section 2.3.1), results obtained from the 

optimum structure (section 2.3.2). The conclusion of the proposed works is 

documented in section 2.4. 

2.2 Shorted Circular Microstrip Antenna Approach to Improve the Cross 

Polarization Performance  

Four CMAs, two with FR4 substrate and another two with glass substrate with 

different substrate thickness and a pair of shorting walls in the non-radiating periphery 
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of CMA has been proposed in this section. The schematic representation of the 

proposed antenna is shown in Fig. 2.1.   

 

(a) 

 

 

 

 

 

 

                                                                                 

(b) 

Fig. 2.1 Shorting walls integrated circular patch (a) view from top (b) cross sectional view. 

2.2.1 Design Technique 

The conventional CMA has been designed on two types of substrates having 

different thickness. The radius of the patch has been determined by the equation as 

                                                𝑓𝑟 =
1.84𝑐

2𝜋𝑎√𝜖𝑟
                                                   (2.1) 

Then, shorting walls are placed along non-radiating sides of the patch with an 

intension to reduce the cross polarized field radiation from that side so to improve the 

polarization purity. 
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2.2.2 Parametric Studies 

To find out the structure that provides best possible outcome in terms antenna 

performance, robust parametric studies have been carried out with the support of [159]. 

At first, four conventional CMA with FR4 and glass substrates with different 

thicknesses of 0.787 mm and 1.58 mm has been designed for X-band frequencies. The 

parametric studies have been started by placing pair of shorting strips of copper at the 

non-radiating edge along the periphery of CMA for both structures with FR4 and glass 

substrate. 

 
(a) 

 
(b) 

Fig. 2.2 Co-polar peak gain variation with respect to the short angle for different substrate width      

(a) 0.787mm (b) 1.58 mm. 
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Figure 2.2 shows the gain profile of the proposed models for different shorting 

angles (𝜃). It is detected that the co-polar (CP) gain increases as the shorting angle (𝜃) 

is increased for all four structures and attains maximum peak at 𝜃 = 100°. Further 

increase of the short angle reduces the CP gain. 

For further confirmation about the best possible structure the parametric studies 

on polarization purity have also been done and presented in Fig. 2.3.  

 

(a) 

 
(b) 

Fig. 2.3 Polarization purity variation with respect to the short angle for different substrate (a) FR4 (b) 

glass with different substrate thickness. 
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For the conventional structure i.e., 𝜃 = 0° the polarization purity is 18 dB and 22 

dB for FR4 substrate with substrate thickness of 0.787 mm and 1.58 mm respectively 

while it is around 26 dB and 29 dB in case of glass substrate with substrate thickness 

of 0.787 mm and 1.58 mm respectively. As soon as the shorting strips have been 

introduced at the non-radiating sides of the patch the polarization purity starts 

increasing in all the structure as seen from Fig. 2.3. The CP - XP isolation (PP) keeps 

on increasing as the short angle rises and attains a maximum value at θ = 1000.  

 

(a) 

 
                                                                     (b) 

Fig. 2.4 Resonant frequency variation of the proposed structure for different shorting angles (θ)   

(a)FR4 substrate (b) Glass substrate. 
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Figure 2.4 shows the resonance frequency profile of the structures under study. In 

all the cases for different substrate with different substrate thickness the resonance 

frequency increases linearly as the shorting angle increases. 

2.2.3 Optimum Structure 

At the beginning four conventional circular patch antenna of radius 7 mm has been 

designed on the top of FR4 (εr = 4.4) and glass (εr = 5) substrate out of which two 

structures are with substrate thickness (t) of 0.787 mm and other two are with substrate 

thickness (t) 1.58 mm. The dimensions of the ground plane are 60 x 60 mm2. After that 

a pair of grooves with thickness (s) 0.1 mm have been made at both non-radiating 

periphery of the CMA and a pair of metal strips of same width are inserted in the 

grooves. In this way the final proposed structure (Fig. 2.1) i.e., shorted circular 

microstrip antenna has been designed.  The shorting angle (𝜃) has been varied from 

300 to 1100 gradually.  

2.2.4 Simulated Results  

The results achieved with the optimum structure i.e., with shorting angle (𝜃) 1000 

with the help of [159] is documented in this section. The S11 profile of the conventional 

CMA and present optimum structure with two different substrate and thickness is 

shown in Fig. 2.5.   
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 (b) 

Fig. 2.5 Simulated S11 versus frequency of the CMA and present antenna with θ = 1000 (a) FR4         

(b) Glass substrate. 

For all the proposed structures the resonant frequency shifted towards higher side 

of spectrum in comparison to traditional CMA. Figure 2.5 also shows that all the 

structure is having good impedance matching. 

The simulated radiation pattern of the proposed antenna (𝜃 = 1000) with FR4 and 

glass substrate is shown in the Fig. 2.6. All the figures show improved polarization 

purity as compared to the conventional CMA.   
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(b) 

 

 

(c) 
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(d) 

Fig. 2.6 Simulated radiation pattern of the proposed antenna (𝜃 = 100°)(a) FR4 substrate with 

thickness 0.787 mm (b) FR4 substrate with thickness 1.58 mm (c) Glass substrate with thickness 

0.787 mm (d) Glass substrate with thickness 1.58 mm. 

For the proposed antenna with FR4 substrate with substrate thickness (t) 0.787 

mm and 1.58 mm a polarization purity of 27 dB is achieved (Fig. 2.6(a) and 2.6(b)) 

whereas the proposed antenna with glass substrate provides a polarization purity over 

30 dB for both t = 0.787 mm and t = 1.58 mm (Fig. 2.6(c) and 2.6(d)).  

  

Fig. 2.7 Surface current distribution over patch for 𝜃 = 1000. 
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The surface current distribution of the proposed antenna is shown in Fig. 2.7. It 

confirms that the antenna is purely linear polarized with high PP. For all the cases the 

polarization purity is quite higher than the conventional circular microstrip structure. 

2.3 Strip Loading Approach to Improve the Cross Polarization Performance of 

Circular Microstrip Antenna 

A circular microstrip antenna (CMA) is designed by placing a copper strip at the 

top radiating side of a conventional CMA for better CP and XP separation (PP) in H 

plane as well as higher co-polarization gain as compared to the conventional CMA. The 

conventional CMA and the proposed CMA is shown in Fig. 2.8.  

 

                                  (a)                                                                                 (b) 

Fig. 2.8 Schematic representation of (a) traditional CMA (b) proposed rectangular strip loaded CMA. 

2.3.1. Evolution of Optimum Structure 

Conventional CMA radiates electric fields from non-radiating sides in higher 

order (TM21) mode that are mainly responsible for the XP radiation. To mitigates these 

fields and to achieve high gain conventional CMA has been modified by placing a 

rectangular strip at the top of the conventional CMA. To find out the structure that 

provides best possible outcome in terms antenna performance a robust parametric 

study has been performed with the support of [159].  
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Initially a conventional CMA of radius (r) 7 mm has been placed over the RT 

Duroid material of size 70 mm x 70 mm and thickness 1.575 mm. Then a rectangular 

strip is added at the top of the conventional CMA to enhance the PP as well as the co 

polarization gain. The length (sl) and width (sw) has been varied to get the optimum 

out puts. The rectangular strip is placed in such a way that the overall antenna 

dimension should not increase which is very much clear from Fig. 2.8 (b).   

The CP-XP separation varies with respect to the variation of the length (sl) and 

width (sw) of the rectangular strip. This is shown in Fig. 2.9. The conventional CMA 

with radius (r) 7 mm provides a CP-XP separation of 17 dB in the H plane. As soon 

as the rectangular strip with sl = 8 mm and sw = 1 mm is attached at the top of the 

conventional CMA, CP-XP separation improves.  

Then strip length (sl) has been increased up to a size same as the diameter of the 

conventional CMA i.e., 14 mm. It is done with a motto that the overall dimension of 

the antenna should not more than the conventional CMA with radius 7 mm. With sl = 

1 mm the maximum CP-XP separation of 21 dB has been achieved as shown in the 

Fig. 2.9.  

 
Fig. 2.9 Variation of CP-XP separation with respect to length of the rectangular strip with different 

values of rectangular strip width. 
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Next the width of the rectangular strip (sw) is increased to 2 mm and length (sl) 

of the strip is varied from 8 mm to 14 mm. Maximum CP-XP separation (PP) of 21.25 

dB has been achieved with sw = 2 mm and sl = 14 mm. Next the width (sw) of the 

rectangular strip is increased to 3 mm and length (sl) of the strip is varied from 8 mm 

to 14 mm. Maximum CPR-XPR separation of 23 dB has been achieved with sw = 3 

mm and sl = 14 mm. Further increment of width(sw) of the rectangular strip degrades 

the radiation performance of the proposed structure.     

The co polarized gain varies with respect to the variation of the length (sl) and 

width (sw) of the rectangular strip. This is shown in Fig. 2.10. The conventional CMA 

with r = 7 mm provides a co polarization gain of 5 dBi. As soon as the rectangular 

strip with sl = 8 mm and sw = 1 mm is attached at the top of the conventional CMA, 

the co-polarized gain improves. With sl = 1 mm the maximum co polarization gain of 

7 dBi has been achieved as shown in the Fig. 2.10.  

Next the width (sw) of the rectangular strip is increased to 2 mm and length (sl) 

of the strip is varied from 8 mm to 14 mm. Maximum co polarization gain of 7 dBi 

has been achieved with sw = 2 mm and sl = 14 mm.  

 
Fig. 2.10 Variation of co polarization gain with respect to length of the rectangular strip with different 

values of rectangular strip width. 
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Next the width (sw) of the rectangular strip is increased to 3 mm and length (sl) 

of the strip is varied from 8 mm to 14 mm. Maximum gain of 7.5 dBi is attained with 

sw = 3 mm and sl = 14 mm. As the optimum PP is also achieved with sl = 14 mm and 

sw = 3 mm so the co-polarized gain with these dimensions is considered as the 

optimum one. Table 2.1 shows the dimensions of the optimized structure. 

TABLE 2.1 The detailed parameters of the proposed rectangular strip loaded CMA 

(Substrate thickness h = 1.575 mm) 

 

Substrate εr 
Ground plane 

(mm2) 

r 

(mm) 

sl 

(mm) 

sw 

(mm) 

RT-Duroid 2.33 70 x 70 7 14 3 

2.3.2. Performance from Optimized Antenna Structure 

The comparison of reflection co-efficient (S11) profile of the optimum structure and 

the conventional structure has been shown in Fig. 2.11 with the help of [159]. 

Conventional CMA resonant at 7.21 GHz and the proposed rectangular strip loaded 

CMA with length (sl) 14 mm and width (sw) 3 mm resonates at 6.71 GHz. The proposed 

structure is working at X band frequency and provides very good impedance matching.  

 

Fig. 2.11 Simulated S11 profile of conventional CMA and proposed rectangular strip loaded CMA. 
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Fig. 2.12 projects the normalized E plane gain profile of the traditional CMA and 

rectangular strip loaded CMA. From the figure it is very much clear that the co 

polarization radiation profile of the proposed CMA is quite comparable to that of the 

traditional CMA. The cross-polarization radiation profile of the proposed antenna is 

quite below -50 dB though it does not have that much significance. 

 

Fig. 2.12 E-plane gain profile of the conventional CMA and rectangular strip loaded CMA (optimum).  

 
Fig. 2.13 H-plane gain profile of the conventional CMA and rectangular strip loaded CMA (optimum). 

-150 -100 -50 0 50 100 150

-80

-70

-60

-50

-40

-30

-20

-10

0

Cross-polarization

Co-polarization

 

 

N
o
rm

al
iz

ed
 E

 p
la

n
e 

ra
d
ia

ti
o
n
 p

at
te

rn
 (

d
B

)

Angle (degree)

 ECP (Conventional)

 EXP (Conventional)

 ECP (Proposed)

 EXP (Proposed)

-150 -100 -50 0 50 100 150

-60

-50

-40

-30

-20

-10

0

Cross-polarization

Co-polarization

 
 

N
o
rm

al
iz

ed
 H

 p
la

n
e 

ra
d
ia

ti
o
n
 p

at
te

rn
 (

d
B

)

Angle in degree

 HCP (Conventional)

 HXP (Conventional)

 HCP (Proposed)

 HXP (Proposed)



29 
 

The complete H plane CP and XP profile of the proposed model and conventional 

CMA has been revealed in Fig. 2.13. From the figure it can be noticed that the XP is 

very high mainly around φ = 450 plane. The conventional CMA gives a PP of 17 dB 

while the proposed structure provides 23 dB of PP. The proposed structure improves 

the PP by 4 dB without affecting the co-polarization radiation profile. The 

copolarization radiation profile in magnetic plane of rectangular strip loaded CMA is 

similar to that of the traditional CMA.  

The field distribution over the substrate has been investigated to validate the 

improvement in cross polarized radiation in the proposed patch and has been shown in 

Fig. 2.14. Uniform distribution of electric fields among both half section of the 

rectangular strip loaded CMA can be seen from the Fig.2.14 which is one of the reasons 

behind the high gain as discussed in [149].    

   

Fig. 2.14 Field distribution over the substrate of the proposed structure (optimum). 

2.4. Conclusion 

In this chapter two approach has been proposed to improve the co-polarization 

gain and polarization purity performance of a conventional circular microstrip antenna.  

In the first approach four circular microstrip antennas (with shorted non-radiating 

sides) with different substrate (FR4 and glass) and different substrate thickness (0.787 

mm and 1.575 mm) have been investigated to improve the PP without hampering basic 
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radiation pattern. In this design, the patch is slightly bigger than the conventional 

CMA. In fact, because of incorporation of shorting strips, dielectric constant of the 

substrate becomes modified and it eliminates surface wave. This improves overall 

performance of the present antenna. The parametric studies over all the structures show 

that the proposed structures with shorting angle (𝜃) 1000 provides the best results in 

terms of co-polarization gain and polarization purity. The proposed structure (𝜃 = 

1000) with FR4 substrate provides a PP of 27 dB while with glass substrate the 

polarization purity is more than 30 dB. The polarization purity obtained from all the 

structures are quite higher than the conventional CMA structures with FR4 and glass 

substrates. 

In the second approach, a conventional circular microstrip antenna has been 

modified by placing a rectangular strip at the top of the patch to improve the 

copolarization gain as well as polarization purity mainly in H plane. The rectangular 

strip length and width has been varied to get a proper shape of the rectangular strip 

which will provide best performance of the proposed structure. The co polarization 

gain of 7.5 dBi with 23 dB polarization purity is observed from the proposed structure. 

The simultaneous improvement of copolarization gain and polarization purity without 

disturbing the conventional E plane radiation pattern is very much required in modern 

wireless communication.   
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CHAPTER  

                                 3 

Wideband Circular Microstrip Antenna with 

Improved Polarization Purity using Defected Ground 

Structure Approach 

 

 

3.1    Introduction 

In the previous chapter, the introduction of continuous shorting strip and strip 

loading on circular microstrip antenna (CMA) has been investigated for improved 

polarization performance. However, along with the same the improvement in input 

characteristics such as input impedance bandwidth is also very important in the era of 

modern high speed wireless communication systems. In that context, the microstrip 

antenna is a very good candidate and finds potential applications in modern 

communication because of its integration with an active device and having an excellent 

features like low weight, dual-polarization, easy to fabricate [23, 26]. Apart from these 

excellent features it has some major demerits like narrow beamwidth, gain, low co-

polarization gain, poor polarization purity (PP) issue, as is discussed in earlier chapter.  

The co-polarized electric fields are generated from the radiating sides of the 

circular microstrip antenna (CMA) in its dominant TM11 mode and radiates in the 

broadside direction. Few extents of orthogonal polarized fields called cross-polarization 

(XP) radiation took place at first higher order mode i.e., TM21 mode which was 

theoretically investigated in [149]. 

Scientists and researchers have started working to address these issues and some 

handful investigations have been carried out to address the input and radiation 

performance of conventional CMA. These include different structures of defected 

patch surface (DPS), defected ground surface (DGS), and the incorporation of shorting 

post technique. CMA with circular shape [141], Arc-shape [143] DGS are reported 
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with polarization purity of 5-7 dB but some impedance bandwidth-related issues have 

been come across in those documentation. Arc shaped DPS model has been reported 

in [157 - 158] which obtained polarization purity around 20-23 dB. Different type of 

rectangular slots on circular patch surface has been documented in [160] where around 

22% bandwidth and 3.24 dB copolarization gain has been reported without any 

betterment of PP. Around 18 dB of XP suppression has been documented in [161-163] 

by modulating the feed structure. However, all these investigations led to complexity 

in the manufacturing process and more investigation is required to find a simpler 

technique for suppression of the XP radiation. Different type of cavity enclosed CPA 

has been investigated in [164 -165] for bandwidth enhancement, where 7 – 8% 

impedance bandwidth is documented in [164] and around 20% impedance bandwidth 

is observed in [165] without much improvement in polarization purity. In all the above 

reports enhancement of either impedance bandwidth or polarization purity has been 

reported. The simultaneous improvement of these parameters has not been reported till 

now.   

Therefore, to address the lacunae of previously investigated structures and for the 

simultaneous enhancement in impedance bandwidth, polarization purity with stable co-

polarization gain, two defected ground structures (DGSs) namely curved dumbbell 

shape defected ground structure (CDDGS) and rectangular defected ground structure 

(RDGS) are discussed in this chapter. Both the defected structures are deployed on the 

ground plane at the non-radiating edge of the conventional CMA designed with RT-

Duroid substrate with dielectric constant (𝜀𝑟 = 2.33) and height (h = 1.58 mm). 

The detail study on the enhancement of different input and radiation parameters 

of conventional CMA are discussed with CDDGS structure in section 3.2. This 

includes theoretical background and parametric study (section 3.2.1), optimum 

proposed structure (section 3.2.2), and results (section 3.2.3).  Similar investigation 

with another proposed structure (RDGS integrated CMA) is presented in the 

subsequent section 3.3. The conclusion of the performance of both the proposed 

structures is documented in section 3.4. 
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3.2 Curved Shaped Defected Ground Structure: A way to achieve high 

Polarization Purity, Wide Bandwidth and Stable Gain 

A pair of curved dumbbell shape defect (CDDGS) has been deployed on the 

ground plane at the non-radiating edge of the conventional CMA on RT-Duroid 

substrate with dielectric constant (𝜀𝑟 = 2.33) and height (h = 1.58 mm) to address the 

limitation of the earlier investigation. The schematic representation o the proposed 

antenna is shown in Fig. 3.1. 

 

Fig. 3.1 Top view of the proposed structure with curved dumbbell shape DGSs at the non-radiating 

edges. 

3.2.1 Theoretical Background and Parametric Studies 

The conventional CMA radiated linearly polarized electric field along the broad 

side direction of the patch. It’s generally occurred due to the fringing field that resides 

at the radiating edges of the patch which is the dominant mode TM11 [26],[157]. 

Nevertheless, a few handfuls amount fringing fields of the dominant mode are existing 

at the non-radiating edge of the conventional CMA as shown in Fig.3.2. 

The orthogonal resonance field of week TM11 mode in CMA along with higher-

order orthogonal excitation mode TM21 is the key factor in order to producing high XP 

radiation from the non-radiating edges of the CMA [161]. The field distribution of 

higher-order filed in TM21 mode is orthogonal to the fundamental dominant mode TM11 
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as shown in Fig. 3.2(b). A closed inspection is that the radiation from non-radiating 

edges is mainly responsible for XP radiation. Therefore, a symmetrical pair of curved 

dumbbell shape DGS have been incorporated on the ground plane to eliminate such 

radiation without hindering its dominant mode TM11 mode radiation. 

   

                                        (a)                                                                                    (b) 

Fig. 3.2 Electric field and current distribution over the patch surface (a) Fundamental dominant TM11 

mode (b) Next higher-order TM21 mode. 

The parametric studies have been done using a commercially available software 

package (high-frequency structure simulator; HFSS v.14) [159] to find out the best 

possible dimensions of the proposed structure. At first, a circular patch antenna with 

radius (r) 7 mm on RT-Duroid (𝜀𝑟 = 2.33) substrate has been designed. After that a 

pair of symmetric curved dumbbell shape DGS have deployed on the ground plane at 

the non-radiating sides of the CMA. Then parametric studies have been carried out by 

varying different parameters of the CDDGS (as shown in Fig. 3.1) to obtain the best 

output from the proposed structure. 

Fig. 3.3 shows the polarization purity plot when the width (sw) of the rectangular 

head of the CDDGS is varying keeping the length of the rectangular head (sl) and 

width (d) of the dumbbell arc fixed at 4 mm and 0.5 mm respectively. As sw varies 

from 0.5 mm to 2.5 mm, initially PP decrease then it increases to a maximum isolation 

of 23.9 dB at sw = 1 mm then again, the PP decreases gradually. So, the width (sw) of 

the rectangular head of the CD-DGS is considered as 1 mm for optimum results. 
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Fig. 3.3 Simulated plot of CP-XP isolation with respect to variation of CD-DGS rectangular head slot 

width (sw). (Keeping d = 0.5 mm, sl = 4 mm fixed). 

Now, keeping sw = 1 mm (optimized) and sl = 4 mm (fixed), the width of the 

dumbbell arc (d) of CD-DGS is varying from 0.5 mm to 2.5 mm and it is observed that 

at d = 0.5 mm it provides best result in terms of CP-XP isolation (PP) as shown in Fig. 

3.4. So, the optimum value of the width of the dumbbell arc (d) of CD-DGS is 

considered as 0.5 mm. 

 
Fig. 3.4 Simulated plot of CP-XP isolation with respect to variation of dumbbell arc (d) of CD-DGS. 

(sw = 1 mm (optimized), sl = 4 mm (fixed)). 
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After finalizing the optimum value of the width (sw) of the rectangular head of the 

CDDGS and the width of the dumbbell arc (d) of CDDGS next the effect of the length 

(sl) of the rectangular head of the CDDGS structure has been studied by varying the sl 

from 2 mm to 5 mm and documented in Fig. 3.5. It has been seen that the polarization 

purity decreases while increasing sl up to 3.5 mm but after that polarization purity 

improves without hampering other radiation profile parameters. Conventional CMA 

(sl = sw = d = 0 mm) provide the CP-XP isolation around 18 dB whereas the proposed 

structure with sl = 4 mm, sw = 1 mm (optimized) and d = 0.5 mm (optimized) provides 

CP-XP isolation of 26 dB. 

 

Fig. 3.5 Simulated plot of CP-XP isolation with respect to variation of CD-DGS rectangular head slot 

length (sl) (sw = 1 mm (optimized), d = 0.5 mm (optimized). 

The H-plane XP level plot is shown in Fig. 3.6. This plot further confirms that as 

soon as the CDDGS is incorporated at the non-radiating edges of the conventional 

CMA the H-plane XP level reduces which in turn shows the improvement of 

polarization purity by the proposed curved dumbbell shape defected ground structure 

(CDDGS) incorporated CMA that is discussed earlier.   
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Fig. 3.6 H plane cross-polarization radiation with respect to CDDGS rectangular head slot length (sl). 

Fig. 3.7 clearly shows the gain profile of the CDDGS incorporated CMA. It is 

clearly evident that the incorporation of curved dumbbell shape defected ground 

structure (CDDGS) at the non-radiating edge does not hamper the co-polarization gain 

performance. The gain profile is quite the same as conventional CMA and stable also. 

 

Fig. 3.7 Variation of gain of the proposed CD-DGS structure with respect to CD-DGS rectangular 

head slot length (sl). 
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3.2.2 Optimum Structure 

At the beginning, a conventional CMA antenna has been designing which having 

radius (r) 7 mm on the top of RT-Duroid substrate (𝜀𝑟 = 2.33) with height (h) 1.75 mm 

over the ground of 70*70 mm2. After that a symmetrical pair of curved dumbbell shape 

DGS structure has been deployed on the ground plane at the non-radiating edges where 

the width of the arc of CDDGS (d) is 0.5 mm, the width (sw) of the rectangular head 

of the CDDGS is 1 mm and the length (sw) of the rectangular head of the CDDGS is 

4 mm. The values of the different parameters of the optimum structure have been 

finalized through parametric studies that is already discussed carried out as shown in 

Fig. 3.1. 

3.2.3 Simulated Result and Discussions from Optimized Structure  

The reflection coefficient profile of any antenna structure shows how efficiently 

the matching is done. Proper matching is very much required to get the optimum 

performance from any antenna structure. The comparison of the reflection coefficient 

(S11) profile of conventional and proposed structures has been reviled in Fig. 3.8 with 

the help of [159]. Reflection co-efficient profile is clearly evident that the convention 

CMA has narrow impedance bandwidth around 4% while the CMA with CDDGS 

provides an impedance bandwidth of 12% without effect of frequency spectrum which 

is quite good as compare than conventional CMA but both structures provide very 

good impedance matching. 

 
Fig. 3.8 Simulated S11 profile of conventional and proposed CDDGS integrated CMA. 
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The complete E plane CP and XP radiation profile of conventional and proposed 

structure have been revealed in Fig. 3.9. The E plane CP radiation of the proposed 

structure is quite same as conventional CMA, where both the structures attain 6.41 dBi 

gain and XP radiation is below -30 dB which is quite good and convincing. Fig. 3.9 

also provides a clear evident that the incorporation of the CDDGS at the non-radiating 

edge does not affect the CP radiation of the E plane. 

 

Fig. 3.9 E plane radiation pattern of the conventional and proposed structure. 

The H plane radiation pattern of the proposed structure and conventional CMA 

has been shown in Fig. 3.10. In this present model, the H plane cross-polarization has 

been surprisingly improved as compared to the conventional CMA without hindering 

the broad side co-polarization radiation. Deployment of CDDGS in the H plane peak 

XP radiation decreased by almost 9 dB where the CP profile of conventional and 

proposed structures remain constant. The peak value of XP of the proposed structure 

and conventional CMA is -20.4 dB and -11.45 dB respectively. 
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Fig. 3.10 Normalized H plane radiation pattern of the conventional and proposed structure. 

3.3 Rectangular Shaped Defected Ground Structure Integrated CMA: A Way to 

Enhance Impedance Bandwidth and Polarization Purity 

In the previous section impedance bandwidth and polarization purity of a 

conventional CMA is improved by placing curved shaped dumbbell DGS at the non-

radiating edges of the patch. In high-speed wireless communication systems much 

wider impedance bandwidth is required. So, for high-speed wireless communication 

systems impedance bandwidth is further enhanced by placing a pair of rectangular 

DGS at the radiating edges of a conventional CMA on RT-Duroid substrate with 

dielectric constant (εr) 2.33 and height (h) 1.58 mm in order to counsel the limitation 

of the earlier structure and for the concurrent improvement in impedance bandwidth 

and polarization purity. The proposed rectangular DGS incorporated CMA is shown 

in Fig. 3.11. 
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(a) 

 
(b) 

Fig. 3.11 Schematic representation of proposed Rectangular defective ground structure (RDGS) 

integrated CMPA (a) top view (b) side view. 

3.3.1 Theoretical Background and Parametric Studies 

The conventional CMA is basically an open resonator. Any type of modification 

by placing defects below the patch or on the ground plane definitely hampers the 

tradition cavity boundary conditions and changes the field between ground plane and 

patch. This changes in the filed distribution also influences the input as well as the 

radiation characteristics of the modified structure. The defect size and shape critically 

decide the behaviour of the cavity fields so the selection of the defect dimensions is 

very much important to get the best performance from the modified antenna structure. 



42 

 

The bandwidth of the antenna is inversely proportional to the quality factor and 

quality factor is inversely proportional to the different losses occurred in the antenna. 

So, the bandwidth increases with the increase in loss which increases as the defect size 

increases.   

With the above theoretical concept, a pair of rectangular DGSs has been 

incorporated on the ground plane at the radiating sides of a conventional CMA with 

radius (r) 7 mm. The length (sl) of the rectangular DGS (RDGS) is kept as the same 

as the diameter of the CMA so that the overall dimension of the circular patch does 

not increase. Then the width (sw) of the rectangular DGS is varied to get the optimum 

dimension of the width of the RDGS. 

 
Fig. 3.12 Variation of impedance bandwidth (%) as a function of RDGS width with RDGS length (sl) 

fixed at 14 mm. 

Initially, RDGS with width length 0.5 mm (sw = 0.5 mm) is placed. Improvement 

of the impedance bandwidth of proposed structure is observed as compared to the 

conventional CMA. The conventional CMA (sl = sw = 0 mm) provides a impedance 

bandwidth of 5% whereas the impedance bandwidth increases to 11% with RDGS 
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structure with length 14 mm and width 0.5 mm (sl = 14 mm and sw = 0.5 mm) as 

shown in Fig. 3.12.  

Figure 3.13 also confirms the improvement of impedance bandwidth and shows 

that due to the RDGS deployment the resonant frequency corresponding to the lowest 

order mode moves towards the upper side in the frequency spectrum. The effective 

permittivity of the substrate changes due to the incorporation of the RDGS [166]. The 

width (sw) of the RDGS increases further up to 1.6 mm. As the width (sw) increases 

the impedance bandwidth increases up to sw = 1.5 mm then for sw = 1.6 mm it 

decreases. Both Fig. 3.12 and Fig. 3.13 confirms this. The impedance bandwidth with 

sw = 1.5 mm is 32% which is much higher than the conventional CMA. 

Along with the impedance bandwidth, the studies on polarization purity are also 

performed. Fig. 3.14 shows the variation of XP in H plane as the width (sw) varies 

form 0.5 mm to 1.6 mm keeping the RDGS length (sl) fixed at 14 mm. Initially, the 

polarization purity decreases after placing the RDGS but later it improves and provides 

best polarization purity with sw = 1.5 mm. The polarization purity is only 15 dB in 

case of conventional CMA whereas with modified structure it is around 24 dB. 

 
Fig. 3.13 Reflection coefficient profile for conventional CMA and RDGS incorporated CMA with 

RDGS length (sl) fixed at 14 mm. 
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With the above parametric studies on impedance bandwidth and polarization purity 

it is confirms that the RDGS integrated CMA structure provides optimum performance 

with sl = 14 mm and sw = 1.5 mm. 

 

Fig. 3.14 Variation of H plane XP level as a function of RDGS width (sw) with RDGS length (sl) 

fixed at 14 mm. 

3.3.2 Optimum Structure  

At first conventional circular microstrip antenna has been designed which having 

radius (r) 7 mm on RT-Duroid material with dielectric constant (εr) 2.33 and height 

(h) 1.58 mm. After that a pair of rectangular DGS (RDGS) has been deployed at the 

radiating edge where the length (sl) of the rectangular DGSs is kept same as the 

diameter of the circular patch i.e., 14 mm. From the parametric studies it is seen that 

the rectangular DGSs with width (sw) 1.5 mm provides the best output in terms of 

impedance bandwidth and polarization purity. This is way the final proposed structure 

has been built as shown in obtained in Fig 3.11. The detailed parameters of the 

proposed RDGS integrated CMA are documented in Table 3.1. 

TABLE 3.1 The detailed parameters of the proposed rectangular DGS loaded CMA 

(Substrate thickness h = 1.575 mm) 

Substrate εr 
Ground plane 

(mm2) 

r 

(mm) 

sl 

(mm) 

sw 

(mm) 

RT-Duroid 2.33 70 x 70 7 14 1.5 
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3.3.3. Results and Discussions 

This section discusses the output obtained with the help of [159] from the 

optimized proposed structure. Fig. 3.15 depicted the reflection coefficient (S11) profile 

of the conventional CMA and proposed CMA with RDGS structure. Conventional 

CMA resonates at 7.27 GHz whereas proposed antenna with RDGS resonates at 7.53 

GHz so it clearly evident that due to the deployment of rectangular DGS structure at 

the radiating edge the resonance frequency has been shift towards higher frequency 

spectrum but it quite same as conventional patch and both structures provide very good 

impedance matching. It is very much clear that the conventional CMA has narrow 

impedance bandwidth in the order of 5% whereas the proposed modified structure 

provides an impedance bandwidth of 32% which is much higher as compared to the 

conventional CMA. 

 
Fig. 3.15 Simulated reflection coefficient profile of conventional and proposed rectangular DGS 

integrated CMA. 

The E plane normalize radiation profile has been revealed in Fig. 3.16. The figure 

clearly evident that E plane XP is below -37 dB for both conventional CMA as well as 

the proposed antenna, which is quit convincing. The co-polarization radiation in E 

plane has not been affected much due to the incorporation of rectangular DGSs at the 

radiating edges. 
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Fig. 3.16 Normalized E plane radiation pattern of conventional and proposed rectangular DGS 

integrated CMA. 

 

 
Fig. 3.17 Simulated conventional and proposed structure radiation pattern in H plane. 
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Comparison of proposed model and conventional CMA H plane radiation pattern 

has been revealed in the Fig. 3.17. The peak H plane co-polarization gain is 6.52 dBi 

and 6.69 dBi in case of conventional CMA and proposed antenna respectively. The 

peak XP level in H plane is -9.45 dB and -18.2 dB in case of conventional CMA and 

proposed antenna respectively. The deployment of rectangular DGSs at the radiating 

edge do not affect the co polarization radiation in H plane whereas the peak XP 

radiation decreases by almost 9 dB. This clearly improves the PP by a factor of 9 dB 

in case of RDGS integrated CMA. 

3.4. Conclusion 

In this chapter two defected ground structure integrated CMA has been discussed 

to improve the impedance band width, polarization purity with stable co-polarization 

gain. In the first structure a pair of curved dumbbell shape DGS (CDDGS) structures 

have been deployed at the non-radiating edge of conventional CMA which provides 

around 26 dB polarization purity with 12% impedance bandwidth with a stable co-

polarization gain of 6.41 dBi. Next for further improvement of the impedance 

bandwidth a pair of rectangular defects has been placed on the ground plane just 

beneath the radiating edges of the conventional CMA. With this rectangular DGS 

integrated CMA 32% impedance bandwidth and around 25 dB CP-XP isolation 

(polarization purity) have been achieved. For both the DGS structures a detailed 

parametric study has been carried out to find the optimum dimensions of the defect 

structures. The simultaneous improvement of impedance bandwidth, polarization 

purity has been achieved without disturbing the conventional E plane radiation pattern 

which is very much required in modern wireless communication.   
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CHAPTER  

                                 4 

Reduced Surface Wave Approach with 

Modulation of Fringing Field to Yield Concurrent 

Improvement in Radiation Properties of Circular 

Microstrip Antenna  
  
 

4.1   Introduction 

The classical circular microstrip antenna (CMA) with defected ground surface 

(DGS) and strip loading approach for the improvement in radiation characteristics 

specially the polarization purity (PP) has been vividly discussed in chapter 2 and 

chapter 3. Notably, gain and efficiency enhancement of CMA was not seen in those 

approaches. Nevertheless, the concurrent improvement in overall radiation 

characteristics is very much crucial and challenging for antenna researchers which has 

been dealt in the present chapter.  

The CMA based on reduced surface wave (RSW) theorem is a typical category of 

microstrip antennas that extremely reduces the surface wave fields than conventional 

microstrip antennas. Therefore, such RSW inspired CMA is immensely preferable as 

they have reduced horizontal radiation and less edge diffraction for a finite-sized 

ground plane. Moreover, the fundamental TM0 surface wave causes increased mutual 

coupling between distant antenna elements which is undesirable for any array or 

MIMO configuration in modern 5G communications. However, such TM0 surface 

wave elimination is impossible in conventional design (as it has zero cut off frequency) 

until a special surface wave mitigation technique has been employed. As the surface 

wave propagates laterally along the substrate, the lateral radiation occurs and will 

usually interact with other associated circuitry or the supporting structure of hand-held 

communication equipment. Therefore, the RSW inspired CMA is presently a state-of-

the-art research topic for scientific and antenna research community. 
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In the last several years, many works have been reported to enhance the gain of 

microstrip antennas (MA) [26, 148, 167 - 169] by employing composite microstrip-

monopole topology or modifying the dielectric material as air substrate or air dielectric 

composite substrate. However, all these efforts are given in rectangular patch geometry 

rather than circular. The gain and efficiency enhancement in circular patches have been 

investigated in [137, 150 - 155, 170]. Amid them, the technique such as slot-loading 

with aperture coupling [150] and the use of 3 stacked ground plane with slot and 

shorting vias [170] have been adopted to achieve around 7.8 dBi gain with no 

improvement in polarization purity (PP). However, around 90% efficiency that has 

been achieved in [170] is at the cost of its high-profile nature. To further achieve 

maximum gain from 7.2 dBi to 9 dBi with PP of 18-19 dB only, the annular ring 

antenna in [152] was loaded with shorting vias (with branch line couplers), while 

numerous shorting vias beneath the circular patch have been reported in [153]. Even 

though the structures reported in [152 – 153, 170] can achieve an efficiency of 69% to 

73%; its corresponding investigations have failed to address the typical antenna 

performances such as gain, efficiency, and polarization purity. Notably, a structure 

similar to [152 – 153, 170] has been reported in [137], and it can achieve high gain 

and efficiency of 11 dBi and 89%, respectively. Although desirable gain and efficiency 

are exhibited in [137], it suffers from poor PP of 17 dB and a much-distorted radiation 

pattern with a high side-lobe level. To attain high gain of around 6.8 dB to 8 dBi for 

patch antenna, various techniques have been investigated, such as the adaptation of 

circular dual-stacked dense dielectric patch [154], replacement of circular patch 

geometry hexadecagon circular patch [155], and the use of graphene-based patch [156]. 

However, these techniques have shown no improvement in either efficiency or 

polarization purity.  

The improvement in PP is very important for modern wireless applications. 

Numerous efforts have been given by modifying the patch geometry [157, 171], use 

of shorting metal strip [172], multiple shorting vias [173], slotted patch with shorting 

vias [174] or using of DGS [141], to improve PP of microstrip antenna, in which 

maximum PP of approximately 22 dB to 23 dB is achieved but with no improvement 

in gain and efficiency. Notably, other applications such as the base station terminal for 
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a microcellular system, its corresponding antenna is mounted on the same substrate 

used for the active microwave components [175]. In these cases, horizontal radiation 

(lateral) arises from the surface wave is the key factor to mutilate the antenna 

performances. Therefore, the isolation between bore-sight gain (BG) to horizontal 

direction gain (HG), which is referred to as BG-HG isolation is a crucial factor to 

determine in those cases. This is in fact, a very important parameter for the applications 

in GPS receiving antenna that trim down low elevation angle interfering signals [176]. 

In order to address the lacunae of the earlier studies and for the improvement in 

gain, efficiency, and the polarization purity, a CMA with a pair of shorting strips 

(shown in Fig. 4.1) has been proposed and fabricated based on RSW theorem in the 

present chapter.  

         

                                    (a)                                                                            (b) 

Fig. 4.1 The schematic representation of patch (a) conventional CMA and (b) the proposed antenna 

with field distribution at lower radiating slots for conventional and proposed antenna. 

The chapter has been arranged in the following way. A thorough quantitative 

analysis is presented for clear visualization-based understanding in section 4.2 which 

includes the concept of excited mode (section 4.2.1), effective permittivity and 

resonant frequency (section 4.2.2), gain and efficiency (section 4.2.3), and cross 

polarized radiation (section 4.2.4). The parametric studies and optimization of the 

structure to obtain the best output from the proposed structure is presented in section 

4.3. Section 4.4 discuss the details of the proposed structure and the experimental 
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setup. The proposed structure has been validated through the experimental 

measurements in section 4.5. The conclusion of the proposed work is documented in 

section 4.6. 

4.2      Theoretical Insight 

4.2.1    Excited Mode 

The circular patch antenna can be modelled as cylindrical cavity resonator with 

its dominant mode as TM11. At this dominant mode, there is one circumferential field 

variation and it produces maxima (anti-nodal points) at ϕ = 00 and 1800 while it has 

minima (nodal points) at ϕ = 900 and 2700. Certainly, shorting strip or shorting vias at 

nodal points (ϕ = 900 and 2700) does not hamper the dominant TM11 mode field 

configuration. Contrarily, shorting strip or shorting vias at such position definitely 

hampers other higher order modes like TM21 and TM31 as they have anti-nodal points 

there. Therefore, to keep the mode unperturbed, the shorting element must be given at 

the minima (nodes) of the standing wave distribution. Following this concept, cored 

patch with air or concentric shorting ring designs have been reported in [152], [177 - 

179] where, the dominant mode is not perturbed. However, when the substrate material 

is removed or replaced by other material, wave number changes [178], [180 - 181]. 

This effectively modifies the effective dielectric constant of the substrate [178, 180 - 

182]. 

Similar to them, the present antenna also exhibits the dominant TM11 mode with 

modified substrate permittivity. Therefore, the frequency shifts, as is explained in the 

next section. Here, the shorting strip is incorporated judiciously in the specific position 

(along non-radiating periphery near ϕ = 900 and 2700) of circular patch to suppress 

other possible TM21 and TM31 higher order modes while keeping the dominant TM11 

mode unperturbed.  

Simulated electric surface current on the patch and electric field magnitude within 

the substrate for conventional CMA and proposed antenna are depicted in Fig. 4.2 

confirms the explained mode of the proposed patch and it is definitely dominant TM11 

mode. 
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                                                 (a)                                                                     (b) 

 

     

                                                    (c)                                                                    (d) 

 

     

                                                         (e)                                                                    (f) 

Fig. 4.2 Electric surface current vector on patch surface (a) conventional circular patch, (b) Proposed 

patch, Electric field magnitude over patch surface (c) conventional circular patch, (d) Proposed patch, 

Electric field vector within substrate (e) conventional circular patch, (f) Proposed patch, [All figures 

are in same scale which is provided at left of each row] 
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In the present structure, the shorting strip is placed in such a way, the dominant 

mode is kept unaltered while it suppresses higher order orthogonal modes. Therefore, 

the excited mode is still TM11 mode but with a frequency shift towards the higher side 

of the spectrum as explained later in section 4.2.2.  

When the substrate material is removed or replaced by other material, wave 

number changes [178 - 181]. This effectively modifies the effective dielectric constant 

of the substrate [178 - 182]. For cored patch with air or concentric shorting ring designs 

[177], it is found that the first solution exhibits still TM11 mode. It has been shown in 

open literature [177] that, the second solution may exist and that is TM12 and is only 

possible for high dielectric constant. The critical value of that high dielectric constant 

is 8.3846. Therefore, substrate with dielectric constant more than 8 may excite other 

mode like TM12 rather than dominant TM11 mode. Therefore, it is confirmed that in the 

present antenna, the mode does not change in all the cases with shorting strips or posts. 

It may also be noted that, there is a critical dependence of shorting element position to 

perturb the mode. 

However, it is agreed that, sometimes the mode changes due to shorting strip [172, 

183]. Nevertheless, it is not the case for all shorted structures. It is observed that in 

[177], [152 – 153, 184 - 185], mode is still dominant TM11 mode. However, in some 

cases frequency shifts are observed. That is mainly due to change of substrate 

permittivity. Similar to them, the present antenna also exhibits the dominant TM11 

mode with modified substrate permittivity. Here, the shorting strip is incorporated 

judiciously in the specific position (lateral side of patch; along non-radiating sides 

from 550 to 1250 i.e., ψ =700 as shown in Fig. 4.3) of circular patch to suppress other 

possible TM21 and TM31 higher order modes. It is done with a view to perturb the anti-

nodal points of such TM21 and TM31 higher order modes while it does not hamper the 

dominant TM11 mode. In fact, the nodal point exists for TM11 mode at the position of 

shorting strip and hence the mode TM11 becomes unperturbed. Therefore, though 

boundary condition differs in present case, it doesn’t hamper the dominant mode much. 

This is explained in the Fig. 4.3 where, the circumferential electric field variation along 

patch circumference (φ = 00 to 1800) is shown for possible modes. 
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The cavity field distribution for few possible modes which has a tendancy of 

automatic excitation can be written as [26],  

                             

                    𝐸𝑧 = 𝐸0𝐽𝑚(𝐾𝜌𝜌)𝐶𝑜𝑠(𝑚𝜙)

𝑇𝑀11  →    𝐸𝑧 = 𝐸0𝐽1 (1.84
𝜌

𝑎
)𝐶𝑜𝑠𝜙 

     𝑇𝑀21  →    𝐸𝑧 = 𝐸0𝐽2 (3.05
𝜌

𝑎
)𝐶𝑜𝑠(2𝜙)

     𝑇𝑀31  →    𝐸𝑧 = 𝐸0𝐽3 (4.20
𝜌

𝑎
)𝐶𝑜𝑠(3𝜙)}

 
 

 
 

                            (4.1) 

Close inspection of (4.1) and Fig. 4.3 reveals that, antinodes of TM21 and TM31 

will be suppressed due to short. To perturb any mode, the best way is to put a shorting 

element at the antinodal point of that specific mode. Notably, TM11 mode is unaffected 

as null point or mainly nodal point exists in the specific 550 to 1250 region. 

The Fig. 4.3 clearly corroborates that, the higher order TM21, TM31 modes are 

definitely suppressed due to shorting strip (as the shorting element is at anti-nodal 

points of such modes) while it trivially affects the dominant TM11 mode. Although, 

some of the dominant TM11 mode field is also suppressed but it is up to small extent. 

Rather, such minimal suppression of dominant TM11 mode field near non-radiating 

edges causes spill out of fields through radiating edges and this helps to improve the 

radiation performance. Therefore, few insignificant electric field (near the nodal point 

of TM11 mode) is suppressed due to shorting strip which certainly do not perturb the 

dominant mode much. Rather, it reduces cross polar radiation as well as increases 

aperture efficiency as is described in the following section.   

Again, TM12 mode will not be excited as there are no short inside the patch area 

as explained in Fig. 4.3. 

4.2.2    Effective Permittivity and Resonant Frequency 

As the quasi-static approach to developing the effective permittivity of the 

substrate in MA is the most simple and lucid technique [180 - 182], it is adopted in the 

present investigation. There, the dense array of a metallic [180] or air posts [181] to 

synthesize the substrate permittivity has been employed to yield lower or even negative 

value [180]. Therefore, in the present study, a pair of shorting strips has been adopted, 

and it can be considered as an ultra-closed array of shorting vias. Notably, it is done 



56 
 

with a view to obtaining a good estimation of synthesized dielectric constant using a 

quasi-static technique, as is indicated in [181].  

Initially, the antenna has been designed for 12 GHz frequency based on the RSW 

theorem [177] but the patch size is a little larger than the conventional CMA [178]. 

Considering the patch radius (a = 7 mm) on PTFE substrate (with thickness h and 

substrate permittivity εr), its effective radius with fringing becomes aeff. As the shorting 

strips (of angular range ψ) are located at around ϕ = 90˚ and 180˚, the fringing field 

will not be affected by the dominant TM11 mode.  

The effective permittivity of CMA is mainly dependent on the effective disc 

capacitance with fringing. Referring to Fig. 4.1(b), the shorted region is not effectively 

contributing to disc capacitance, and hence the effective disc capacitance of the 

proposed antenna may be written as, 

                                           𝐶𝑃 =
𝑎𝑒𝑓𝑓
2 (𝜋−𝜓)

ℎ
𝜀𝑟                                              (4.2)      

This capacitance of the proposed antenna may be considered to be equivalent to a 

similar conventional CMA (of the same effective radius aeff) with new effective 

permittivity (εr)N. Therefore, equating the disc capacitances, 

                                             
𝜋𝑎𝑒𝑓𝑓

2

ℎ
(𝜀𝑟)𝑁 =

𝑎𝑒𝑓𝑓
2 (𝜋−𝜓)

ℎ
𝜀𝑟                                       (4.3) 

the following can be derived,  

                                               (𝜀𝑟)𝑁 = 𝜀𝑟√(1 −
𝜓

𝜋
)                                              (4.4) 

and the resonant frequency of the proposed antenna can be written as, 

                                    (𝑓𝑟)𝑃 =
1.84𝑐

2𝜋𝑎𝑒𝑓𝑓√(𝜀𝑟)𝑁
= (𝑓𝑟)𝑐

1

√(1−
𝜓

𝜋
)

                                (4.5) 

In equation (4.5), it can be seen that the effective permittivity (εr)N decreases with 

ψ, and subsequently, the resonant frequency will increase. 

To design the proposed RSW based on CMA, the effective permittivity must be 

in the form of [177], i.e. 

                                                  (𝜀𝑟)𝑁 = (
𝛽𝑇𝑀0

𝑘0
)
2

                                                 (4.6) 
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And the ratio on the right-hand side is a normalized phase constant (NPC) [26] 

that can be written for PTFE substrate with εr = 2.33 as, 

                                 (
𝛽𝑇𝑀0

𝑘0
)
2

= [1 + 0.16(𝑘0ℎ)
2]2                                    (4.7) 

Here, βTM0 is the propagation constant of the fundamental surface wave mode and 

k0 is the normal propagation constant in free space. Therefore, equation (4.4) in 

conjunction with equations (4.6) and (4.7) has been utilized for the design of proposed 

RSW inspired CMA as shown in Fig. 4.4. It shows that the true RSW CMA (where 

the surface wave is not generated) can be designed with such shorting strips with an 

angular range of ψ = 100˚ (solution of equations (4.4), (4.6) and (4.7)). However, if ψ 

< 100˚, the surface wave can still be minimized those results in a new CMA that has 

high efficiency and gain along with low XP radiation. Based on the above theory, a 

comparison of calculated and simulated resonant frequencies of the new antenna as a 

function of ψ for two different substrate thicknesses (h = 0.787 mm and h = 1.575 mm) 

is presented in Fig. 4.5. Here, despite the differences in h, as ψ increases, the effective 

permittivity will decrease, and the gain and efficiency of the antenna are improved, 

which consequently leads to a higher resonant frequency. Excellent agreement is also 

revealed between the calculated results and simulations. 

 
Fig. 4.4 Plot for solution of equations (4.4) and (4.7): Variation of (εr)N and NPC as a function of 

shorting angle ψ. 
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Fig. 4.5 Computed and simulated variations of resonant frequency as a function of shorting angle ψ 

for two different substrate thickness. 

4.2.3    Gain and Efficiency  

The suppression of surface waves in the proposed antenna can yield much better 

efficiency and peak CP gain [186]. Furthermore, it also reduces the radiation along the 

horizon, which is a parameter of significant importance for finite-sized ground plane 

[179]. The relation between peak gain of conventional CMA and the proposed antenna 

may be written as, 

                                                
𝐺𝑃

𝐺𝑜
=

𝜂𝑃

𝜂𝑜

𝜆0
2

𝜆1
2

(𝐴𝑒𝑓𝑓)𝑃

(𝐴𝑒𝑓𝑓)𝑐
                                              (4.8) 

where, GP, ηP, λ1 and (Aeff)P are the gain, efficiency, resonant wavelength and effective 

aperture of the proposed antenna, respectively, while the same for conventional CMA 

is G0, η0, λ0, and (Aeff)c. Now, the relation between effective apertures of the same is 

                                               
(𝐴𝑒𝑓𝑓)𝑃

(𝐴𝑒𝑓𝑓)𝑐
=

(𝜀𝑎𝑝)𝑃

(𝜀𝑎𝑝)𝐶
(1 −

𝜓

𝜋
)                                      (4.9) 

in which the radiations take place from the slots at the radiating aperture, as explained 

in Fig. 4.1 (lower radiating edge slot is shown). The average electric field for dominant 

TM11 mode at the slot aperture for conventional CMA and proposed antenna can be 

computed as, 

0 20 40 60 80 100 120

4

5

6

7

8

9

10

11

12

0 20 40 60 80 100 120
7

8

9

10

11

12

13

14

15

 

h = 0.787 mm

 Simulated

 Calculated

h = 1.575 mm

 

 

Shorting angle  in degree

f r i
n
 G

H
z

 

 

f r i
n
 G

H
z

 Simulated

 Calculated

 



59 
 

                                   (𝐸𝑎𝑣)𝐶 =
1

𝜋
∫ 𝐽1(1.84)𝐶𝑜𝑠𝜙𝑑𝜙
𝜋
2⁄

−𝜋 2⁄
                                    (4.10) 

                               (𝐸𝑎𝑣)𝑃 =
1

(𝜋−𝜓)
∫ 𝐽1(1.84)𝐶𝑜𝑠𝜙𝑑𝜙
𝜋
2⁄ +

𝜓

2

−𝜋 2⁄ +
𝜓

2

                             (4.11) 

Using [187], the aperture efficiency may be calculated as,  

                                                      (𝜀𝑎𝑝)𝐶 = [
[(𝐸𝑧)𝑎𝑣]

2

[(𝐸𝑧
2)𝑎𝑣]

]
𝐶

                                 (4.12) 

 (𝜀𝑎𝑝)𝑃 = [
[(𝐸𝑧)𝑎𝑣]

2

[(𝐸𝑧2)𝑎𝑣]
]
𝑃

 

Once again, to compute surface wave efficiencies [28] for conventional CMA and 

proposed antenna 

                                                      𝜂𝐶 = (
𝑃𝑟

𝑃𝑟+𝑃𝑠𝑢𝑟𝑓
)
𝐶

                                       (4.13) 

                                                          𝜂𝑃 = (
𝑃𝑟

𝑃𝑟+𝑃𝑠𝑢𝑟𝑓
)
𝑃

 

and the radiation power and surface wave power may be computed [26] as 

𝑃𝑟 = 40𝑘0
2(𝑘0ℎ)

2[1 −
1

𝜀𝑟
+

2

5𝜀𝑟
] 

                        𝑃𝑠𝑢𝑟𝑓 = 30𝜋𝑘0
2 𝜀𝑟(𝑥0

2−1)

𝜀𝑟[
1

√(𝑥0
2−1)

+
√(𝑥0

2−1)

(𝜀𝑟−𝑥0
2)
]+𝑘0ℎ[1+

𝜀𝑟2(𝑥0
2−1)

(𝜀𝑟−𝑥0
2)

]

                         (4.14) 

where, 𝑥0 =
𝛽𝑇𝑀0

𝑘0
. 

For conventional CMA, 𝑘0 =
2𝜋

𝜆0
  and 𝜀𝑟 (= 2.33) is the relative permittivity of 

substrate while, to compute for proposed structure one need to use 𝑘1 =
2𝜋

𝜆1
   and 

(𝜀𝑟)𝑁 = 𝜀𝑟(1 −
𝜓

𝜋
) in place of 𝑘0 and 𝜀𝑟 . 

Therefore, using equations (4.9) - (4.14), equation (4.7) may be written as,  

                                                    
𝐺𝑃

𝐺𝑜
=

𝜒𝑃

𝜒𝐶

𝜆0
2

𝜆1
2 (1 −

𝜓

𝜋
)                                    (4.15) 

where, 

                                              
𝜒𝑃

𝜒𝐶
=

𝜂𝑃

  𝜂𝑜

 (𝜀𝑎𝑝)𝑃

 (𝜀𝑎𝑝)𝐶
                           (4.16) 
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(a) 

 

(b) 

Fig. 4.6 Variation of (a) peak gain and (b) efficiency of the proposed antenna as a function of shorting 

angle ψ for two substrate thicknesses. 
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Here, χP and χC are the efficiencies of the proposed and conventional CMA. 

Therefore, the gain and efficiency of the proposed antenna can be written as,   

                                             𝐺𝑃 = 10𝐿𝑜𝑔10 (
𝐺𝑃

𝐺𝑜
) + 𝐺𝑜   

                                            𝜒𝑃 = 𝜂𝑃(𝜀𝑎𝑝)𝑃                                   (4.17) 

Using equation (4.17), the gain and efficiencies of the proposed antenna as a function 

of ψ for two different substrate thicknesses (h = 0.787 mm and h = 1.575 mm) are 

presented in Fig. 4.6. Here, good validation is revealed between the calculated results 

and simulations. It is also observed that when ψ =100˚, the gain and efficiency will be 

at their peak values. Notably, these phenomena are expected because at ψ = 100˚, the 

surface wave is completely eliminated, and as a result, the radiation along the horizon 

reduces. The isolation between bore-sight gain and horizontal gain (BG-HG isolation) 

is depicted in Fig. 4.7, and it confirms that the horizontal radiation is reduced. Hence, 

such an antenna is also useful for GPS receiving antenna that reduces low angle 

interfering signals [188]. 

       

Fig. 4.7 Variation of BG-HG isolation of the proposed antenna as a function of shorting angle ψ for 

two substrate thickness. 
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4.2.4    Cross Polarized Radiation in Principal Planes 

The cross polarized (XP) radiation of a CMA is mainly due to radiation from non-

radiating sides of the CMA. The orthogonal fields contributing to XP radiation arise 

mainly due to the first higher-order TM21 mode [14],[19], which has the antinodal point 

along the ϕ = 90˚ beneath the patch. Furthermore, the orthogonal component of the 

dominant TM11 mode in the range from ϕ = 40˚ to 110˚ (beneath the patch) is also 

responsible for the XP radiation of CMA [14],[19]. Therefore, the shorting strip is 

incorporated in the said angular region, so as to suppress the orthogonal radiation from 

both the TM21 and TM11 modes, and consequently, the XP radiation is reduced which 

leads to higher CP-XP isolation. Notably, the proposed RSW inspired antenna reduces 

the radiation in the horizontal direction at its E-plane, and hence it brings symmetry in 

the E- and H-plane CP profiles. This in turn reduces the XP radiation from the 

proposed antenna as well. The XP radiation performance in comparison to CP is 

depicted in Fig. 4.8. It reveals 22 dB polarization purity in the principal planes.  

 
Fig. 4.8 Simulated H plane radiation patterns of the proposed antenna for shorting angle ψ = 700. 
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4.2.5    Cross Polarized Radiation in Diagonal Planes 

The XP radiation is low at E plane (i.e., at φ = 00) for linearly polarized patch 

antenna. However, it is significantly high at H plane (i.e., at φ = 900). However, this 

XP radiation worsen more at diagonal planes i.e., along φ = 450 and φ = 1350.  

In this section, simulated radiation pattern at φ = 450 diagonal plane of proposed 

antenna and the conventional CMA (excited at same frequency) has been compared 

and presented in Fig. 4.9. 

 
Fig. 4.9 Comparison of diagonal plane radiation pattern of conventional CMA and proposed shorted 

circular patch at same frequency. 

In fact, the investigations [189] on diagonal plane XP radiation shows that, the 

issue can be undertaken by modulating both the radiating and non-radiating edge 

fields. Contrarily, both E and H plane XP radiations can be reduced by reducing non-

radiating edge fields only.  

Based on Ludwig’s third definition, the cross-polarization field (Exp) of microstrip 

antenna can be written as [R1], 

     
𝐸𝑥𝑝 ∝ 2𝐸𝑦(𝑐𝑜𝑠𝜃𝑐𝑜𝑠

2𝜙 − 𝑠𝑖𝑛2𝜙) + 2𝐸𝑥𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝜙(1 + 𝑐𝑜𝑠𝜃)

        ∝ 2𝐸𝑥[
𝐸𝑦

𝐸𝑥
(𝑐𝑜𝑠𝜃𝑐𝑜𝑠2𝜙 − 𝑠𝑖𝑛2𝜙) + 𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝜙(1 + 𝑐𝑜𝑠𝜃)

} (4.18) 
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From (4.8), it is clear that, for φ = 00 and φ = 900, 𝐸𝑥𝑝 ∝ 𝐸𝑦 while it is 𝐸𝑥𝑝 ∝
𝐸𝑦

𝐸𝑥
 

for φ = 450 diagonal plane. 

 

Fig. 4.10 Co-polar field vector Ex and cross polar field vector (Ey) for CMA. 

Therefore, to minimize 450 diagonal plane XP radiation, cross field Ey of non-

radiating edge is to be reduced and radiating edge field Ex to be increased (Fig. 4.10). 

Contrarily, to minimize E and H plane XP radiation, the suppression of Ey field of non-

radiating edge is sufficient. Therefore, it is definitely challenging to address the issue 

of φ = 450 diagonal plane XP. 

In this scenario, the present antenna can successfully address the issue of diagonal 

plane XP. In fact, the shorting strip not only eliminates non-radiating edge field (Ey), 

but also increases radiating edge field (Ex). Essentially, the shorting strip suppresses 

the fields at non-radiating edges (Ey component decreases) and hence the fields are 

spilled out through radiating edges (Ex component increases). The simulated electric 

field magnitude of conventional CMA and the proposed antenna is presented in Fig. 

4.11 confirms the conjecture. 

Consequently, polarization purity is improved in diagonal φ = 450 plane is case of 

present antenna. The simulated radiation pattern of the present antenna at φ = 450  

diagonal planes has been compared with conventional CMA excited at same frequency 

in Fig. 4.10. It reveals that, the PP of the present antenna is 17 dB while the same for 

conventional CMA is only 12 dB at φ = 450 diagonal plane. Therefore, 5 dB more XP 

suppression is evident from the present design at diagonal plane in comparison to 

conventional CMA. Therefore, the present antenna can successfully improve PP not 

only in principal planes, but also at diagonal planes. 



65 
 

 

 

                                                                  (a) 

 

 

 

                         (b) 

Fig. 4.11 Simulated electric field magnitude distribution within substrate at excited mode                  

(a) conventional CMA (b) proposed CMA. 
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4.3      Parametric Studies and Optimization 

A detailed parametric study for various shorting angles (ψ) has been carried out 

to find the optimum ψ, so that optimum performance in terms of gain, efficiency, 

polarization purity, and improved BG-HG isolation can be yielded without hampering 

the basic CP radiation characteristics of the circular patch. Initially, a conventional 

CMA with radius a = 7 mm has been designed for X band frequency, and its 

corresponding feed position has also been optimized to achieving the best results using 

[159]. 

The simulated radiation patterns of the proposed antenna in both the principal 

planes are shown in Fig. 4.12 for two different substrate heights (h = 1.575 mm and h 

= 0.787 mm). It is observed that, as the shorting angle (ψ) increases the peak CP gain 

also increases for both the antennas (with different h). Furthermore, the CP gain attains 

its maximum value at ψ = 100˚, as is predicted in section 4.2.3. Even though the gain 

is maximum at ψ = 100˚, the E-plane radiation pattern contains a deep null at around 

(-50˚) in the two substrate thicknesses, which may be due to the oblique radiation 

incurred by the shorting strips in CMA. Notably, no apparent degradation is noticed at 

the H-plane radiation profile for ψ = 100˚. 
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(b) 

Fig. 4.12 Simulated radiation patterns (a) E plane and (b) H plane for the conventional CMA and the 

proposed antenna for different shorting angle ψ. 

The simulated electric current distribution of proposed patches with ψ = 70˚ and 

100˚ is shown in Fig. 4.13. It reveals strong oblique current lines from both the upper 

and lower shorting strip edges which create a deep null in E plane at off bore sight. 

Contrarily, very weak oblique current line is noticed at lower shorting strip edge for ψ 

= 70˚ and causes no distortion at E plane off bore sight radiation. 

Therefore, ψ = 70˚ has been considered by the proposed antenna that yields the 

best performance with a stable radiation pattern in both the principal planes. The XP 

radiation in the E-plane is always below -35 dB, which is insignificant and hence are 

not shown for brevity. It may also be noted from Fig. 4.12 that the polarization purity 

improves with the increase in shorting angle (ψ). The proposed antenna with h = 1.575 

mm and ψ = 70˚ provides a polarization purity of 22 dB as compared to the polarization 

purity of 16 dB in the case of conventional CMA (with the same substrate thickness). 

On the contrary, the proposed antenna with h = 0.787 mm and ψ = 70˚provides 

excellent polarization purity of 27 dB as compared to the polarization purity of 20 dB 

in the case of conventional CMA. 
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                                                                                        (a) 

                 

 

 

                                                 

(b) 

Fig. 4.13 Surface current distribution over patch for (a) ψ = 70˚ and (b) ψ = 100˚. 
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4.4   Proposed Structure 

The proposed configuration of the CMA with a pair of shorting strips loaded at 

the non-radiating sides of the CMA is shown in Fig. 4.1. A prototype (Fig. 4.14) is 

designed by placing a circular patch of radius a = 7 mm on an RT–Duroid substrate 

(dielectric constant r= 2.33) with thickness h = 0.787 mm and ground plane size of 60 

× 60 mm2. Based on the theoretical insight and parametric studies discussed in the 

previous sections, a pair of shorting strips of thickness 0.5 mm are loaded on the non-

radiating sides of the CMA (with a wide shorting angle ψ = 70˚) between the patch 

and the ground plane. It may be noted that, the shorting is done at the periphery of 

circular patch at both the non-radiating sides with a sector angle of ψ = 700 (along 

lateral) as shown in Fig. 4.1(b).  

                  
                                            (a)                                                                              (b) 

Fig. 4.14 Photo of fabricated prototype (a)Top view, (b) bottom view. 

Actually, the shorting strip is incorporated at the perimeter of the above-

mentioned sectors with the ground plane for which the dielectric is removed or 

engraved out by CNC and milling machine for PCBs model no CK-02R. Thereafter 

0.5 mm thick copper sheet is used to short between the sector and the ground by 

soldering. The proposed antenna is fed by a typical 50 Ω SMA connector at a distance 

of 2 mm from the centre of the patch, so as to obtain good impedance matching. The 

top view and bottom view of the prototype is shown in Fig. 4.14. The conventional 

CMA of radius 5.7 mm is also fabricated on the same substrate to excite similar 

frequency and is fed optimally at 1.8 mm from the centre. The detail of the different 

parameters of the proposed and conventional antenna is presented in Table 4.1. 
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TABLE 4.1 The detailed parameters of the proposed and conventional antenna  

 (Substrate permittivity εr = 2.33, thickness h = 0.787 mm) 

4.5      Experimental Results and Discussions 

The simulated [159] and measured results obtained from the proposed antennas 

are presented in this section. The reflection coefficient profile of the proposed antenna 

(both measured and simulated) is shown in Fig. 4.15, which reveals good agreement 

between the simulated and measured results. The simulated antenna resonates at 9.16 

GHz, while the measured one was slightly lower at 9.13 GHz. Here, the simulated 

reflection coefficient has exhibited 10 dB impedance bandwidth of 2.18 % (9.1 – 9.3 

GHz), and the measured one was 2.19% (9.04 – 9.24 GHz). The slight discrepancies 

between the measured and simulated results are mainly contributed by the minor 

fabrication error. 

 

Fig. 4.15 Simulated and measured reflection coefficient profile of the proposed antenna. 
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The complete measured E-plane radiation pattern of the proposed antenna and the 

same for conventional CMA (at the same excitation frequency of 9.13 GHz) is depicted 

in Fig. 4.16(a). Here, the incorporation of the shorting strips at the non-radiating sides 

of the radiating patch does not hamper the co-polarization radiation; instead, the co-

polarization gain is improved by almost 2.5 dB and attains a CP gain of 8.5 dBi. The 

XP radiation of the proposed antenna in the E-plane is also suppressed in comparison 

with the conventional CMA. 

The measured E-plane polarization purity of the proposed antenna is around 45 

dB, while in comparison with the conventional CMA is 35 dB. Notably, the radiation 

along the horizon (i.e., θ = 90˚) of the proposed antenna is approximately 20 dB less 

than the peak CP gain, which is due to the suppression of surface wave in the proposed 

antenna. As for the conventional CMA case, it is 10 dB less than the peak CP gain.  

The measured H-plane radiation patterns of the proposed antenna as compared 

with the conventional CMA are shown in Fig. 4.16(b). The CP radiation pattern of 

both the conventional CMA and the proposed antenna is similar to the ones shown in 

Fig. 4.16(a), showing peak CP gain enhancement of 2.5 dB in the proposed antenna as 

compared with the conventional CMA. As the H-plane polarization purity is a vital 

factor that determines the performance of a patch antenna at higher frequencies, in the 

case of conventional CMA, its corresponding H-plane polarization purity is quite low 

(polarization purity of around 17 dB at 9.13 GHz), whereas the proposed antenna has 

shown desirable polarization purity of approximately 25 dB.  

Therefore, a 50% improvement in polarization purity is yielded by the proposed 

antenna in comparison with the conventional CMA. The radiation patterns are also 

quite stable in both principal planes. The measured gain and efficiency of the proposed 

antenna are compared with its simulated and calculated ones, and the results are 

depicted in Table 4.2. Here, excellent agreements are shown between all the efficiency 

of the proposed antenna.  
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(a) 

 

(b) 

Fig. 4.16 Comparison of measured radiation patterns for conventional CMA and proposed antenna (a) 

E plane, (b) H plane (f = 9.13 GHz). 
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Table 4.2 Radiation properties of the proposed Antenna 

Antenna 
Radiation 

properties 
Simulated Measured Calculated 

Proposed 

structure with ψ 

= 700 

Gain (dBi) 8.6 8.5 8.7 

Efficiency (%) 92 93 91 

 

Table 4.3 Comparison of the proposed work with recently published works. 

Reference 

Antenna 

dimension 

(Patch area   

profile [height])  

Gain 

(dBi) 

Minimum 

CP-XP 

Isolation 

(dB) 

Efficiency 

(%) 
Remarks 

[137] 0.59𝜆0
2 ×0.02𝜆0 11 19 89 

RSW inspired antenna with much 

distortion in radiation pattern and 

very high side lobes. 

[150] 0.13𝜆0
2 ×0.02𝜆0 7.8 20 --- 

Four stacked planes with complex 

feeding. 

[152] 0.15𝜆0
2 ×0.02𝜆0 7.25 18 73.5 

Complex structure integrated with 

branch line coupler. Dual feed 

RSW inspired antenna 

[153] 0.23𝜆0
2 ×0.03𝜆0 9 13 69 

RSW inspired simple circular 

patch with shorting four vias. 

[154] 0.11𝜆0
2 ×0.16𝜆0 9.0 20 92 

Use of multiple stacking with 

dual stacked dense dielectric 

circular patch make the structure 

too complex for manufacturing 

[155] 1.47𝜆0
2 ×0.07𝜆0 6.8 0 ---- 

Hexadecagon circular patch with 

DGS makes significantly 

distorted radiation pattern) 

[156] 0.05𝜆0
2 ×0.04𝜆0 7.8 ---- 63 

Asymmetric E and H plane 

radiation beam makes the 

radiation property poor. 

[170] 0.15𝜆0
2 ×0.14𝜆0 8 --- 91 

Use of slots, numerous vias with 

3 stack ground plane makes the 

structure too bulky 

Proposed 0.13𝝀𝟎
𝟐 ×0.02𝝀𝟎 8.5 25 93 

Simple RSW inspired circular 

patch with pair of shorting 

strips makes concurrent 

improvements in gain, 

efficiency and polarization 

purity. 
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Table 4.3 shows the performance comparison of the proposed antenna with other 

recently reported papers that have exhibited similar investigations. Besides having a 

simple overall structure, this table also shows that the proposed antenna 

performances in terms of CP gain, polarization purity, and efficiency are better than 

the other reported ones. One point to take note is the proposed antenna has 

demonstrated a very high CP-XP isolation (polarization purity) level of 25 dB as 

compared to the references. 

4.6      Conclusion 

A simple circular microstrip antenna with a pair of shorting strips loaded at the 

non-radiating sides has been successfully investigated analytically based on the RSW 

theorem to improve CP gain, efficiency, and polarization purity simultaneously. This 

analytical approach was further validated using the measurements. Besides improving 

the gain, efficiency, and polarization purity, the proposed antenna can also successfully 

suppress the radiation along the horizontal direction, which is worthy of modern array 

and MIMO wireless applications. 
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CHAPTER  

                                 5 

Modulation of Cavity Field Under Circular 

Microstrip Antenna for Reduced Horizontal 

Radiation with Omni-Present Improvement of 

Radiation Properties 
  
 

5.1   Introduction 

Different configuration of classical circular microstrip antenna (CMA) along 

with reduced surface wave (RSW) inspired CMA have been thoroughly investigated 

in previous chapters. Concurrent improvement in all radiation properties is revealed 

from RSW inspired CMA. However, a true RSW CMA is slightly larger in size than 

classical CMA. Therefore, due care must be taken to yield concurrent improvement 

in radiation characteristics with slightly smaller sized antenna and that has been 

proposed and investigated in present chapter. Another major but less investigated 

shortcoming of CMA is a strong radiation fields along horizontal direction i.e., along 

ground plane. This radiation is undeniably undesirable for many applications like 5G 

MIMO, array [190 - 193] configuration or in vector sensors [194 - 195]. The far field 

coupling of antenna elements in an array is mainly due to the strong patch radiation 

along horizontal direction. Therefore, this can be only minimized by judicious design 

of antenna structure with reduced horizontal radiation. 

The gain enhancement in circular patches has been investigated in [137, 150 – 

156, 170]. The technique such as slot-loading with aperture coupling [150] and the 

use of 3 stacked ground plane with slot and shorting vias [170] have been adopted to 

achieve around 7.8 dBi gain with no improvement in co-polar to cross-polar 

radiation isolation i.e., polarization purity (PP). To further increase the gain from 7.2 

dBi to 9 dBi with PP of 18-19 dB only, the annular ring antenna in [152] was loaded 

with shorting vias (with branch line couplers), while numerous shorting vias beneath 
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the circular patch have been reported in [153]. Notably, a structure similar to [152 – 

153, 170] has been reported in [137], and it can achieve high gain of 11 dBi but 

suffers from poor PP of 17 dB and a much-distorted radiation pattern with a high 

side-lobe level. To attain high gain of around 6.8 dBi to 8 dBi for patch antenna, 

various techniques have been investigated, such as the adaptation of circular dual-

stacked dense dielectric patch [154], replacement of circular patch geometry by 

hexa-decagon circular patch [155], and the use of graphene-based patch [156]. 

However, improvement in PP is not apparent from these. 

The improvement in PP is very important for modern wireless applications. 

Efforts to achieve high polarization purity have been reported by modifying the patch 

geometry [157, 171], use of shorting metal patch [172] or using of DGS [141] in 

which maximum PP of approximately 22 dB to 23 dB is achieved but with no 

improvement in gain profile. 

However, all these reported works do not deal with the said significant issue like 

suppression of horizontal radiation of patch antenna at its E plane which is usually only 

8-10 dB down than peak co-polar gain. This, indeed a key challenge to the antenna 

scientists and developers in the epoch of 5G MIMO or array antennas. Employment of 

micromachined cavity below the patch [191], circular patch with shorting plates [193], 

the use of superstrate [196] or making the substrate dielectric as band gap structure by 

printing various patterns on it [197 - 198] have been found effective to reduce the 

horizontal gain of the antenna. Out of them except [191, 196], all the techniques are 

basically the surface wave elimination technique. However, it may be noted that, the 

surface wave eliminated antennas are much larger in dimension compared to 

conventional antenna which is detrimental to use in the era of miniaturization. On the 

contrary, micromachined patch is complex to design and manufacture and therefore 

not cost effective. Again, the use of radome (cover) absorbs and reflects radiation wave 

from antenna and cause transmission losses. Further, radome causes distortion of 

antenna main lobe in some cases. A plentiful works has been reported on planar 

antennas with employment of substrate integrated waveguide (SIW) [199] or different 

kind of meta surface [200] for reduction in RCS or mutual coupling or polarization 

conversion. However, there is lack of investigations where, efforts are given to make 
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conventional CMA more efficient for omni-present improvement in radiation 

characteristics. 

In order to address the lacunae of the earlier studies, a circular geometry of the 

patch has been symmetrically modified with a pair of thin rectangular strip in this 

chapter. Further, 12 numbers of shorting pins are symmetrically placed at the corners 

of the patch as shown in Fig. 5.1(c). This is done with a view to partially eliminate 

the surface wave along with the gain reduction in horizonal direction.  

The chapter has been arranged in the following way. The details of antenna 

evolution and analysis is presented for clear visualization-based understanding in 

section 5.2 which includes the concept of structural evolution (section 5.2.1), 

analysis of resonant frequency (section 5.2.2), perception of cavity field modulation 

with modifying patch geometry (section 5.2.3), concept of radiation characteristics 

(section 5.2.4) and circuit model approach (section 5.2.5). The optimized structure to 

obtain the best output is presented in section 5.3. Section 5.4 discusses the results 

obtained from the optimized antenna structure and also validates the simulated 

outputs through the experimental measurements. Section 5.5 concludes the proposed 

work that is presented in this chapter. 

5.2      Antenna Evolution and Analysis 

5.2.1     Structural Evolution  

A simple CMA of radial dimension a = 7 mm has been designed on Rodger’s 

RT Duroid 5880 dielectric substrate (permittivity εr = 2.2, thickness h = 0.787 mm) 

and is denoted as Antenna 1 (Ant#1) as shown in Fig. 5.1(a). Next, two thin 

rectangular strips of dimension (2a ˟ w1) are loaded at the upper and lower sections 

of patch in such a way that the whole patch geometry will not be extended than the 

CMA of radial dimension a = 7 mm. It is named as Antenna 2 (Ant#2) and is shown 

in Fig. 5.1(b). As a last step, 12 shorting pins of diameter d (= 1.2 mm) with center-

to-center spacing d1 (= 1.5 mm) has been incorporated as shown in Fig. 5.1(c). That 

is the proposed antenna structure and it is named as Antenna3 (Ant#3). 
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(a) 

 

(b) 

 

(c) 

Fig. 5.1 Antenna Evolution (a) Ant#1, (b) Ant#2 (c) Ant#3. 
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5.2.2       Evolution Analysis: Resonant Frequency 

A conventional circular patch of radial dimension a fabricated on a dielectric 

substrate (permittivity εr) resonates at fundamental TM11 mode with a resonant 

frequency fr as, 

                                               𝑓𝑟 =
1.84𝑐

2𝜋𝑎√𝜀𝑟
 ⇒

𝜆𝑔
2

⁄ = 1.7𝑎                             (5.1) 

Now, this TM11 mode has one circumferential field variation and hence the semi-

circular arc length of patch (Sʹ) should be λg/2 (Fig. 5.2(a)). Now, 

                                        𝑆′ = 𝜋𝑎 = 3.14𝑎 ≠
𝜆𝑔

2
⁄    rather  𝑆′ ⊳

𝜆𝑔
2

⁄                 (5.2) 

Therefore, λg/2 is corresponding to circumferential length somewhat lesser than 

Sʹ. Let us consider a new radius aʹ for which  

                                            π𝑎′ =
λg

2
⁄ = 1.7𝑎 ⟹ 𝑎′ = 0.54𝑎                          (5.3) 

Therefore, resonant frequency of conventional circular patch may be calculated 

as, 

                                  𝑓𝑟 = 𝑐
𝜆𝑔

⁄ =
𝑐

2𝜋𝑎′√𝜀𝑟
=

𝑐

2𝜋×0.54𝑎√𝜀𝑟
                               (5.4) 

In the present investigation a CMA of radius a = 7 mm is considered and, in that 

case, aʹ = 3.8 mm. Therefore, considering the smaller radial circle of radius aʹ = 4 

mm, a rectangular strip of width w1= 3 mm and length (2a) = 14 mm has been placed 

at lower and upper section of the main patch (a = 7 mm) as shown in Fig. 5.2(a). 

Therefore, the current path will be modified (Fig. 5.3(a)) and hence it can be written 

as, 

                  𝜋𝑎′ + 2𝑤1 =
𝜆𝑔

2
⁄ ⟹ 𝑓𝑟 = 𝑐

𝜆0
⁄ =

𝑐

2√𝜀𝑟[𝜋𝑎′+2𝑤1]
        (5.5) 

and the resonant frequency of the particular structure becomes 5.65 GHz. As per 

simulation through Ansoft’s High Frequency Structure Simulator HFSS v.14 [159], 

the frequency is 6.13 GHz. Original patch with a = 7 mm resonates at 8.4 GHz. 

Therefore around 32% reduction of resonant frequency can be achieved with such 

new structure (Antenna#2). 
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(a) 

                        

(b) 

Fig. 5.2 Schematic representation of electric surface current path on patch (a) Antenna#2,               

(b) Antenna#3 
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Now, shorting pins of diameter 1.2 mm with center-to-center spacing d1 = 1.5 

mm has been incorporated as shown in section 5.2.1 (Fig. 5.1(c)) as discussed. As 

soon as the shorting pins are placed, current lines in Antenna#3 are again modified as 

is shown in Fig. 5.2(b) (schematic) and Fig. 5.3(b) (simulated). Fig. 5.2(b) and Fig. 

5.3(b) reveal that the surface current on patch is similar to conventional CMA. 

                     

(a) 

      

(b) 

Fig. 5.3 Simulated electric surface current path on patch (a) Antenna#2, (b) Antenna#3 



82 
 

5.2.3 Evolution Analysis: Cavity Field Modulation with Modulating Patch 

Surface Geometry 

The patch surface and ground plane as PECs and peripheral regions as PMCs 

develop the cavity beneath the patch and the resonant field inside the cavity critically 

depends on the patch surface geometry. As such, this cavity fields may be judiciously 

modulated to yield optimized performance from patch antenna. Here, along with 

patch surface geometry, the shorting posts also play a vital role to modulate the 

cavity fields. 

In fact, the magnetic fields around the shorting pins in Antenna#3 force the 

electric fields to concentrate at central region of radiating edges and hence fringing 

increases at radiating edges. Therefore, close inspection of Fig. 5.4 and Fig. 5.5 

reveal that, the incorporation of shorting pins (Antenna#3) modulates the cavity 

fields in such a way that the electric fields reside beneath the main circular disc plate 

(a = 7 mm) rather than distributed beneath the whole antenna patch plate as is the 

case for Antenna#2. Fig. 5.4 and Fig. 5.5 clearly depicts the fact. Although, 

structurally, Antenna#1 and Antenna#3 are different still, the cavity fields and 

consequently the fringing between Antenna#1 and Antenna#3 has a close 

resemblance as is clear from Fig. 5.4 (a) and Fig. 5.4(c). Fig. 5.5(a) and Fig. 5.5(c) 

confirms the observation in terms of electric vector. 

Therefore, the capacitance of the structure changes which is manifested on the 

change in dielectric constant due to the incorporation of shorting pins.  

Now, the patch plate area (AP) of the structure in case of Antenna#2 may be 

written as, 

               𝐴𝑝 = 𝜋𝑎2 + 2 [2𝑎𝑤1 − {
𝑎2

2
𝜃0 − (𝑎 − 𝑤1)√𝑎2 − (𝑎 − 𝑤1)2}]         (5.6) 

Again, the patch plate area of Antenna#3 is similar to Antenna#2. Therefore, the 

calculated area from (5.6) may be used to find the static capacitance of Antenna#3 

with new dielectric constant (due to inner portion of the shorting pins). 

Following the (5.6), the area of the structure becomes 190 mm2 and the 

capacitance of this patch plate in Antenna#2 becomes 
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(a) 

       

(b) 

       

(c) 

Fig. 5.4 Simulated electric field magnitude over substrate (a) Antenna#1, (b) Antenna#2,               

(c) Antenna#3 
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                                             𝐶𝑝 =
190

ℎ
(𝜀𝑟)𝑁                                                (5.7) 

where, (εr)N becomes new dielectric constant due to the incorporation of shorting 

pins. Based on the discussions above, this CP with new dielectric constant is 

equivalent to the capacitance (CO) of original circular disc patch (a = 7 mm).  

Now,  

                                       𝐶0 =
𝜋𝑎2

ℎ
𝜀𝑟 =

153

ℎ
𝜀𝑟                                           (5.8) 

As the cavity fields beneath the patch in case of Antenna#1 and Antenna#3 has 

close resemblance, equating these two capacitances, 

                                           (𝜀𝑟)𝑁 = 0.8𝜀𝑟 = 1.7                                             (5.9) 

Now, due to incorporation of shorting pins at far end side of patch structure, 

major part of the current producing radiation follows the locus of conventional 

circular patch as is depicted in Fig. 5.2(b) and Fig. 5.3(b). Therefore, resonance 

frequency may be calculated by (5.4). 

Therefore, the new resonant frequency becomes, 

                                               𝑓𝑟 =
𝑐

2𝜋×0.54𝑎√(𝜀𝑟)𝑁
= 9.7 𝐺𝐻𝑧                      (5.10) 

The simulated resonance frequency for Antenna#3 is 10.01 GHz. Simulated and 

computed resonance frequencies are documented in Table 5.1. 

TABLE 5.1 

Comparison of simulated and computed resonance frequency using proposed theory 

    

 

 

 

It may be noted that, to excite such 10 GHz frequency, the surface wave 

eliminated antenna has larger radius than present a = 7 mm patch.  The surface wave 

eliminated antenna radius a2 may be calculated as [26], 

                                                 𝑎2 = 1.84 𝛽𝑇𝑀0⁄                                                     (5.11) 

where, βTM0 is the propagation constant of first surface wave mode that is TM0 

surface wave and k0 is the wave number of structure. 

Patch 

configuration 

Simulated fr 

(GHz) 

Computed fr 

(GHz) 

Antenna#1 7.9 8.4 

Antenna#2 6.13 5.7 

Antenna#3 10.01 9.7 
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(a) 

           

(b) 

                   

(c) 

Fig. 5.5 Simulated electric field vector over substrate (a) Antenna#1, (b) Antenna#2, (c) Antenna#3 



86 
 

The relation between them may be written as [26], 

                                                   
𝛽𝑇𝑀0

𝑘0
⁄ = [1 + (𝑘0ℎ)2]                                    (5.12) 

Therefore, it yields that, for designing surface wave eliminated antenna or RSW 

antenna, the required patch radius is a2 = 8.8 mm with patch area of 243.28 mm2. 

Contrarily, the present patch area is 190 mm2. Therefore, 21.9% reduction in patch 

area has been achieved with the present design in comparison to complete surface 

wave eliminated patch. 

5.2.4      Evolution Analysis: Radiation Characteristics 

The simulated gain and cross polarization of Antenna#1 and Antenna#2 at their 

H plane are depicted in Fig. 5.6 (a).  The gain of the Antenna#2 at f = 6.13 GHz is 

6.25 dBi while PP is 10 dB. Contrarily, Antenna#1 has peak gain of 7.64 dBi and the 

PP is 18 dB at f = 7.9 GHz. It may be noted that, Antenna#2 has somewhat flat-

topped radiation beam which is good for certain applications. However, PP is poor 

with broadside profile of cross polar radiation which may affect the main co-polar 

beam. 

The simulated gain and cross polarization of Antenna#1 and Antenna#3 at their 

H plane are depicted in Fig. 5.6(b).  The gain of the Antenna#3 at f = 10.01 GHz is 

10 dBi while PP is 30 dB. It may be noted that, Antenna#3 has somewhat wider 

radiation beam at it’s H plane with high gain in comparison to Antenna#1. 

The E plane radiation characteristics of Antenna#1, Antenna#2 and Antenna#3 is 

depicted in Fig. 5.6(c). The comparison of E plane radiation performance amongst all 

three antennas reveals that, Antenna#3 has best performance in terms of gain and PP.  

Notably, radiation along horizontal direction in Antenna#3 has significant 

improvement in comparison to Antenna#1 and Antenna#2. 
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(c) 

Fig. 5.6 Comparison of H plane radiation pattern(a) Antenna#1 and Antenna#2 (b)Antenna#1 and 

Antenna#3, (c) Comparison of E plane radiation patterns of Antenna#1, Antenna#2 and Antenna#3. 

The strong radiation fields along the horizontal direction at the E plane of patch 

antenna is actually due to the polarization current (JP) as, 

                                                             𝐽�̅� = 𝑗𝜔�̅�                                                  (5.13) 

where, 

                                               �̅� = (𝜀𝑟 − 1)𝜀0�̅�                                            (5.14) 

Therefore, the problem of horizontal radiation in E plane is much prominent in 

case of patch with dielectric substrate in comparison to air substrate. In air substrate, 

the suppression of radiation along horizontal direction is manifested through the gain 

enhancement at the zenith of the patch. Contrarily, the problem of strong horizontal 

radiation is not the issue in H plane. In the Fig. 5.7, x-z plane is E plane while y-z 

plane is H plane. At the patch radiating edges (where the electric field is maximum 

and consequently the dielectric polarization and hence the polarization current) is 

counter-phased between the lower and upper half section of patch. Therefore, the 

effect on the horizontal radiation along H plane is cancelled while it is prominent in 
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E plane due to the path difference travelled by radiation field arises due to 

polarization current as is clear from Fig. 5.7. 

 

Fig. 5.7 Effect of polarization current in horizontal radiation at E plane. 

Now, near the radiating edges of the patch, if shorting pins are incorporated, it 

compensates this polarization current by counter-phased conduction current through 

shorting pin. With this in view, 12 numbers of shorting pins are incorporated at four 

extreme sides of Antenna#2 which, gives birth to Antenna#3. Therefore, the 

radiation along horizontal direction becomes 20 dB down than peak co-polar gain in 

case of Antenna#3 while the same is only around 8-9 dBi in Antenna#1 and 

Antenna#2. 

This, suppression of radiation field along horizontal direction in Antenna#3 in 

turn enhances broadside radiation and hence gain increases. The incorporation of 

shorting pins in Antenna#3 concentrates the fields near the radiating edges of patch 

structure and hence fringing increases there. This may also be attributed for higher 

gain in Antenna#3. Furthermore, incorporation of shorting pin reduces the effective 

dielectric constant of the substrate. Hence, surface wave reduces and as a result gain 

and efficiency increases. 

It may be noted that, the incorporation of shorting pins reduces orthogonal 

component (y directed) of fringing electric fields as is confirmed from Fig. 5.4 in 

Antenna#3. In fact, because of structural modification as well as the incorporation of 

shorting pin, locus of current path has been modulated as is shown in Fig. 5.2(b) and 

Fig. 5.3(b). It results in low cross polarized radiation in the proposed Antenna#3. 
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5.2.5 Circuit Model Approach 

A simple CMA is a parallel resonant circuit consisting of resonant input 

resistance R, patch inductance L and the patch capacitance C between two electrodes 

(patch and ground plane) as is shown in Fig. 5.8(a). The resonant frequency of the 

patch in terms of circuit theory can be written as, 

                                              𝑓𝑟 =
1

2𝜋√𝐿𝐶
                                              (5.15) 

 Where approximate value of C can be the patch capacitance and may be 

written as, 

                                        𝐶 =
𝜀0𝜀𝑟

ℎ
𝐴𝑃 and  𝐿 =

1

4𝜋2𝑓2𝐶
                             (5.16) 

 

                                  (a)                                                         (b) 

Fig. 5.8 Approximate circuit model (a) Conventional CMA, (b) proposed antenna 

Now, when we insert shorting pins beneath the patch plate, an inductance L1 

comes between the electrodes (patch and ground plane) of the capacitor. This L1, 

comes parallel to the anti-resonant circuit of patch. Also, the incorporation of 

shorting pins change the dielectric constant of the substrate from εr to (εr)N as is 

discussed in section 5.2.3.  Therefore, a new dielectric capacitance Cd has come up 

replacing the conventional dielectric capacitance of patch. The new dielectric 

capacitance Cd is the capacitance only due to the presence of new dielectric with 

dielectric constant (εr)N . It may be noted that, once the shorting pins are introduced, 

the antenna structure (Antenna#3) is behaving like a simple circular patch of radius a 

= 7 mm irrespective of patch plate geometry as is discussed and validated in previous 

sections 5.2.2 and 5.2.3. 
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       The pin inductance L1 and the new dielectric capacitance Cd can be obtained 

from [179, 201] as, 

                                                𝐿1 =
𝜇0

2𝜋
[𝑙𝑛 (

𝑎
𝑑

2⁄
) −

3

4
] ℎ                            (5.17) 

and  

                                                  𝐶𝑑 = [(𝜀𝑟)𝑁 − 1]
𝜀0𝜋𝑎2

ℎ
                                    (5.18) 

Therefore, the whole patch capacitance of Antenna#3 can be written as [179], 

                                             𝐶1 = 𝐶0 + 𝐶𝑑                                                 (5.19) 

where, C0 is the portion of patch capacitance of Antenna#3 when dielectric is 

removed [179]. Hence, 

                                          𝐶1 = [
𝜀0𝜋𝑎2

ℎ
] + [(𝜀𝑟)𝑁 − 1]

𝜀0𝜋𝑎2

ℎ
                   (5.20) 

In the context of section 5.2.4, the current through this pin inductance L1 must be 

compensated by the polarization current through new dielectric capacitance Cd. Then 

only, the horizontal radiation from antenna in E plane can be reduced as is discussed 

in section 5.2.4. 

Therefore, the new equivalent circuit for Antenna#3 is as shown in Fig. 5.8(b). 

The equivalent inductance and capacitance of Antenna#3 can be written as, 

                                      𝐿𝑒𝑞 =
𝐿𝐿1

(𝐿+𝐿1)
    and 𝐶𝑒𝑞 = 𝐶1                    (5.21) 

and the resonant frequency will be 

                                                𝑓𝑟 =
1

2𝜋√𝐿𝑒𝑞𝐶𝑒𝑞
                                  (5.22) 

Considering patch of radius a = 7 mm, pin diameter d = 1.2 mm, substrate 

thickness h = 0.787 mm and new effective dielectric constant of (εr)N  = 1.7 (equation 

5.9), patch plate area Ap = 190 mm (equations 5.6 and 5.7); the calculated fr for 

Antenna#3 is 9.3 GHz which is very close to that obtained in equation (5.10). The 

simulated and measured resonant frequency of same antenna (10.01 GHz and 10.02 

GHz respectively) is documented in results section (section 4.4, Fig. 5.10) which 
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shows good agreement with the predicted results by both the cavity model and circuit 

model approaches. 

5.3 Proposed Structure 

First, a simple CMA with 0.5 mm copper strip having radius a = 7 mm is chosen 

and two rectangular thin strips of dimension 14 mm ˟ 3 mm are loaded at the upper 

and lower sections of patch as shown in Fig. 5.1(b). It is then fabricated on RT-5880 

(dielectric constant εr = 2.2 and thickness h = 0.787 mm) substrate. The dimensions 

of substrate and ground plane are chosen to be 50 mm × 50 mm (~1.5λ0 × 1.5λ0). 

Next, 12 shorting pins of diameter d (=1.2 mm) with center-to-center spacing d1 (= 

1.5 mm) has been incorporated at the sides of two thin rectangular strips as shown in 

Fig. 5.1(c). The patch is fed at 1.5 mm from the centre point (Fig. 1). An equivalent 

conventional CMA of radius 5.5 mm having same resonant frequency has also been 

fabricated on RT-5880 (dielectric constant εr = 2.2 and thickness h = 0.787 mm) 

substrate for comparison. The fabricated prototype of the proposed patch is shown in 

Fig. 5.9. 

      

                                                   (a)                                                                                (b) 

Fig. 5.9 Fabricated prototype (a) Top view (b) bottom view 

5.4 Results and Discussions 

The fabricated prototypes (conventional CMA of radius 5.5 mm and the proposed 

patch) have been measured and the results are documented.  In Fig. 5.10, the simulated 

and measured reflection coefficient profiles for the proposed antenna (Antenna#3) are 
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presented. The proposed antenna resonates at 10.02 GHz with an impedance 

bandwidth from 9.94 GHz to 10.14 GHz. The equivalent conventional CMA of radius 

5.5 mm also resonates at same 10.02 GHz frequency although not shown in figure to 

avoid clumsy plot. 

 

Fig. 5.10 Simulated and measured reflection coefficient profiles of proposed Antenna#3 

The complete H and E plane radiation patterns of the proposed antenna has been 

presented in Fig. 5.11 (a) and Fig. 5.11 (b) respectively. The complete radiation 

pattern of equivalent conventional CMA has also been incorporated in the respective 

plot for comparison. Fig. 5.11 depicts that; the measured gain of the proposed 

antenna is 9.2 dBi while the simulated gain is 9.6 dBi. Contrarily, equivalent 

conventional CMA has measured gain of 6.8 dBi while the simulated one is 7.4 dBi. 

Therefore, 2.4 dB improvements in gain can be achieved with the proposed antenna 

in comparison to conventional CMA resonating at same 10.02 GHz frequency. 

The simulated magnitude of electric field at the substrate shown in Fig. 5.12 

reveals a high concentration of fringing fields near radiating edges of patch as is 

discussed in section 5.2.4. This confirms the conjecture for higher gain of the 

structure discussed earlier. Fig. 5.11(b) shows that, the polarization purity in E plane 

radiation pattern is 44 dB while the same for conventional CMA at same frequency is 

35 dB. However, the polarization purity in E plane is not a major concern as it is 

usually below 30 dB than the peak co-polar gain always. 
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(a) 

 

(b) 

Fig. 5.11 Comparison of simulated and measured radiation patterns of conventional Antenna#1 and 

proposed Antenna#3 (a) H plane, (b) E plane. 
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On the contrary, H plane cross-polarization is a major factor for linearly 

polarized antenna and it is usually high in conventional CMA. Fig. 5.11(a) confirms 

that, the H plane polarization purity of proposed patch is 27 dB while the same for 

conventional CMA is only 15 dB. About 12 dB improvement in co-polar to cross- 

polar radiation isolation is revealed from proposed patch than conventional CMA at 

same frequency at H plane. 

          

Fig. 5.12 Simulated electric field magnitude over substrate in proposed Antenna#3. 

The variation of antenna gains as function of angle θ at off bore sight direction 

has also been examined through simulation and measurements at the operating 

frequency f = 10.02 GHz. The resulting plot is depicted in Fig. 5.13. The gain 

variation is examined within its 3 dB beam width. In E plane, the measured gain is 

monotonically decreasing from 9.2 dBi to 6 dBi, while the same is 10 dBi to 6.88 dBi 

for simulated gain within ±250. Contrarily, this gain decrement is comparatively 

slower in case of H plane where the measured gain varies from 9.2 dBi to 6 dBi 

within ±400. It may be noted that, the measured gain is around 0.8-1 dB lower than 

the simulated gain. This 0.8-1.0 dB decrement in measured gain is expected due to 

unavoidable cable and connector losses. Therefore, the 3 dB beam width of the 

proposed antenna is around 500 in E plane while the same for H plane is 800.  
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Fig. 5.13 Variation of gain of proposed antenna at both principal planes within it’s 3 dB beam widths. 

The measured horizonal radiation arises from lateral surface wave is 20-21 dB 

down than peak co-polar gain in case of proposed antenna at it’s both E and H plane. 

On the other hand, for conventional CMA, the same is only 10 dB down than peak 

co-polar gain in E plane and 20 dB down in H plane. 

The measured efficiencies of the proposed antenna are 92% while the same for 

conventional CMA is 85%. The gain and efficiency variation as a function of 

frequency has been presented in Fig. 5.14. Minor degradation of measured gain and 

efficiency both in respect to simulation results are noted and it is expected due to 

practical and unavoidable loss factors as discussed above. It is noted that, measured 

gain varies from 8-9 dBi while the measured efficiency varies from 88 to 92%. 

However, it may be concluded that, gain and efficiency is merely constant over the 

whole operating band of the proposed antenna.   
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Fig. 5.14 Variation of gain and efficiencies of proposed antenna as function of frequency in the 

operating band. 

      The performance of the proposed Antenna#3 has been compared with the 

available relevant literatures in Table-5.2. This confirms the consistency and 

superiority of the present structure over others. 

TABLE 5.2 

Performance comparison of the present antenna with recently reported relevant works 
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Reference 
Gain 

(dBi) 

Minimum 

CP-XP 

Isolation 

(dB) 

Efficiency 

(%) 

Max radiation 

to horizontal 

radiation 

isolation 

(E plane) (dB) 

Remarks 

[193] 8.5 25 93 --- 

Simple RSW inspired circular 

patch with pair of shorting strips 

makes concurrent improvements 

in gain, efficiency and polarization 

purity. 

[150] 7.8 20 --- 10 
Four stacked planes with complex 

feeding. 

[170] 8 --- 91 13 

Use of slots, numerous vias with 3 

stack ground plane makes the 

structure too bulky. 

[152] 7.25 18 73.5 16 

Complex structure integrated with 

branch line coupler. Dual feed 

RSW inspired antenna. 
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5.5      Conclusion 

A symmetrically modified circular microstrip antenna with a pair of thin strips 

has been proposed and investigated theoretically as well as experimentally. Excellent 

improvement in radiation performance with high gain of 9.2 dBi, 27 dB polarization 

purity with 92% efficiency have been obtained. Notably, a new feature of reduced 

horizontal radiation i.e., 21 dB down than peak co-polar gain has been achieved 

which is undeniably helpful for modern array or 5G MIMO configuration. The 

thorough investigation presented in the paper gives an insightful exploration of such 

new antenna structure. The proposed antenna will surely be helpful for modern 

scientific and research community looking for tiny planar structure with excellent 

radiation properties. 

Reference 
Gain 

(dBi) 

Minimum 

CP-XP 

Isolation 

(dB) 

Efficiency 

(%) 

Max radiation 

to horizontal 

radiation 

isolation 

(E plane) 

(dB) 

Remarks 

[153] 9 13 69 10 
RSW inspired simple circular 

patch with shorting four vias. 

[137] 11 19 89 15 

RSW inspired antenna with much 

distortion in radiation pattern and 

very high side lobes. 

[154] 9.0 20 92 15 

Use of multiple stacking with dual 

stacked dense dielectric circular 

patch make the structure too 

complex for manufacturing. 

[155] 6.8 0 ---- 3 

Hexadecagon circular patch with 

DGS makes significantly distorted 

radiation pattern). 

[156] 7.8 ---- 63 7 

Asymmetric E and H plane 

radiation beam makes the 

radiation property poor. 

Present 

work 
9.2 27 92 20 

Simple modified CMA for 

reduced horizontal radiation along 

with high gain, excellent PP and 

efficiency. 
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CHAPTER  

                                 6 

Conclusion and Scope  

for Future Studies 

 

 

In this dissertation, a detailed study on the characteristics of circular microstrip 

antenna (CMA) has been carried out and different techniques are imposed for the 

improvement in the input and radiation characteristics of such CMA. The various 

shortcomings of CMA such as low gain, narrow bandwidth, low efficiency, poor 

polarization purity and strong horizontal fields along the horizontal direction has 

been investigated thoroughly and different techniques to overcome such 

shortcomings are proposed and presented methodically. 

Initially, shorting and strip loading approach has been investigated to achieve 

simultaneous enhancement of gain and polarization purity. Four circular microstrip 

antennas  with  a pair of shorting walls placed at the non radiating periphery of the 

patch, two with FR4 and two with Glass substrate having two different substrate 

thickness has been investigated to improve the  co-polar gain and polarization purity 

without hampering basic radiation pattern. The proposed structure with FR4 substrate 

provides a CP-XP isolation (polarization purity) of 27 dB while the polarization 

purity with glass substrate is more than 30 dB. The polarization purity obtained from 

all the structures are quite higher than the conventional structures with FR4 and glass 

substrates. A CMA with strip loading approach has also been proposed to improve 

the radiation characteristics. In this approach, a CMA is designed by placing a strip 

at the top of the circular patch for better polarization purity in H plane as well as 

higher co-polar gain as compared to the conventional CMA. The co-polar gain of 7.5 

dBi with 23 dB polarization purity is observed from the proposed structure. The 

simultaneous improvement of co-polar gain and polarization purity without 
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disturbing the conventional E plane radiation pattern is very much require in modern 

wireless communication.  

Next, simultaneous enhancement of impedance bandwidth and polarization 

purity has been achieved using DGS Structure. A pair of rectangular defects have 

been deployed on the ground plane at the radiating edge of the conventional CMA on 

RT-Duroid substrate having dielectric constant εr = 2.33 and height h = 1.58 mm in 

order to provide concurrent improvement in impedance bandwidth and polarization 

purity. This structure provides impedance bandwidth of 31.5% and polarization 

purity of around 24 dB. Another DGS structure with a curved dumbbell shape defect 

deployed on the ground plane at the non-radiating edge of the conventional patch has 

also been investigated to provide improvement in the impedance bandwidth and 

polarization purity. This structure provides 25.8 dB polarization purity with 12% 

impedance bandwidth. This structure can be useful in the modern wireless 

communication field where wide impedance bandwidth and high polarization purity 

is required. 

Next, a simple CMA with a pair of shorting strips loaded at the non radiating 

sides has been successfully investigated analytically based on the reduced surface 

wave (RSW) theorem for improving the co-polar gain, efficiency, and polarization 

purity simultaneously. Besides improving the gain, efficiency, and polarization 

purity, the proposed antenna can also successfully suppress the radiation along the 

horizontal direction, which is worthy of modern array and MIMO wireless 

applications. The proposed structure    attains a Co-polar gain of 8.5 dBi, polarization 

purity of 25 dB and 93% efficiency. The radiation along the horizon (i.e. θ = 90°) of 

the proposed antenna is approximately 20 dB less than the peak CP gain. 

Theoretical and mathematical analysis has been carried out to modulate the 

cavity fields under a conventional CMA to reduce horizontal radiations and improve 

the radiation profile. This is done by placing a pair of thin rectangular strip loaded at 

the top and bottom of a CMA. The structure is further modified by placing 12 

shorting pins at the edge of the shorting strips. This structure is proposed to provide 

improvement in co-polar gain, efficiency and polarization purity. Excellent 

improvement in radiation performance with high gain of 9.2 dBi, 27 dB polarization 
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purity with 92% efficiency have been obtained using this structure. A new feature of 

reduced horizontal radiation i.e., 21 dB down than peak co-polar gain has been 

achieved which is undeniably helpful for modern array or 5G MIMO configuration. 

The proposed antenna will surely be helpful for modern scientific and research 

community looking for tiny planar structure with excellent radiation properties. 

Further improvement in the input and radiation characteristics of CMA is always 

a positive choice and hence some more ideas may be implemented. In addition to 

different techniques of defected ground surface (DGS), defected patch surface 

(DPS), shorting of non-radiating edges of CMA, some other methods may be 

explored. Complete RSW approach as discussed in chapter 4 or quasi RSW approach 

as discussed in chapter 5 may be adopted in other regular and irregular geometries of 

patches for improvement in input and radiation performance.  
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Patch Antenna Surface: A Key to Realize Reduced
Horizontal Radiation and Omni-Present
Improvement in Radiation Performance
ZONUNMAWII, ABHIJYOTI GHOSH , LOUREMBAM LOLIT KUMAR SINGH,
AND SUDIPTA CHATTOPADHYAY
Department of Electronics and Communication Engineering, Mizoram University, Aizawl 796004, India

Corresponding author: Abhijyoti Ghosh (abhijyoti_engineer@yahoo.co.in)

ABSTRACT Although, the circular microstrip antennas are the most popular tiny planar antennas, increased
horizontal radiation in the E plane imposes a severe limitation in case of modern applications such as array
or 5G MIMO configurations. Further, low broadside gain, high H plane cross polar radiation reduces the
efficiency of antenna for different wireless applications. Therefore, in order to cope up with the ubiquitous
development of tiny and efficient wireless communication devices, antenna structure is to be judiciously
modified. Symmetrical modification on patch structure by loading a pair of thin strip on circular patch with
shorting posts germinates a modified circular patch with excellent radiation performances. High gain of
around 9.2 dBi with excellent polarization purity of 27 dB has been achieved with such structure. Further,
an excellent radiation characteristic of reduced horizontal radiation (21 dB down than peak co-polar gain)
with 92% efficiency has been revealed from the present antenna. A clear physical insight in to the observed
characteristics has been thoroughly documented. The antenna is simple, easy to manufacture and measured
results are in close agreement with simulated results.

INDEX TERMS Gain, horizontal radiation, microstrip antenna.

I. INTRODUCTION
Circular microstrip antenna (CMA) on dielectric substrate
is well known tiny antenna and the most popular genre of
printed antennas although it suffers from poor gain, low
efficiency and poor polarization purity (PP). However, this
circular microstrip antenna is still be the first choice for use
in industry because of its simple design procedure and well-
developed theory [1]. Beside these shortcomings, another
major but less investigated shortcoming of such CMA is a
strong radiation fields along horizontal direction i.e., along
ground plane. This radiation is undeniably undesirable for
many applications like 5G MIMO, array [2]–[4] configura-
tion or in vector sensors [5], [6]. The far field coupling of
antenna elements in an array is mainly due to the strong patch
radiation along horizontal direction. Therefore, this can be

The associate editor coordinating the review of this manuscript and

approving it for publication was Tutku Karacolak .

only minimized by judicious design of antenna structure with
reduced horizontal radiation.

The gain enhancement in circular patches has been inves-
tigated in [7]–[14]. The technique such as slot-loading with
aperture coupling [7] and the use of 3 stacked ground plane
with slot and shorting vias [8] have been adopted to achieve
around 7.8 dBi gain with no improvement in PP (Co-polar to
cross-polar radiation isolation). To further increase the gain
from 7.2 dBi to 9 dBi with PP of 18-19 dB only, the annular
ring antenna in [9] was loaded with shorting vias (with branch
line couplers), while numerous shorting vias beneath the
circular patch have been reported in [10]. Notably, a structure
similar to [8]–[10] has been reported in [11], and it can
achieve high gain of 11 dBi but suffers from poor polarization
purity of 17 dB and a much-distorted radiation pattern with a
high side-lobe level. To attain high gain of around 6.8 dBi
to 8 dBi for patch antenna, various techniques have been
investigated, such as the adaptation of circular dual-stacked
dense dielectric patch [12], replacement of circular patch
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Reduced-Surface-Wave-Inspired Circular Microstrip
Antenna for Concurrent Improvement in

Radiation Characteristics
Zonunmawii, Abhijyoti Ghosh , L. Lolit K. Singh, Sudipta Chattopadhyay , Member, IEEE,

and Chow-Yen-Desmond Sim , Senior Member, IEEE

Abstract—Classical microstrip patch antenna fabricated on a di-
electric substrate suffers from poor gain, efficiency, and high cross
polarization due to the automatic excitation of TM0 surface wave. It
also radiates strong fields along the horizon which is susceptible to
multiple-input–multiple-output (MIMO) or array configurations.
In view of this, a separate class of circular microstrip antenna
known as the reduced surface wave (RSW) circular patch antenna
has been proposed with a pair of shorting strips. Unlike earlier
RSW-inspired antennas that mainly confirmed their ability for
the successful reduction in the mutual coupling between array
elements, here, and the enhancement of radiation properties is
considered.

Index Terms—Cross polarization, microstrip antenna, reduced
surface wave (RSW).

I. INTRODUCTION

THE circular microstrip antenna (CMA) based on reduced
surface wave (RSW) theorem is a typical category of mi-

crostrip antennas (MA) that extremely reduces the surface wave
fields than conventional CMA. Therefore, such RSW-inspired
CMA is immensely preferable as they have reduced horizontal
radiation. Moreover, the fundamental TM0 surface wave causes
increased mutual coupling, which is undesirable for any array
or multiple-input–multiple-output (MIMO) configuration. Fur-
thermore, the lateral radiation arises due to the surface wave
usually interact with other associated circuitry or the supporting
structure of hand-held equipment. However, such TM0 surface
wave elimination is impossible in conventional design (as it has
zero cutoff frequency) until a special surface wave mitigation
technique has been employed.

In the last several years, many works have been reported
to enhance the gain of MA [1]–[5] by employing composite
antenna topology or composite substrate. The gain and efficiency
enhancement in CMA have been investigated in [6]–[13]. Dif-
ferent techniques [6]–[13] have been employed to yield maxi-
mum 7–8 dBi gain with maximum 73% efficiency. Notably, all
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Fig. 1. Schematic representation of patch. (a) Conventional CMA. (b) Pro-
posed antenna with field distribution at lower radiating slots for conventional
and proposed antenna.

these techniques fail to address the issue of copolar radiation
(CP) to cross-polar radiation (XP) isolation (CP-XP isolation).
Furthermore, the structures are complex, bulky and difficult to
manufacture.

Numerous efforts have also been given [14]–[19] to maximize
CP-XP isolation (22–23 dB) with no improvement in gain and
efficiency. Moreover, none of the studies are reported to reduce
horizontal radiation arises from the surface wave that can mu-
tilate the antenna performances [20]. Therefore, the isolation
between boresight gain (BG) to horizontal direction gain (HG)
(BG-HG isolation) is a crucial factor to determine in case of GPS
receiving antenna [21] or base transreceiver station antenna for
microcellular system [20]. In order to address the lacunae of the
earlier studies, a CMA with a pair of shorting strip (shown in
Fig. 1) has been proposed based on RSW theorem.

In the present investigation, a simple RSW antenna using only
a pair of shorting strips has been employed for simultaneous
improvement in gain, efficiency, and polarization purity. The
proposed RSW antenna can also successfully suppress the radi-
ation along the horizontal direction. Radiating and nonradiating
slot aperture fringing field is judiciously modulated to yield high
aperture efficiency. Detailed analysis is provided to facilitate
antenna designers.

II. THEORETICAL INSIGHT

The present antenna excites the dominant mode similar to
conventional CMA with a frequency shift toward the higher
side of the spectrum. This is due to the modified permittivity of

1536-1225 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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In the present wireless world, the requirement of designing a small, compatible 

and affordable antenna continues to grow. A circular microstrip antenna (CMA) is 

one of the most popular small antennas and is a good contender in the field of 

communication engineering due to its small size, less cost and light weight. Further, 

such antenna is very attractive due to its ease of fabrication with active devices like 

monolithic microwave integrated circuits (MMICs), hybrid microwave integrated 

circuits (HMICs) and microelectromechanical systems (MEMSs). The easy design 

techniques and established theory makes CMA a primary choice of industry for 

different communication systems. The required redial dimension of circular 

microstrip patch antenna is smaller than rectangular microstrip patch antenna. 

Therefore, in the present wireless world where miniaturized antennas are of great 

demand, circular microstrip patch antenna will be more effective for tiny and 

compact electronic devices. So out of the different geometries of a patch Circular 

Patch is chosen for present investigation. 

Some other advantages of circular patch geometry are given below: 

i. have smaller dimension that are related with the operating frequency. 

ii. offers a number of radiation pattern options that are not readily 

implemented using a rectangular patch. 

iii. the fundamental mode TM11 of a circular microstrip yields a radiation 

pattern comparable to the lower order modes of a rectangular patch 

antenna 

iv. In a circular microstrip antenna, the only parameter that can be varied 

for the structure design is the patch radius. So, this makes the circular 

patch more popular and widely used. 

From the reason stated above it is concluded that circular microstrip patch 

antenna is more advantageous than the other geometries. 

Beside the advantages of CMA, it has several disadvantages such as narrow 

impedance bandwidth, poor polarization purity, poor co-polar gain and less 

efficiency. Microstrip antenna (MA) fabricated on a dielectric substrate suffers from 
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high cross polarization (XP) due to the excitation of TM0 surface waves. Strong 

radiation fields along the horizontal direction are also radiated which is susceptible to 

MIMO and array configurations. 

A CMA emits linearly polarized broad side fields in TM11 mode which is the 

dominant mode of a CMA. The linearly polarized broadside fields occurred due to 

the fringing fields that reside at the radiating edges of the patch. However, when a 

CMA emits broad side fields, a few handful amount of fringing fields are also 

emitted from the non-radiating edge. These orthogonal fields are undesirable and 

these unwanted fields are called as cross polarization (XP) radiation. The orthogonal 

resonance field of TM11 along with higher orthogonal excitation mode TM21 is 

mainly responsible for producing high XP radiation. Due to high XP radiation the 

polarization purity becomes very poor which limits the use of CMA for different 

wireless applications. Increased horizontal radiation in E plane also imposes a severe 

limitation in case of modern applications such as 5G MIMO and array 

configurations.  

In this dissertation, an investigation has been carried out for improvement of the 

input and radiation characteristics of a CMA. The inherent disadvantages of a CMA 

such as low co-polar gain, low efficiency, poor polarization purity, narrow 

impedance bandwidth and increased horizontal radiation in E plan has been 

investigated and different techniques are proposed to enhance the shortcomings. 

Initially, the introduction of CMA along with its technical details has been 

discussed. The first chapter contains an exclusive literature survey on existing 

techniques to enhance the co-polar gain, bandwidth and polarization purity of a 

CMA. 

After thorough literature review, shorting and strip loading approach to improve 

the co-polar gain and polarization purity have been studied. The investigation has 

been started by incorporating shorting walls at the non-radiating edge along the 

periphery of a CMA. FR4 and glass substrate with two different substrate thicknesses 

are considered for detailed study. It has been observed that all the proposed 

structures provide simultaneous improvement in co-polar gain and polarization purity 
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as compared to a conventional CMA. After this, strip loading approach has been 

investigated by placing a thin rectangular strip at the top of a conventional CMA. 

This proposed structure provides a co-polar gain of 7.5 dBi and a polarization purity 

of 23 dB. Simultaneous enhancement of co-polar gain and polarization purity has 

been achieved without disturbing the conventional E plane radiation pattern which is 

very much required for the modern wireless communication. 

After this, defected ground structure (DGS) approach has been investigated for 

wideband CMA. Two DGS structures are proposed to provide enhancement in 

impedance bandwidth and polarization purity. First, a curved dumbbell shape defect 

deployed on the ground plane at the non-radiating edge has been proposed. A 

polarization purity of 25.8 dB with 12% impedance bandwidth is achieved with this 

structure. Next, a DGS structure with a pair of rectangular defects placed on the 

ground plane at the radiating edge of a conventional CMA has been investigated. 

This structure provides enrichment in impedance bandwidth and polarization purity. 

Impedance bandwidth of 31.5% and a polarization purity of 24 dB have been 

achieved with this structure. The proposed structures provide enhancement in 

impedance bandwidth and polarization purity and will be useful in modern wireless 

communication field where high polarization purity and wide impedance bandwidth 

is required. 

After this, a less investigated shortcoming of a CMA which is strong radiation 

field along the horizontal direction is investigated along with low co-polar gain, low 

efficiency and poor polarization purity. A co-polar gain of 8.5 dBi, polarization 

purity of 25 dB and efficiency of 93% is achieved using a simple reduced surface 

wave (RSW) antenna using only a pair of shorting strips at the non-radiating edge of 

a CMA. The proposed antenna also successfully suppresses the radiation along the 

horizontal direction. This improvement will be helpful for 5G MIMO and array 

configurations.  

Lastly, a CMA has been symmetrically modified by placing a pair of thin 

rectangular strips at the top and bottom of the patch. Further, 12 shorting pins are 

symmetrically placed at the corners of the rectangular strip. This structure is 

proposed to eliminate the surface wave, provides improvement in co-polar gain, 
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polarization purity, efficiency and to suppress the horizontal radiation in E plane. 

Excellent improvement in the radiation performance with polarization purity of 27 

dB, efficiency of 92% and a high co-polar gain of 9.2 dBi has been obtained. The 

horizontal radiation is 21 dB down than the peak co-polar gain which shows a 

reduction in the horizontal radiation. This proposed antenna will be helpful for 

modern research and scientific community looking for tiny planar structure with 

excellent radiation properties. It will also be useful for modern array and 5G MIMO 

configuration. 
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