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ABSTRACT 
 

Fundamental TM11 mode of circular microstrip antennas has a limitation of low broadside gain. 

This thesis explores and investigates the possibility of designing high gain circular microstrip 

antennas by using higher zeros of the first order mode, or the TM1m modes, in order to increase the 

broadside gain. Deficiencies in the existing methods of gain enhancement, motivates the need to 

look for new methods. This is done by first investigating the radiation characteristics of TM1m 

modes, and then providing techniques for sidelobe suppression in their radiation patterns. Several 

approaches are proposed and corresponding to each developed technique, an example of high gain 

antenna is simulated, fabricated and experimentally evaluated. 

First, through the radiation characteristics of a magnetic loop over an infinite ground 

plane, we explain the occurrence of high sidelobes in the E-plane radiation patterns of the TM1m 

modes. By noting the peak directivity and sidelobe variation with loop size, we propose the use of 

high permittivity substrates to reduce the sidelobes in the TM12 mode. Various parameters like 

input impedance, bandwidth, radiation efficiency and peak directivity of the TM12 mode are then 

investigated by using full wave numerical simulations. Based on these studies, as a design 

example, a novel high gain circular patch antenna configuration is proposed. 

Second, to remove the dependence of the radiation characteristics on high permittivity 

substrates, another technique to suppress the high sidelobes of TM12 mode, is presented. It is found 

that introducing a narrow nonresonant rectangular slot at the patch center, sidelobes of the TM12 

mode can be effectively suppressed. Sidelobe level (SLL) suppression is demonstrated by both 

simulation and measurement, using various configurations. Based on this method, as a design 
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example, a novel, single layer, high gain microstrip antenna configuration is proposed, that 

operates with TM12 mode and easy to design and fabricate using any substrate permittivity. 

 Third, it is proposed that linearly superimposing the radiation fields of either odd or even 

zeros of the first order mode can achieve both high gain and low sidelobes. To show this, stacked 

antenna configurations of TM11 and TM13 modes are thoroughly investigated and SLL suppression 

is demonstrated, via analytical calculations and full wave simulations. Again as a design example, 

a novel high gain antenna configuration is proposed, designed and investigated. Measurement 

results of the designed example confirm the sidelobe suppression and high gain. 

Finally, to leverage further advantage of the linear superposition of modes, a single layer 

configuration is proposed. It is shown that by loading the disc with a thin annular slot at the radial 

position of zero of cavity electric field, both sidelobe cancellation and high gain can be achieved. 

To demonstrate the concept, various single layer configurations are designed, simulated, fabricated 

and tested, confirming the results. Consequently, this new design constitutes the second novel and 

major contribution of the thesis.  

The proposed new configurations share one important geometric feature, which is their 

larger electrical size. This is because exciting, higher order TM1m modes requires electrically large 

conducting discs. This property offers one more advantage at high frequencies, where antenna size 

becomes too small for the fundamental mode to fabricate and feed. The proposed electrically large 

antennas eliminate these problems, and become more practical to fabricate.   
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CHAPTER 1:  

INTRODUCTION 

 

1.1 Introduction & Background 

Realization of highly directional beams from low profile planar radiators has always been one of 

the most challenging problems faced by the antenna community. Fundamentally, the 

directivity/gain can be enhanced by increasing the electrical size of aperture, and its uniform 

illumination, which leads to the maximum directivity [1]. Horns, slotted waveguides, reflectors 

and reflectarrays are examples of directive antennas. Depending upon the applications, the antenna 

can be categorized as low, medium and high gain antennas. For instance, a reflector antenna is 

generally used in high gain applications. The emergence of various applications and services in 

wireless communications such as mobile communication, WLAN etc, have triggered an extensive 

research in printed and integrated antennas. More recently, wireless applications are moving 

towards higher microwave and millimeter wave frequency bands, which, owing to their higher 

propagation losses, also require more directive printed antennas. Among the printed radiators, 

microstrip or patch antennas are widely used due to less geometrical complexity, low cost and their 

ability to integrate with planar circuits.  

The microstrip antenna was first proposed by Deschamps [2], in 1953. Some of the early studies 

include that of Howell [3] and Munson [4].  Extensive research has been conducted on patch 

antennas in the last three decades for improving their impedance and radiation characteristics and 

a vast amount of technical literature is available in the form of journal articles and well documented 

handbooks [5, 6]. In its simplest form, a microstrip antenna consists of a metallic conducting patch 
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etched on a grounded dielectric substrate. Although a patch can be of any shape, but the most 

common shapes are some of the basic geometrical shapes like rectangular, circular and triangular 

etc. This geometrical simplicity has been necessary for developing the analytic solutions for the 

antenna parameters and investigating their radiation characteristics, as well as developing design 

tools.  

The geometry of the microstrip antenna, along with the basic patch shapes, is shown in Fig. 1.1. 

The coaxial probe, or microstrip line, are some of the common feeds used to excite the microstrip 

antenna. Among the various patch shapes, the rectangular and circular microstrip patches are 

studied most in the past. Analysis of microstrip antennas are done by various methods in the past, 

for instance, the transmission line model [7], cavity model [8] and full wave analysis methods [9, 

10]. For interested readers, more detailed information about the different analysis methods, 

impedance and radiation properties of various microstrip patches is provided in [5, 6, 11]. In this 

thesis, the cavity model, along with the full wave simulation technique using Ansys HFSS, has 

been used for the investigations. Since the thesis is about the directive microstrip antennas, the 

focus here is on the peak directivity/gain of the antenna. 

 

Fig. 1. 1 Microstrip antenna with basic patch geometries  
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To provide a general introductory idea about the basic characteristics of the microstrip antennas, 

rectangular, circular and annular ring microstrip patch antennas are discussed below.  

1.1.1 Rectangular Patch 

The rectangular patch is the simplest geometry available for microstip antennas. As shown in Fig. 

1.2, the basic geometry is a patch conductor defined by the length L and width W printed on a 

grounded dielectric substrate.  The resonance frequency is characterized by the TMnm modes. For 

the rectangular configuration, the TM10 and TM01 are the modes that have been of the greatest 

interest in the past. The expressions for resonant frequency, far field, impedance bandwidth and 

quality factor are well documented in [5, 11] and are not repeated here. The directivity of a single 

rectangular patch antenna for the fundamental mode, printed on a natural material substrate, with 

relative permittivity of about 2.5, is normally limited to 6-8dBi.  

 

Fig. 1. 2 Rectangular patch geometry 
 

1.1.2 Circular patch   

The circular patch, or microstrip disc, offers some advantages over the rectangular configuration. 

Its geometry, as shown in Fig. 1.3, is characterized by a single parameter, the radius a. This can 

Top View 

Side View 
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be called the simplest geometry, since the other shapes requires more than one parameter to 

describe the geometry. Similar to the rectangular patch, the resonances in circular patch are 

characterized by the TMnm modes, where n and m correspond to azimuthal and radial field 

variations, respectively.  In the case of the circular microstrip patches, the fundamental mode is 

the TM11 mode and has been extensively investigated in the past [5, 11].  

The expressions for the radiated far field, input impedance and quality factor are well documented 

in [11] and are not repeated here. On the one hand, modes, for which the index n is not unity, 

radiate conically and have a null in the broadside direction [12], while all other, TM1m modes 

radiate in the broadside direction. Geometrically, in comparison to the rectangular patch, the 

circular patch takes less physical area. 

 

Fig. 1. 3 Circular patch geometry 
 

1.1.3 Annular ring patch  

The annular ring, shown in Fig. 1.4, is the intermediate configuration between a circular patch and 

the printed circular loop. The annular ring is the type of microstrip ring antenna [13], which has 

several advantages of its own, over a circular microstrip patch. The annular ring when operated in 

Top View 

Side View 
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the TM12 mode provides the higher gains and a wider bandwidth. While, the higher gain is due to 

the same polarity of the equivalent magnetic current at the edges, the wideband character is due to 

less stored energy, as compare to a circular patch [14]. For instance, it has been mentioned that for 

a resonant frequency of 2GHz with = 2.32 and substrate thickness of 1.59mm, the peak gain of 

the annular ring is 10.6dBi, with the E-plane SLL of -6dB. Similar to the rectangular and circular 

patches, the expression for the impedance and radiation parameters of the annular ring are provided 

in [5, 11]. For the fundamental mode of operation, a comparison of the characteristics of 

rectangular, circular and annular ring antenna is provided in [5].  

 

 

Fig. 1. 4 Annular ring geometry 
 

1.1.3 Directivity/Gain Enhancement Techniques in Microstrip Antennas 

Irrespective of the patch shape, a single microstrip patch, operating in the fundamental mode, 

suffers from two major drawbacks, namely, a narrow impedance bandwidth and low gain. While, 

there are plenty of well established techniques, available for bandwidth enhancement [5], the gain 

enhancement methods are fewer. In reviewing the literature, in general, the methods and 

Top View 

Side View 
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techniques for gain/directivity enhancement in microstrip antennas can be classified as follows, 

shown and illustrated in Fig. 1.5: 

 Using Low permittivity substrates 

 Using Arrays  

 Using Superstrates loading 

 Stacking 

                     

           (a) Low permittivity substrate                                              (b) Array of patches 

   

            (c) Patch with superstrate loading                                                 (d) Stacked patches      

Fig. 1. 5 Gain enhancement techniques for microstrip antennas 
 

A simple and a direct way to enhance the gain is the use of low permittivity materials, like foam 

or honeycomb, as a substrate for microstrip antennas, as shown in Fig. 1.5(a). This technique is 
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not much popular, since, in the most practical applications, patch antennas are usually printed on 

material substrates that normally have a permittivity higher than unity, which limits the usability 

of this method. This method is not suitable for integrated antenna applications. 

Gain enhancement in microstrip antennas can be done by arrays, in which the elements are spatially 

distributed in the form of linear, planar and volumetric arrays, which are well described in the 

antenna theory [15].  For high gains, the microstrip array configurations [16], use multiple 

printed patches, as shown in Fig. 1.5(b), which require a large number of elements, thereby leads 

to an increased complexity in the design of feed network, that usually consists of printed feed lines.  

In addition, there is an associated feed network loss, which is difficult to ignore, especially at 

higher frequencies.  

 

Fig. 1. 6 Multiple superstrates for gain enhancement of printed antennas 

 

To achieve high gains, patch antennas can be loaded by superstrate covers [17, 18]. This 

configuration chooses substrate-superstrate resonance gain condition for the gain enhancement. 

The superstrates can be either of high permittivity or of high permeability. Conventionally, the 

superstrate # 1 

superstrate # 2 

superstrate # n 
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high permittivity dielectrics have been used as superstrates for microstrip antenna gain 

enhancement. The main drawback is the availability and cost of high permittivity substrates. For 

that reason, multiple layer superstrates [19, 20] of low permittivity and permeability were proposed 

to enhance the antenna gain. The structure geometry is shown in Fig. 1.6.  It was found that the 

gain increases with an increase in the number of layers. The disadvantage of this approach is the 

overall large thickness of the antenna, as for the gain enhancement, superstrate layers must be 

quarter wavelength thick. 

In general, superstrates can be categorized as a high permittivity dielectric, an EBG/ metamaterials 

or a Partially Reflective Surface (PRS)/metasurfaces. With the advent of metamaterials, in the last 

decade, it was experimentally demonstrated in 2002 [21], that zero index material slab can 

concentrate the energy radiated by an embedded source and hence result in an increased directivity. 

For microstrip antennas, the zero index structure was proposed as a superstrate for directivity 

enhancement [22]. The main disadvantages in the metamaterial based superstrates were the 

complex fabrication process and the narrow bandwidth. Recently, much of the research has been 

focused on using PRS as the antenna superstrate [23]. These antennas are termed as Fabry-Perot 

Cavity (FPC) antennas. The basic configuration consists of PRS superstrate placed over a low gain 

source, like a printed dipole or microstrip patch, which is used as a primary source of excitation. 

The basic geometry of PRS loaded microstrip antenna is shown in Fig. 1.7(a). The working of the 

PRS antenna can simply be explained on the basis of the ray theory approach, as shown in Fig. 1.7 

(b). The antenna structure resembles a Fabry-Perot type cavity, where the PRS and the ground 

plane are the reflective surfaces. Waves emanating from the feed antenna undergo multiple 

reflections between PRS and the ground plane. The total phase shift is due to path length, ground 

plane and the PRS reflection phase. For a simple feed, these antennas have an advantage over 
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microstrip arrays as they eliminate the complex feed network. Measured gain values as high as 

20dBi have been demonstrated using this configuration [24, 25].  

  

                                           (a)                                                                      (b) 

Fig. 1. 7 Partially reflective surface loaded microstrip patch antenna (a) basic geometry, (b) working  
 
 

Two main drawbacks of FPC antennas are the narrow radiation bandwidth and increased antenna 

profile. For the gain enhancement, the PRS superstrate has to be placed at a height of 0.5  above 

the metallic ground plane, which increases the total antenna profile. To address this, an Artificial 

Magnetic Conductor (AMC) ground plane was proposed in [26, 27], which reduces the antenna 

profile to 4.  Metamaterial superstrates using the combination of AMC and PRS, and having an 

AMC ground plane were used for further profile reduction [28-31].  

 

Fig. 1. 8 Geometry of FPC antennas showing profile reduction with increased complexity 



10 
 

The main focus in most research articles has been to reduce the cavity height using metamaterial 

superstrates. Fig. 1.8 shows the simple picture of how profile reduction leads to increased 

complexity in the FPC antenna design.  

With single superstrate, the antenna gain bandwidth decreases by increasing the antenna gain. This 

can be overcome by using multiple superstrate [32-36], as shown in Fig. 1.9, which further 

complicates the antenna geometry. For radiation bandwidth improvement, a technique based on 

the positive reflection phase gradient was proposed in [32]. This involves the use of double layer 

PRS superstrates [32, 33], dipoles printed on both sides of dielectric superstrates [34] and 

multilayer superstrates [35, 36].  Presently, most of the research in this direction is focused on 

reducing the profile and enhancing the bandwidth [36]. Both of these improvements comes at the 

cost of increasing design complexity. 

 

 

Fig. 1. 9 Geometry of FPC antennas showing multiple layers for increased radiation bandwidth 

 

Another less common approach is the use of the stacked patch configuration. Stacking is a widely 

used technique to increase the impedance bandwidth of the patch antennas. In the past, some 

attention [37-42] has also been given for its use in gain enhancement, at the cost of increasing the 
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antenna profile. In [37]  it was found that, for gain enhancement, the separation between parasitic 

and driven element should be between 0.2-0.5 . The antenna geometry is shown in Fig. 1.5(d).  

Two parasitic elements have been used in [38] and for substrate permittivity of 2.15, the maximum 

gain values reported were between 8-11.7dBi. A stacked annular ring antenna, having the 

maximum gain of 12dBi was reported in [40]. In [42] a low profile wideband stacked antenna 

configuration provided a high gain of about 12dBi, and uses a subarray of four parasitic patches, 

fed by a single driven patch, etched on the lower substrate, as shown in Fig. 1.10. All four 

rectangular patches were excited in phase to get the higher gain. In another configuration,  a slotted 

oversize patch antenna was proposed in [43], in which the in phases of the radiated fields from 

embedded slots and patch superimposed to get a peak directivity as high as 15dBi.  

 

     

                              (a)                                                                               (b) 

Fig. 1. 10   High gain microstrip antenna configuration proposed in [42] (a) Top view, (b) side view 
 

Apart from the above-mentioned methods, for a single microstrip antenna configuration, the 

directivity enhancement can also be done by employing the fractal approach [44-47]. A microstrip 
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antenna loaded with fractal boundaries exhibits localized modes, which concentrates the current 

density at certain regions of the patch. This allows the patch antenna to behave as an array, when 

in phase, leads to directivity enhancement [44]. The peak directivity can be increased by up to 4dB 

from that of fundamental mode. Due to the excitation of in phase-localized modes, those antennas 

have higher directivity values, but also have high sidelobes, due to elements spacing greater than 

one wavelength. 

Considering the above gain enhancement techniques, and their disadvantages, there is an obvious 

need for further research on the topic to develop new concept for design of low profile, yet high 

gain planar antennas. In the non-planar category, other antennas that can provide the high gains up 

to 20dBi are horn antenna, waveguide fed slot arrays and reflector antenna but there is a limited 

option available for the planar printed low profile case as illustrated in Fig. 1.11. The drawbacks 

of microstrip arrays and FPC antenna have been discussed above. Other option for the high gain 

and low profile are the recently introduced LWAs based on modulated metasurfaces [48-50] that 

suffers from low aperture efficiency and the losses at the edges. As compare to microstrip 

configurations, which are easy to design, those metasurfaces based LWAs antennas have complex 

design procedure. 

   

   

Fig. 1.11   Low profile printed antennas on the peak gain scale 
 

The following section, describes the motivation behind this thesis work. 

0 dBi 10 dBi 20 dBi 
Microstrip 

FPC & metasurfaces LWAs 

Microstrip Arrays



13 
 

1.2 Motivation & Objectives 

Presently, due to ever-increasing demand for high data rate and bandwidth, most of the wireless 

communication systems are moving towards higher frequency region, for which one requires high 

gain printed antennas. As described in the previous section, currently most of the research on gain 

enhancement of microstrip patch is focussed on using the FPC configuration, using PRS as 

superstrates. The main drawback is the narrow radiation bandwidth and increased profile due to 

the cavity height. Both the profile reduction and the radiation bandwidth enhancement were done 

at the expense of increased design complexity. For the medium gain range, between 8 to 16 dBi, 

those designs seem to be complex. This motivates the investigation of new schemes and ways to 

design simple high gain and low profile microstrip radiators. For broadside gain applications, the 

single microstrip patch is operated in their fundamental mode and is printed on common material 

substrates, usually having substrates permittivity 2.2  12, for which the gain is limited to a 

maximum of 8dBi.  As pointed out earlier, in the case of circular microstrip patch the TM11 mode 

is the fundamental mode. In general, all TM1m (m > 1) modes or the higher zeros of first order 

mode, radiate in the broadside direction and have higher directivities than the fundamental mode. 

The higher peak directivity values are due to the increase in the electrical size of aperture as m 

increases. The study behind TM1m (m > 1) modes is lacking and has never been looked before. The 

idea of using these modes to develop novel designs for high gain low profile microstrip antennas, 

for various applications, is the prime motivation behind this thesis. The aim is to reduce the 

sidelobes of the antennas operating at higher zeros like TM12, TM13 and TM14 modes that enables 

the way forward for high gain designs. Other issues including the mode excitation, impedance 

bandwidth and antenna losses are discussed in the subsequent chapters. Among the basic shapes 

of microstrip patch, discussed in Sec 1.2, we have chosen the circular patch, since it is easy to 
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design and its radiation pattern function is separable into azimuth and elevation variables, i.e.  

and . Also, unlike the rectangular patch, the TM1m modes in circular patch are the higher zeros 

of the first order Bessel function, and hence do not coincide with oscillator or transmitter 

harmonics [51]. The main objective of this research is to develop and design novel low profile 

high gain circular microstrip antenna configurations. This is done here by utilizing the properties 

of higher zeros of the first order mode or TM1m modes of the circular microstrip. We have proposed 

techniques for sidelobe reduction of TM1m modes. The main objectives of this research are listed 

below: 

1. To present the methods and techniques for the sidelobe suppression of TM1m modes of 

circular microstrip patch. 

2. To propose and investigate the most promising design examples of novel low profile high 

gain circular patch antennas. 

3. To develop knowledge and understanding of the excitation, impedance and radiation 

characteristics of higher zeros of the first order mode or TM1m modes. 

4. To explain and discuss the utilities and limitations of the proposed antenna designs. 

   The following section outlines the thesis chapters.  

1.3 Organization of the Thesis 

The thesis outline is as follows:  

The thesis starts with chapter one which gives the introduction and background of the microstrip 

antennas and the methods and techniques available to design high gain patch antennas. Those were 

discussed along with their limitations. The motivation to develop the low profile, high gain 

microstrip antennas, and the objectives of the research are also discussed. 
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Chapter two presents a method to suppress the sidelobes of the TM12 mode. The method involves 

the use of high permittivity dielectrics as the antenna substrates. The issues of higher order mode 

excitation are also discussed in detail. The infinite ground plane analysis of the TM12 mode is done 

and the effects of finite ground plane on peak gain and SLL are pointed out. A comparison of the 

antenna parameters, like peak gain, bandwidth and efficiency with those of the fundamental mode 

is also made and discussed.  

Chapter three describes another technique for sidelobe suppression of the TM1m modes. The 

technique is effective for the sidelobe reduction in even zeros like TM12 and TM14. This involves 

embedding a narrow nonresonant slot at the center of a microstrip patch. The analytical approach 

that provides foundation to the design is discussed. Full wave simulations are used to study the 

effects of various parameters on the peak gain and SLL performance. The simulation results are 

backed by measurements. In addition to this, as a design example, a novel single layer high gain 

antenna configuration is also proposed   

Chapter four presents the multimode theory approach for directivity enhancement and sidelobe 

cancellation. The theory of linear superposition of TM1m modes is explained, which leads to high 

directivity and low sidelobes. The theory is then, verified by full wave simulations and 

measurements. As a design example, a novel high gain low profile antenna configuration based on 

TM11 and TM13 modes is also proposed and investigated.  

Chapter five presents a single layer implementation of the multimode technique proposed in 

chapter four. To get further high gain values, the TM12 and TM14 modes are linearly superimposed. 

Peak directivity values are first calculated using the multimode theory. To further confirm the 

analytical results, various configurations are simulated, fabricated and tested. In addition to this, 
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to prove the utilization of the scheme, a novel high gain single layer antenna configuration is 

proposed and investigated.    

Chapter six concludes the investigation of the thesis, discusses the results and provides some 

research direction for future studies.  
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CHAPTER 2  

A HIGH GAIN MICROSTRIP PATCH USING HIGH PERMITTIVITY 

SUBSTRATES 
(Sidelobe Suppression using High Permittivity Substrates) 

 

2. 1 Introduction 

This chapter presents a method to reduce the high E-plane sidelobes of the TM1m modes of the 

circular microstrip patch. It involves the use of high permittivity dielectrics as the antenna 

substrates. Occurrence of the sidelobes is first explained on the basis of radiated field pattern of 

the magnetic ring source over an infinite ground plane. It is found that the SLL depends upon the 

electrical size of the ring and hence one can select the size of the ring to have acceptable SLL. 

Using this property, it is shown further that for a circular microstrip patch, operating in the first 

order mode, higher zeros have high sidelobes in the E-plane of radiation pattern and by selecting 

an appropriate value of substrate permittivity, sidelobes can be suppressed. Along with the 

suppressed sidelobe one can also get higher directivities than those of the fundamental mode. The 

method is explained here by considering the case of the TM12 mode, which subsequently has led 

to a novel single layer high gain antenna configuration. Part of the work in this chapter is published 

in [52]. Concisely, this chapter serves a two-fold purpose: 

 To present the technique of using high permittivity substrates to reduce the SLL of the 

TM1m modes of the circular microstrip patch.  

 To present a design example of a novel single layer high gain circular disc antenna 

configuration, operating in the TM12 mode with reduced SLL. 
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2. 2 Radiation from Magnetic Ring 

It is well known that the radiation from the circular patch antenna can be explained based on an 

equivalent magnetic ring at its periphery. For small substrate thicknesses, the microstrip disc 

antenna can be treated as a circular loop and one can use the radiated field equations of the circular 

loop [15]. Consider a magnetic ring of radius a at a distance h (h ,  is the free space 

wavelength) from the infinite ground plane, as shown in Fig. 2.1. The loop is in the x-y plane and 

the z-axis is normal to the loop, as defined in chapter 5 of [15].  For a cos  distribution of the 

magnetic current M on the loop, the normalized radiated far field equations are of the form [15], 

given in (2.1) and (2.2): 

, sin sin cos                                          (2.1) 

           , sin sin cos sin                                     (2.2) 

The peak directivity D can be calculated by using (2.3) 

             D = 
| |

                                                                        (2.3)                  

 

where, Pr is the total radiated power by the loop and is given as: 

| | sin                                            (2.4) 

Let us consider that for a fixed frequency, the magnetic ring radius a is allowed to change, with 

the same magnetic current distribution. (This is a theoretical situation, since in general, for 

electrically large loops, current distribution is represented more accurately using a Fourier cosine 

series [53]).   
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                                                                                (a)                                                                 (b)  

 
Fig. 2. 1 Magnetic ring at a distance of h over infinite ground plane (a) side view, (b) top view 

 
 

 

    (a) 

 

      (b) 

Fig. 2. 2 (a) Peak directivity for magnetic ring vs normalized radius, (b) SLL vs normalized radius 
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                                      (a)                                                                           (b) 

       

                                      (c)                                                                              (d) 

        

                                         (e)                                                                           (f) 
Fig. 2. 3 Normalized E & H-plane patterns of a magnetic ring antenna, for the points mentioned in Fig. 2.2 
(a) 
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In that case, one can plot the peak directivity with normalized radius  , using (2.3), shown in 

Fig. 2.2 (a). Because of duality, the peak directivity would be the same as that of a loop with an 

electric current distribution [54]. To show the peak directivity behavior for the loop of large 

electrical size, the plot is shown up to the normalized radius value of 2. 

When the electrical size of the loop increases, the directivity D increases and decreases, depending 

upon , as shown in Fig. 2.2(a).  Fig. 2.2(b) shows the SLL variation with the normalized radius. 

It shows that with an increase in , sidelobes begin to appear in the radiation patterns. To further 

investigate the pattern shape in the E and H-planes, six points from A to F are selected in Fig. 

2.2(a). The pattern shape in E and H-planes on those points are shown in Fig. 2.3(a)-(f). 

Correspondingly, a and D values are mentioned in the figures. Points A, B & C have one broadside 

beam in both E and H-planes, while D, E & F have sidelobe in the E-plane and only F has a single 

sidelobe in the H-plane. The point E corresponds to a maximum sidelobe of -1.52dB, and point F 

corresponds to the maximum directivity that is 11.1dBi.  

This study shows that by simply controlling the size, one can control the SLL. In the next section, 

we will investigate the radiation characteristics of the TM1m modes of the circular microstrip patch 

antenna. 

2. 3 TM1m Modes in Circular Microstrip: Radiation Characteristics 

In the previous section radiation properties of a magnetic ring, having a cosinusoidal distribution 

source, was explored. It is known that the circumferential aperture of the circular microstrip patch 

represents a magnetic ring and hence its radiation characteristics will be similar to those of the ring 

[15]. Since, the first order mode, or TM1m modes of the circular microstrip, have a cosinusoidal 

field distribution, we will explore the radiation properties of those modes. This section presents 
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the radiation characteristics of the TM1m modes, of circular microstrip patch. Although the 

radiation parameters can be studied for any value of m, for clarity we have shown them up to m=4.  

In a circular microstrip patch, by using the cavity model, the resonances are defined by the TMnm 

modes of the circular cavity formed between patch and the ground plane, as shown in the Fig. 

2.4(a). The n and m denote the azimuthal and radial variation, respectively. The cavity, as shown 

in the Fig. 2.4(a) is composed of two perfect electric conductors (PEC) i.e. the patch and infinite 

ground plane at the top and bottom and the cylindrical periphery of the cavity which is considered 

as a perfect magnetic conductor (PMC).  

   

                                   (a)                                                                        (b) 

Fig. 2. 4 (a) Cavity in circular microstrip patch, (b) Electric field distribution along the radius inside the 
cavity for TM11 , TM12 , TM13 & TM14 modes 

 

The modal resonant frequency fnm  of the cavity, and thus of a circular patch is given in (2.5)  [11] 

√
                                      (2. 5) 

where,  is the substrate permittivity, c is the velocity of light in free space and ae is the effective 

radius given as 
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1
2

2
1.41 1.77 0.268 1.65  

The eigen values , corresponding to the first four TM1m modes are given in Table 2.1, along 

with their effective radii in terms of , the wavelength in dielectric. As the patch size increases 

with m, an increase in the directivity is expected. The electric field  inside the cavity for TMnm 

modes is given in (2.6) [11] as 

cos                                                          (2. 6) 

 

where k is the wave number and  is the Bessel function of order n. This implicates that for 

the TM1m modes, the electric field variation inside the microstrip patch cavity occurs only along 

the radial direction, while the angular variation of the field (cos ) remains the same. Along the 

radial direction, the electric field varies according to  and the field orientation inside the 

cavity along the radius, for TM11, TM12, TM13 and TM14 modes, are shown in Fig. 2.4.   

Table 2. 1 Eigen values & effective patch radii of four zeros of order n = 1 mode 
 

Resonant TMnm modes Eigen value ( ) Effective patch radius (  

TM11 1.841 0.29  

TM12 5.331 0.84  

TM13 8.536 1.35  

TM14 11.706 1.86  

 

If the substrate and ground plane are infinite in extent, the radiated far field equations for the 

circular patch are given in (2.7) and (2.8) [11] as 

, sin sin cos                         (2.7) 
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                      , sin sin cos sin                                    (2. 8)     
                                                                                                                                                     

where   is the free space wave number,   and  	 ) is the edge 

voltage at 	= 0. For electrically thin substrates, the peak directivity D for the TM1m modes, 

depends upon the patch radius a and is expressed by (2.9) [55] as 

.

.
                                                                                     (2. 9) 

 

where in (2.9), Grad is the radiation conductance of the circular patch at 	= 0, given in (2.10) [55] 

. 		 sin sin 	cos . 		 sin

sin . sin .                                                                                 (2.10) 

The radiation conductance  and peak directivity D vs a, for n = 1 modes, are shown in Fig. 

2.5 and Fig. 2.6, respectively.  For the fundamental TM11 mode the maximum directivity is limited 

to 9.9dBi considering the air as substrate [55]. The patch radius for this case is 0.29 , where  is 

the free space wavelength. In patch antenna applications, a dielectric constant value between 2 to 

4 is generally used for the substrate, for which the directivity reduces to around 6-8dBi. This can 

be observed directly from Fig. 2.6.  

For practical designs, the substrate materials, have losses and the antenna gain is in order of the 5-

8dBi. For the TM11 mode, an increase in the substrate dielectric constant reduces the directivity, 

which is well-established [56] . For higher values of the gain one must use higher zeros of n = 1 

mode, which have larger radii i.e. larger electrical size as compare to fundamental TM11 mode, 

also shown in Table 2.1. However, they have high sidelobes in the E-plane of the radiation pattern, 

as shown in Fig. 2.6. 
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Fig. 2. 5 Radiation conductance Grad vs normalized patch radius for TM1m modes 

 

 
Fig. 2. 6 Directivity D vs  normalized patch radius a/  for TM1m modes 
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The normalized co polar radiation patterns in the principal planes, for the first four TM1m modes, 

are plotted using (2.7) for 1 and shown in Fig. 2.7(a) & (b). Two points can be easily stated;  

 In general, all TM1m modes radiate normal to the disc, but as one goes to higher values of 

m the sidelobes begin to appear and gets closer to the main lobe, making the beamwidth 

narrower.  

 For the TM12, TM13 & TM14 modes, sidelobes are dominant in the E-plane but in the 

orthogonal plane, the effect is less dominant, as shown in Fig. 2.7.  

              
                                           (a)                                                                      (b) 
 Fig. 2. 7 Normalized radiation  patterns for TM11 TM12, TM13 & TM14 modes, (a) E-plane,	 r , (b) (H-

plane) 

 

Thus, from the above discussion, it can be stated that, even if the peak directivity values of the 

TM12, TM13 and TM14 modes are higher than that of the fundamental mode, high sidelobes makes 

them unfit for broadside antenna applications. As pointed out in chapter 1, until now, only the 

fundamental TM11 mode has been used for broadside gain applications. TM1m modes, which also 

radiate in the broadside direction, are avoided and have not been looked at before. In regards to 

antenna applications, the main reason are: 
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 Poor radiation pattern shape 

 Difficult mode excitation 

The radiation pattern shape issue was discussed just above. The mode excitation becomes an issue 

when the patch is designed to operate at a higher order mode. Unwanted modes have to be 

cancelled out, either by using shorting pins or by using multiple feeds, which lead to increased 

design complexity.  

It was observed in Section 2.1, that both peak directivity and SLL depend upon the magnetic ring 

radius. This observation is the fundamental driving point behind the method proposed here. Using 

this observation, in section 2.3, we will show how to reduce the E-plane sidelobe by using a high 

permittivity substrate. This is explained by taking the example of TM12 mode. Subsequently, we 

will discuss the impedance and radiation properties of the TM12 mode under infinite ground plane 

condition. 

Another parameter is the radiation efficiency . For a circular microstrip patch the radiation 

efficiency is given as 

                                                                     (2.11) 

where ,  and , are the conductances accounting for radiation, conduction and dielectric 

losses.  is given in (2.2).  and  can be expressed as follows [55] : 

√
                                               (2.12) 

                                             (2.13) 
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where,   = 2 for 0 , = 1, for 0,  is the conductivity and tan  is the dielectric loss 

tangent. The total loss conductance is = + . For the same substrate thickness , and resonant 

frequency , the total loss conductance ratio of the modes depends only upon the eigen value 

and is calculated as 

:	 :	 :	  = 1 : 11.51 : 30.19 : 57.15 

                                     = 0 : 1.06 : 1.47 : 1.75     (in dB) 

where , ,  and  are the loss conductances for the TM , TM , TM  and TM  

modes, respectively. As compared to the fundamental TM11 mode, the loss conductance increases 

for higher zeros. 

Since the radiation efficiency also depends upon the radiation conductance , which depends 

upon the substrate permittivity, this generality cannot be established for the radiation efficiency. 

Fig. 2.8(a)-(d) show the efficiency vs resonant frequency for the TM1m modes for different . The 

loss tangent tan  and the substrate thickness h are 0.0018 and 0.7874mm, respectively, for all the 

cases. By observing these results, two points can be stated:  

 For a given , the fundamental TM11 mode has the highest efficiency.  

 The efficiency of other higher zeros does not follow the same pattern for every . For 

instance, when 	= 1, the efficiencies in descending order are TM12, TM13 and TM14, but 

for 	= 6.15 it is TM13, TM14 and TM12. For further investigation, efficiency value 

comparison, via calculation and full wave simulations of the higher zeros, i.e. TM12 and 

TM13 modes, with that of the fundamental TM11 mode, for various substrate thicknesses 

are further explained in sections 2.3.4 and 4.4.2, respectively. 
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                                        (a)                                                                         (b) 

        

                                        (c)                                                                            (d) 

Fig. 2. 8 Efficiency vs resonant frequency for TM1m modes, h = 0.7874mm, 	= 0.0018 (a) r = 1, (b) r 
= 2.5, (c) r = 6.15, (d) r = 9.8 
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investigating in detail, the circular microstrip patch operating in the TM12 mode. This section is 

divided into four subsections. In section 2.3.1, using analytical study, we have shown that by 
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acceptable level at the expense of beamwidth. In section 2.3.2, we have explained in detail, the 

important issue of TM12 mode excitation by studying the excitation amplitude level of various 

adjacent cavity modes at the TM12 resonance. In section 2.3.3, we have investigated the input 

impedance for various substrate thicknesses, via full wave simulations. Later in 2.3.4 results for 

the directivity, gain and efficiency are discussed. 

2.3.1 Substrate Permittivity 

To design a patch resonating in the TM12 mode, any arbitrary  value can be used, which, for an 

infinite ground plane, will give directivity values similar to those shown in Fig. 2.6. To see the 

effect of  on the radiation pattern shape, normalized  and  patterns for the TM12 mode are 

plotted in Fig. 2.9(a) & (b), using (2.3), for the E and H-planes, respectively. 

Four different dielectric constant values from 1 to 9.8 are used. These patterns do not include the 

effects of finite substrate and ground plane. Those effects will be included later when a practical 

design is discussed.  It is observed from these plots that as  increases, the first null beamwidth 

increases and the SLL decreases. From Fig. 2.9(a), for  = 1, the E-plane pattern shows that the 

first null is at 20° and the SLL of -1.52dB @  41.2°, which is of the order of the main lobe. For 

 = 6.15, which corresponds to the patch radius of 0.34 , the first null position is around 60°, with 

SLL of -12.16dB @  90°, in the E- plane. These observations are the direct consequence of the 

well known fact that an increase in  broadens the beamwidth of patch antennas. 

It is interesting to note that for  = 9.8, the pattern shape is approximately similar to that of the 

fundamental mode. This is expected, since for this permittivity the patch size 	0.27 , which is 

in the region of the fundamental mode as observed from Fig. 2.9(c). Also, the statement can be 

validated by using (2.1) and (2.4). Let us consider two patches of radii and substrate permittivities 
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a11,	  and a12,  and let f11 and f12 represent the modal resonant frequencies for the TM11 and 

TM12 modes. For the same resonance, (2.5) gives f11 = f12, which leads to 

                                                                        (2. 14) 

 2.89 (using Table I), for the same effective patch radii, i.e. ae11 = ae12, (2.14) gives 

8.38	                                                                            (2. 15) 
 

                

                                          (a)                                                                                      (b) 

 

 (c) 

Fig. 2. 9 (a) TM12 mode  patterns (E-plane), (b)	  patterns (H-plane) with substrate dielectric constant	 r  
as parameter, (c) Peak directivity D & E-plane SLL variation with normalized patch radius (a/ ), (© 2016 
IEEE) 
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For electrically thin substrates, the effective patch radii are nearly the same as physical patch radii. 

This means that both patches have the same radii, and hence similar radiation pattern shapes, if 

(2.15) is satisfied. This fact has also been mentioned briefly in [57]. In Fig. 2.9(a), for  = 9.8, the 

pattern shape is similar to that of the fundamental mode, since by using (2.15), 	= 1.16. It is 

shown later in this chapter that for more accurate interpretation, one has to take into account the 

effect of dynamic dielectric constant and hence (2.21) should be used instead of (2.5). Also, the 

simulated directivity pattern in Fig. 2.20 shows that for  9.8, the pattern shape is similar to 

that of the fundamental mode. Now, for  8.38, (2.15) implies 1, which is not 

realizable using natural material substrates. Hence, for the fundamental TM11 mode the maximum 

directivity is limited by the substrate dielectric constant.  

In the case of TM11 mode for further directivity enhancement, i.e. D	 	9.9dBi, the substrate 

permittivity should be less than 1 (0 1), as shown in Fig. 2.10. With the advent of 

metamaterials in the past decade, materials having permittivity values less than unity can be 

artificially manufactured. At microwave frequencies, 1 can be realized by the Wire Medium 

for which the permittivity follows the Drude model [58]. Very recently, epsilon near zero (ENZ) 

condition of wire metamaterial has been realized around 10.5GHz to design an antenna generating 

sum and difference patterns [59]. In that paper, the length of the wires used for the fabrication is 

40mm, which is greater than one wavelength. For patch antennas, the substrate height is generally 

considered much smaller than the wavelength and hence is an obstacle in using wire medium as 

the patch antenna substrate.   

Fig. 2.10 outlines the major advantage of using TM12 mode, as one can use the existing natural 

material substrates and can get higher directivity values, instead of using artificial materials. This 

study suggests that by operating the circular patch at the second zero of the n = 1 mode, one can 
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select the substrate dielectric constant value for which the patch size can be determined, which 

leads to a higher directivity than that of the fundamental mode and low SLL. For example, for = 

6.15, the patch radius is a = 0.34λ, for which the directivity is D = 10.55dBi with a SLL of -

12.16dB shown in Fig. 2.9(c). To enhance understanding, in Fig. 2.9(a) the relative power levels 

in dB are also provided in brackets. These initial observations, on the radiation pattern shape 

provide an idea about the choice of  value to get the high directivity and low sidelobes. With this 

understanding, a simple circular patch, operating at the TM12 mode, on a substrate having  = 

6.15 was designed. Ansys HFSS v15 was used for simulations and a coaxial probe was used to 

excite the patch. In the next section, the important issue of mode excitation is discussed. 

  

 

Fig. 2. 10 Advantage of the proposed approach (TM12) over fundamental (TM11) mode (infinite ground plane) 
 

2.3.2 Mode Excitation 

Since the microstrip disc has to be excited in the higher zero of the first order mode, i.e. the TM12 

mode, the feed point location is a crucial design parameter. Here, it depends upon, the relative 

excitation power level of other modes, which are in close proximity of the TM12 mode and have 
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high probability of getting excited. This is unlike the fundamental TM11 mode case, where the 

selection of the feed location is straightforward and is based upon locating a point on the patch 

surface, having the impedance of 50Ω. To ensure the proper excitation of the TM12 mode, other 

modes’ contributions at TM12 resonance, if any, need to be examined. The presence of unwanted 

modes can severely affect the cross polarization performance, chapter 2 of [5], and can also distort 

the co polarization pattern, if strongly excited. In [5] the effect of unwanted modes on the radiation 

parameters for the fundamental TM11 mode was calculated by computing the peak intensities of 

their radiation fields. The method takes into account the azimuthal variation i.e n, the order of the 

mode. The present study involves the higher zero of the order n = 1 mode. Here, to study the mode 

excitation, modal expansion method [28] is used. Modal expansion method helps in providing the 

physical insight into the problem. The electric field  inside the cavity can be expanded in terms 

of the eigen functions, as given in (2.16) [6]- 

∑ ∑ ,                           
(2. 16) 

 

where, , cos  and Anm is the mode coefficient corresponding to the TMnm 

mode. Anm is given in (2.17) [29] 

∬ ∗

∬ ∗                                                      (2.17) 

The expressions for the mode coefficients are provided in [6] and are expressed in (2.18), (2.19) 

& (2.20), as 

.     m = 1, n = 0                                                       (2. 18) 
 
 

	 . 	 ∆ 	

	
    m	 2, n = 0                  (2. 19) 
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	 . ∆	
   n 1       (2.20) 

where  is the feed point location. The coaxial feed is modeled by a uniform current ribbon of 

angular width 2 .  is to be calculated using the relation 2  [60], where d is the outer 

diameter of the coaxial feed which is taken here as 2.038mm.                              

The design frequency, corresponding to k for the TM12 mode, is 10GHz. To calculate the 

contribution of a specific mode, Anm, at TM12 resonance, the value of knm is needed, which can be 

calculated as √ , where 2 	 . The excitation of unwanted modes depends 

largely upon the following factors: 

 Proximity of modes & feed location [61] 

 Probe dimensions 

 Finite ground plane in case of practical design [5] 

The proximity of modes implies that fairly accurate values of fr nm needs to be calculated. For a 

circular patch with a given values of a,  and h, the resonant frequencies 	  for the TMnm mode 

can be calculated from [62], given in (2.21) 

			 	
	

                                           (2.21) 

 

where                      ,
,

,
                                                         (2.22) 

 

 is the equivalent dielectric constant of the medium [62, 63] , which here is equal to , as no 

air gap is involved in the present case, and ,  is the dynamic dielectric constant introduced in 

[64] which is given in (2.23)  

                                                         (2.23) 
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To calculate fr nm using (2.21),  is needed, which depends upon Cdyn, which is a sum of dynamic 

main capacitance, C0dyn and dynamic fringing capacitance Ce dyn [64], given in (2.24) 

, ,                                                                             (2.24) 
 

Table 2.2 shows the first nine TMnm modes along with their 	  and 	  values. For the patch 

radius a = 10.1mm, = 6.15, h = 0.635mm, fr nm were calculated using (2.5) and (2.21). Values of 

Co,dyn in terms of the static main capacitance Co,stat, up to n = 3 modes are provided in (14) of [64]. 

To calculate it for modes n = 4 and n = 5, (13) of [64] has been used. The relations are given as 

(2.25) & (2.26) below: 

                               Co,dyn= 0.2170.Co,stat            for  4  (2.25) 

    Co,dyn= 0.1963.Co,stat                 for 5                                                 (2.26) 
 

Ce,dyn is calculated via using (7) and (15) of [62], which is an improved formulation of earlier 

approaches used in [63, 64]. Table 2.2 shows that 	  for TM41 and TM51 are in the proximity of 

TM12. It should be noted that the role of dynamic dielectric constant ,  is important here in 

calculating fr nm, which in turn is a dominant deciding factor in calculating the excitation power of 

unwanted modes at TM12 mode resonance,  (2.18)-(2.20). 

It is mentioned in [64] that the value of dynamic dielectric constant is mode dependent, which is 

why in Table 2.2,  fr nm calculated using (2.5) and (2.21) are different. Interestingly, it is found here 

that when using (2.21),  fr41 	fr12 even when K41	 	K12. Table I in [61] shows the calculated fc and 

measured fo values for resonant modes. In that table, fc corresponding to the TM41 mode is less 

than that of the TM12 but fo, which is the measured resonance, is greater. This is due to the same 
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fact that in [61], (2.5) has been used to calculate fc instead of (2.21). This finding is also confirm 

later in Fig. 2.14 via full wave simulation results. 

Table 2. 2  First nine resonant modes of microstrip circular patch ( r		= 6.15) 

Resonant 
Modes (TMnm) 

Eigen 
value( ) 

(GHz) 
using (2.1) 

using 
(2.12) 

(GHz) using 
(2.11) 

TM  1.8412 3.372 5.737 3.492 

TM  3.054 5.594 5.662 5.830 

TM  3.832 7.019 5.610 7.349 

TM  4.201 7.695 5.602 8.063 

TM  5.317 9.740 5.551 10.252 

 5.331 9.766 5.832 10.020 

TM  6.416 11.754 5.507 12.421 

TM  6.706 12.285 5.816 12.633 

TM  7.016 12.853 5.610 13.456 

 

Hence, in calculating modal resonant frequencies (2.21) is more accurate than (2.5), since it 

incorporates the effect of dynamic dielectric constant . The point here is that when using 

higher order modes, or higher zeros of order n = 1 mode like TM12, TM13, etc, (2.21) should be 

used, instead of (2.5). This is because eigen values are closely spaced. For example in the second 

column of Table 2.2, K41	 	K12 and hence the use of (2.5) leads to erroneous resonant values, as 

(2.5) does not take into account the role of mode indices in determining the effective dielectric 

constant. From Table 2.2, it is clear that the resonant frequency for the TM41 is in close proximity 

of TM12 and hence can cause interference, which can lead to pattern degradation. For a patch, 

operating in the TM12 mode, fed by a coaxial probe, the excitation amplitude power levels of modes 

shown in Table 2.2, are calculated using (2.18)-(2.20), for different relative feed positions s =  
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and plotted in Fig. 2.8 and Fig. 2.9. At the TM12 resonance i.e. at 	 , the coefficient A12 has a 

very large amplitude, ideally (lossless cavity) infinite. However, in the cavity model, the effect of 

losses in the form of dielectric, conductor and radiation are taken into account by using the 

effective loss tangent (  [65]. Here, in calculating coefficients Anm,  has been replaced by 

1 . For input feed current of 1A, the excitation power levels of various modes, 

at the design frequency are shown in Fig. 2.11. The power level Pnm are calculated as | | . 

Lower order modes like TM01 and TM02 have higher tendency of excitation, if the feed is placed 

closer to the center. 

 

 
Fig. 2. 11 Excitation levels (Pnm) for different cavity modes at TM12 resonance (a = 10.1mm h = 0.635mm, r 
= 6.15, . , 	= 5.8 107 S/m, fr = 10GHz), (© 2016 IEEE) 
 

From Fig. 2.11, it can be stated that, if s =   is between 0.2 to 0.4, the TM12 mode can be 

properly excited, as for this region, the amplitude excitation levels of other modes are well below 

the TM12 excitation level. The TM41 mode, which is in very close proximity of the TM12 has an 

increasing power level between 0.2 to 0.4, but even at the relative feed position of 0.4, it is 40dB 

below the TM12 mode, as shown in Fig. 2.8. Also, the TM22, which is the next higher order mode, 

is 40dB down. So, within this region one can ensure a proper excitation of the TM12 mode.  
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2.3.3 Input Impedance 

Once the feed region is fixed, the input impedance needs to be investigated for the various values 

of h. The substrate used in simulations is R3006, which has = 6.15 and tanδ = 0.0025.  

Table 2. 3  Patch radius for different substrate thicknesses (fr = 9.96GHz) 

Thickness h (mm) Patch radius a (mm) 

0.254 10.38 

0.635 10.1 

1.27 9.5 

 

                            

Fig. 2. 12 (a) Simulated input resistance, (b) Impedance loci (clockwise from 9.5-10.5GHz, s = 0.3, infinite 
ground plane) 
 

The resonant input resistance and corresponding impedance loci, obtained by full wave simulations 

are shown in Fig. 2.12(a) & (b), for three values of the thickness h, for which the patch radius a is 

shown in Table 2.3. All three are designed to have the same resonance of 9.96GHz. The relative 

feed position s = /a is taken as 0.3. The resonant input resistance variation with the relative feed 

position s, having the substrate thickness h as the parameter, is shown in Fig. 2.13. It is well known 

that the input resistance of the fundamental TM11 mode varies with the feed point position and is 

the highest at the edge [11], but for the TM12 mode, it has the highest value for s between 0.3 and 

0.4, as shown in Fig. 2.13.  
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Fig. 2. 13 Input resistance variation (simulated) with relative feed position s = o/a with substrate thickness 
h as parameter (infinite ground plane), (© 2016 IEEE) 
 

 
To show the effect of probe position on the mode excitation, simulations were performed for three 

values of the relative feed position s = 0.3, 0.6 and 0.9, shown in Fig. 2.14(a). For every s, the 

resonant input resistance and reflection coefficient are shown in Fig. 2.14(b) and (c) for h = 

0.254mm, Fig. 2.14(d) and (e) for h = 0.635mm and Fig. 2.14(f) and (g) for h = 1.27mm, 

respectively. Some observations made from these figures are listed below: 

 For all three values of h, the feed position s = 0.3 has a single resonance, which implies a 

strong TM12 excitation, also predicted by the analytical study.  

 For s = 0.6 and 0.9, an extra resonance appears, which is the TM41 resonance as its 

excitation level is strong for those feed positions, depicted in Fig. 2.14.  Note that the TM41 

resonance is greater than that of TM12, as postulated in the analytical study. 

 Relative frequency separation 	 	  increases with thickness h. This is due to 

the role of dynamic dielectric constant. This criterion can be used for selecting the substrate 

thickness for pure TM12 excitation. 
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         (a) 

                                               

                                        (b)                                                                              (c) 

                                      

                                         (d)                                                                           (e)                         

Top View 

Side View 
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                                             (f)                                                                       (g) 

Fig. 2. 14   (a) Circular patch showing relative probe positions s = o/a , (b) & (c) Input resistance and 
reflection coefficient (clockwise from 9.5 to 11GHz) vs frequency with s as parameter for h = 0.254mm, a = 
10.38mm, (d) & (e) for  h = 0.635mm (9.5-11GHz), (f) & (g) for h = 1.27mm, a = 9.5mm (9.5-11GHz),  (© 2016 
IEEE) 
 
 
 

 

Fig. 2. 15 Calculated VSWR 2:1 bandwidth vs resonant frequency (log scale),	 r . , 	= 0.0025 

 
Another circuit parameter is the impedance bandwidth. For patch antennas, the impedance 

bandwidth is small, due to its resonant nature. The bandwidth is given as [7, 15] 

                                     Bandwidth = 
√

                                           (2.27) 
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 VSWR 2:1 bandwidth vs resonant frequency of TM12 mode, calculated using (2.27), in 

comparison with the TM11 mode, with the thickness h as parameter, is shown in Fig. 2.15. At 

10GHz, bandwidth of the TM12 mode for h = 1.27mm is 0.8%, which is less, as compared to that 

of the TM11 mode, which is 2.7%. 

2.3.4 Directivity & Gain 

Simulated directivity patterns for E & H-planes at the resonance, with thickness h as parameter, 

are shown in Fig. 2.16. The peak directivity values along with SLL are shown in Table 2.4. 

 

Fig. 2. 16  Simulated directivity patterns (copol, infinite ground plane) for patch dimensions shown in Table 
2.4, r = 6.15,  = 0.0025, (© 2016 IEEE) 
 

 

Fig. 2. 17  Calculated efficiency vs resonant frequency for TM11 and TM12 modes with thickness (h) of 
substrate as parameter ( r = 6.15, . ,	 	= 5.8 107 S/m ) 
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Fig. 2. 18  Simulated directivity D & gain G vs theta with h as parameter (infinite ground plane)	 r = 6.15,  
. , 	= 5.8 107 S/m 

 
 
 
 

Table 2. 4 Calculated and simulated efficiencies (infinite ground plane) of TM12 mode, r = 6.15, 
.  

 
Dimensions(mm) Calculated  Simulated 

         h      a     (%) D(dBi) SLL(dB)    G (dBi)    (%) 

0.254 10.38 24 10.48 -11.01 4.68 26.3 

0.635 10.1 53 10.42 -11.42 8.16 59.4 

1.27 9.5 73 10.1 -12.49 9.19 81 

 

Table 2. 5 Loss comparison of TM11 and TM12 modes,	 r = 6.15, 	= 0.0025 

                               TM12                             TM11 

h (mm) Total loss 
(dB) 

Conductor 
loss (dB) 

Dielectric 
loss (dB) 

Total loss 
(dB) 

Conductor 
loss (dB) 

Dielectric 
loss (dB) 

0.254 5.80 2.16 3.64 2.12 1.05 1.07 
0.635 2.26 0.6 1.66 0.56 0.23 0.33 
1.27 0.9 0.2 0.7 0.15 0.05 0.1 

 



45 
 

     

                                       (a)                                                                           (b) 

   
                                         (c)                                                                        (d) 

       
                                      (e)                                                                         (f) 
Fig. 2. 19  Simulated gain patterns (infinite ground) for TM11 and TM12 modes for various substrate thickness 
h, showing losses. (a), (c) & (e) for TM12, (b), (d), (f) for TM11 
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For gain values, the knowledge of efficiency of the TM12 mode is needed, which is calculated here 

by using (2.11). Fig. 2.17 shows the calculated efficiency vs the resonant frequency for the TM12 

mode, in comparison with the fundamental TM11 mode. For a substrate thickness value h = 

1.27mm, the efficiency for the TM12 mode is around 73% and is less than that of the TM11 mode, 

which is 90%.  To confirm this, Fig. 2.18 shows the simulated directivity and gain patterns with 

the thickness h as the parameter. To clearly present the difference, the angle  is in the range of (-

20°, +20°). The difference between the simulated and calculated results is shown in Table 2.4. As 

the thickness increases the difference between the calculated efficiency  and simulated 

efficiency  increases. This is due to the reason that the calculated efficiency is based on the 

cavity model, which has a good accuracy for electrically thin substrates. 

For detail explanation about the total loss in the TM12 mode, full wave simulations were done for 

the three cases; lossless, only dielectric loss and with both conductor and dielectric loss. The results 

are shown in Fig. 2.19. For comparison, the result of the fundamental TM11 mode are also shown 

for the same substrate parameters. The loss calculation for both modes is shown in Table. 2.5. As 

the thickness increases from 0.254 to 1.27mm, the total loss difference between two modes 

decreases. This shows that, with the enhanced thickness, both modes are efficient. 

To confirm the proper TM12 mode excitation, we design and simulate patches operating in the 

TM12 mode, all having the same resonance, for  values shown in Fig. 2.9. The substrate thickness 

h was taken as 0.635mm. The relative feed position s for each is taken as 0.3. The normalized 

simulated pattern was found to match with the calculated results of Fig. 2.9, with maximum SLL 

difference of less than 0.7dB for all cases. Those plots are not shown here to avoid redundancy. 

Instead of that,  Fig. 2.20 shows the directivity vs theta with   as parameter. Peak directivity 

values along with the patch radii are shown in Table 2.6. The directivity is maximum for 	= 1 
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and minimum for 	= 2.5. These directivity values follow the calculated directivity plots shown 

in Fig. 2.9(c). It is interesting to note that the high  values have high directivity.  

 

Fig. 2. 20  Simulated directivity pattern in E-plane, with r as parameter, for TM12 mode circular patch h = 
0.635mm (infinite ground plane), (© 2016 IEEE) 

 

 

Table 2. 6 Simulated peak directivity D & maximum SLL for the TM12 mode,  fr = 9.94GHz, h = 0.635mm 

 1 2.5 6.15 9.8 

Patch radius a/  0.83 0.52 0.33 0.26 

D (dBi) 11.19 8.20 10.5 9.38 

 SLL (dB) -1.7 -0.8 -11.5 - 

 

To further confirm the TM12 excitation, cavity fields inside the substrate, at the resonance, at two 

radial locations are plotted and shown in Fig. 2.21. Along the positive x-axis, at the location close 

to the center, the field is directed along the negative z-axis, while at location close to the patch 

edge, the field is directed along positive z direction. This clearly shows the TM12 mode excitation. 

On the basis of the investigation on an infinite ground plane case, which indicates high directivity 

and low SLL design, we move towards a practical antenna design, which involves finite ground 

planes. Finite ground plane effects on the radiation parameters is discussed in the next section. 
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Fig. 2. 21  Electric field (for probe fed circular patch in TM12 mode) inside substrate, at resonance, on 
cylindrical cross sections at two radial locations ( . , . , a = 10.1mm, h = 0.635mm, relative 
probe location s = 0.3) 
 

2.4 Finite Ground Plane Effects 

In this section we will discuss the effects of finite ground plane size on the probe fed conventional 

TM12 patch. For the microstrip disc antenna, the ground plane size is an important design 

parameter, which can control the radiation pattern shape [66, 67]. Variation of the normalized input 

resistance Rin/Rinf  with the ground plane radius for the probe fed circular disc operating in the 

TM12 mode, is shown in Fig. 2.22. The input resistance is normalized by Rinf , which denotes the 

input resistance value for the infinite ground plane case. The input resistance Rin has a large value 

when the ground plane size is small. When g/  is between 0.4-0.5 the input resistance has a large 

value and hence impedance matching can be an issue for small ground plane sizes. This 

information can be used in antenna design, as a parameter for the selection of ground plane size. 
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Fig. 2. 22  Normalized input resistance vs ground plane radius (relative probe location s = 0.3) of probe fed 
circular patch operating in TM12 mode) r = 6.15,  = 0.0025 
 

 

Fig. 2. 23  Peak gain vs relative ground plane radius (g/ ) comparison between TM11 and proposed TM12 with 
substrate thickness h as parameter.	 r . ,  = 30mm, (© 2016 IEEE) 
 
 

 
To present the relative differences in the gain values, the peak gains vs ground plane size for the 

TM12 mode are compared in Fig. 2.23, with that of fundamental TM11 mode, having substrate 

thickness h as the parameter. All antennas are fed by a coaxial probe and have the same resonant 

frequency of 9.96GHz. The patch radius a11 and a12 are for the TM11 and TM12 modes, respectively. 
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The ground plane radius (g/ ), for the maximum gain, for both modes, are shown in Table 2.7. 

The differences in the gain values are clearly observed. For small h, i.e. h = 0.254mm, the gain of 

the TM12 is less than that of TM11 if g/   0.65. An increase in h leads to an increase in the peak 

gain value and for h = 1.27mm, the peak gains of the TM12 mode are above 8dB, for the whole 

range of g/  . The peak gain values are also investigated for larger substrate thickness like h = 1.57 

or 2mm. It has been observed in simulations that the peak gain value saturates as one goes higher 

than 1.27mm. Those simulations are not shown here for brevity. 

 
Table 2. 7 Maximum Gain comparison of TM11 and TM12 mode patches, r = 6.15 

h(mm) (mm) (mm) G(dBi) TM11    g/  

(TM11) 

G(dBi) 
TM12 

   g/  

(TM12) 

0.254 3.65 10.38 5.88 0.57 6.45 0.8 

0.635 3.5 10.1 6.91 0.53 9.9 0.8 

1.27 3.17 9.5 6.92 0.5 11.03 0.77 

 

Finally, the pattern beamwidths in both principal planes, for the TM12 mode are presented. Fig. 

2.24(a) and (b) show the radiation patterns for different ground plane sizes in the E and H-planes, 

respectively. In both planes, the pattern beamwidths first decrease with increasing ground plane 

size, and then increases after g/  	0.8. For the fundamental TM11 mode, in the H-plane beamwidth 

decreases and in the E-plane it first decreases and then increases, after g/  	0.7 chapter 2 of [5]. 

This information can be helpful in studying this antenna for a reflector feed application. 

When compared to the infinite ground plane case, it has been observed that the finite ground, 

results in further reduction of SLL in the E-plane. This can be clearly understood from Fig. 2.24(a), 

by observing two curves, one with infinite ground and the other having the radius of one 
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wavelength. SLL in the infinite ground case is -11.42dB, while that for g =	  case, it is -17.48dB. 

Consequently, there is an improvement of around 6dB in SLL performance. This finite ground 

plane property is also explained later in this chapter, while discussing the measured results.  

                

                                        (a)                                                                         (b) 

Fig. 2. 24  (a) E-plane, (b) H-plane patterns variation with ground plane radius (relative feed position s = 0.3) 
for TM12 mode circular patch 
 

2.5 A Design Example 

Based on the study done in the previous section, in this section we proposed a novel TM12 mode 

antenna configuration as a design example. The proposed antenna geometry is shown in Fig. 2.25. 

It is a single layer simple structure. Substrate selected is R3006, which has a dielectric constant 

= 6.15 and	tan  = 0.0025, h = 1.27mm. The patch radius a = 9.8mm and the probe is placed at 

3mm from the center. The selection of the design parameters like dielectric constant, substrate 

thickness, probe location, ground plane radius, has been done by using the detailed studies done 

in previous sections of this chapter. The ground plane radius g is selected as one wavelength, which 

is g = 30mm. Owing to the high input resistance, a capacitive feed technique, similar to the one 

introduced in [68, 69] has been used here. An annular gap, concentric with the feed probe, is etched 
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from the patch as shown in Fig. 2.25(a). The center conductor of the probe is touching the small 

circle as shown in Fig. 2.25(b). Analytical modelling for this feed is presented in [70]. Very 

recently, this feeding technique has been used to match the traditional circularly polarized patch 

antenna designed on thick substrates for enhanced bandwidth operation [71]. 

                                

                                  (a)                                                                               (b)           

Fig. 2. 25  Antenna geometry (TM12 mode) with a capacitive gap feed (a) top view, (b) side view 
 

   

                           (a)                                                                                                     (b)                                         

Fig. 2. 26  (a) Impedance loci (clockwise), (b) S11 vs frequency with gap as parameter ( 9.5-10.5GHz) for the 
antenna geometry (TM12 mode) shown in Fig. 2.25, p = 1.2mm 
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                          (a)                                                                                        (b) 

Fig. 2. 27  (a) Impedance loci (clockwise), (b) S11 variation with frequency with p as parameter for constant 
gap = 0.6mm (9.5 - 10.5GHz) for the antenna geometry (TM12 mode) shown in Fig. 2.25 
  
 

Simulations were performed to study the effect of the inner circle radius p and the annular gap. 

Fig. 2.26(a) and (b) show the simulated impedance loci and S11 variation vs frequency with the 

gap as the parameter. The value of p is kept fixed at 1.2mm. Fig. 2.26(a) shows that as gap 

increases, the input resistance decreases from a very high value, to 50Ω, when the gap = 0.6mm. 

Also, with the increase in gap the input impedance becomes more capacitive. To compare, an 

impedance plot without the gap is also shown, which represents a simple probe fed case. Fig. 

2.26(b) points out the increase in the resonant frequency as gap increases.  

For a fixed gap = 0.6mm, the effect of inner circle radius p is studied. The impedance loci and S11 

variations with frequency are shown in Fig. 2.27(a) and (b), respectively. As p increases the input 

impedance becomes more inductive and increases the resonant frequency of the antenna. The 

minimum value of p is limited by the inner conductor radius of the coaxial feed, which is 0.5mm. 

Large values of p are avoided as it is observed from simulations that it shifts the E-plane copolar 

pattern from boresight and increases the cross polarization, especially in the H-plane, which is 
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discussed in the next section. Due to the shift in the resonance with the capacitive feed, the patch 

radius a is adjusted to 9.8mm, to have the resonance at 10GHz. 

2.6 Results & Discussions 

The antenna configuration shown in Fig. 2.25 was simulated, fabricated and then tested. From the 

full wave simulations shown in the previous section, the inner circle radius p is selected as 1.2mm 

and gap = 0.6mm. The simulated and measured S11 are shown in Fig. 2.28(a). As compare to the 

simulated resonant frequency, which is 10.02GHz with S11 of -27dB, the measured resonance is at 

9.93GHz, having a return loss of 13.7dB. The differences of 0.9% in resonant frequency and 

13.7dB in return loss are attributed to the sensitivity of the feed to the gap size, which was difficult 

to control in fabrication. 

 For further explanation, other simulation results are also shown in Fig. 2.28(a) with dashed curves. 

As explained in the Fig. 2.26 and Fig. 2.27, both p and gap effects the resonant frequency and the 

return loss. For instance, when gap is reduced from 0.6mm to 0.4mm the resonant frequency shifts 

towards the left and matches with the measured one.  Thus, it is observed that the resonance 

frequency of the design example is sensitive to both p and gap size. The measured S11	 	-10dB 

bandwidth of the antenna is 0.9%. 

Fig. 2.29(a) and (b) show the comparison between the simulated and measured radiation patterns 

for E and H-planes, respectively. These gain patterns were measured using the Compact Antenna 

Test Range facility (CATR) at the antenna laboratory of the University of Manitoba. The antenna 

picture mounted on the compact range tower is shown in Fig. 2.28(b). Measured peak gain is 

9.05dBi, as compared to the simulated peak gain, which was 9.85dBi. Gain loss of 0.8dB is 

attributed to measurement errors. The maximum SLL is directed towards the endfire direction and 
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is 16.34dB down from the main lobe, as compared to the infinite ground plane case, where SLL 

was -12.49dB. This further reduction in SLL is due to finite ground plane property [67]. The 

simulated peak directivity and the efficiency of the antenna is 10.6dBi and 84% respectively.   

 

  

                                       (a)                                                                   (b)                                             

Fig. 2. 28  (a) Simulated (S) and Measured (M) S11 vs frequency for the antenna geometry shown in Fig. 2.25, 
(© 2016 IEEE), (b)  antenna picture mounted on compact range tower 

 

                                

                                             (a)                                                               (b) 

Fig. 2. 29  Comparison of simulated and measured radiation patterns for the antenna geometry shown in Fig. 
2.25 (a) E-plane, (b) H-plane (© 2016 IEEE) 
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Fig. 2. 30  Simulated cross polarization in H-plane for the TM12 mode antenna geometry shown in Fig. 2.24  
with p as parameter, constant gap = 0.6mm, (© 2016 IEEE) 

 
 

Fig. 2. 31  Simulated cross polarization in E, H and ° plane & variation of cross polarization at 	=	 ° 
plane with p (mm) as parameter  for the TM12 mode antenna geometry shown in Fig. 2.24 
 

 

Fig. 2. 32  Directivity D, Gain G , SLL and Backlobe level (BLL) vs relative ground plane radius (g/ ), for the 
TM12 mode antenna geometry shown in Fig. 2.24 (a = 9.8mm) in comparison with TM11 (air substrate, a = 
7.6mm), 	= 30 mm, G11 represents the peak gain of the TM11 mode patch with	 r = 1, (© 2016 IEEE) 
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Fig. 2.30 shows the effect of p on the H-plane cross polarization level. The minimum value of p = 

0.5mm is limited by the feed pin radius. It is seen that as p increases the cross polarization level 

increases. For the present design with p = 1.2mm, for which the maximum cross polarization is 

18dB down from the main lobe. Very little effect in the E-plane cross polarization level is observed 

and is not shown here. The increase in cross polarization in the H-plane is due to the radiation from 

small aperture of the capacitive feed. Similar capacitive matching was used in [69] and the 

measured cross polarization was reported as -13dB and -30dB in the H & E-planes, respectively. 

Fig. 2.31 shows the simulated cross polarization for the proposed structure in the E, H & 45° 

planes. The variation of cross polarization in the 	=	45° plane with p as parameter is also shown. 

It is observed that, as compared to the H-plane, which shows large variations with p, the cross 

polarization at the 	=	45° plane does not vary considerably with p. It is interesting to note from 

the cross polarization study, that the small aperture of feed considerably affects the cross 

polarization in the H- plane, has a small effect in the 45° plane and negligible effect in the E-plane. 

Ground plane radius can be used to control the radiation parameters as discussed in section 2.4. 

For the proposed antenna, the variation of directivity, peak gain, SLL and BLL, with the relative 

ground plane radius are plotted in Fig. 2.32. The minimum value of g/  is 0.4, which corresponds 

to g = 12mm, as compared to the patch radius, for which a/  = 0.33.  For small g/  values the 

backlobe increases, while in the range of 0.8 to 1.2, both SLL and backlobe level (BLL) become 

the same. The maximum directivity is 11.61dBi at g/ 	= 0.8. To evaluate the gain performance, 

the gain plot is also shown for an air filled disc antenna, operating in the fundamental TM11 mode, 

designed at the same resonant frequency.  The maximum gain values obtained are mentioned in 

Fig. 2.32. For the proposed antenna it is 10.9dBi, for g/  = 0.8, while for the fundamental TM11 

mode with an air substrate, it is 10.1dBi for g/ 	= 0.77. 
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The key advantages of using the TM12 mode as a high gain radiating element are listed below. 

 The maximum gain using the fundamental TM11 mode is obtained by using foam or honey 

comb, which is less common due to the complexity and cost. In contrast to that, the use of 

TM12 mode can provide higher gain values than the fundamental mode (on foam substrate) 

on low cost widely used printed material substrates, as demonstrated here. 

 As displayed in Fig. 2.6, it has been shown here that the higher gain values can be obtained 

by using second zero of order n = 1 mode i.e. TM12 mode instead of operating on the 

fundamental TM11 mode on the substrates having < 1, which are complex to realize. 

 Single layer, single patch, high gain designs are seldom in microstrip antenna literature. 

Using the TM12 mode, an inexpensive, easy to design single layer single patch antenna 

configuration having higher gain values can be obtained. 

 The TM12 mode has larger patch size which is an advantage in designing antennas for 

higher frequency range, where the fundamental mode results in very small patch size, 

which necessitates expensive fabrication cost. For example, recently in [72], the bigger 

patch size of TM30 mode of rectangular patch was used to propose an inexpensive antenna 

design for millimeter wave wireless communication systems. Undesirable sidelobes in the 

E-plane were removed by using the shorting pins.  

2.7 Summary 

In this chapter a technique to reduce sidelobes in the E-plane radiation pattern of TM1m modes was 

presented. The technique is based on using the high permittivity dielectrics as the antenna 

substrates. The fundamental concept behind the method is based on the radiation pattern behavior 

of a magnetic loop over infinite ground plane, for cos  distribution. It was found that loop size 

controls the E-plane sidelobe in the radiation pattern, which was applied to circular microstrip 
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patch operating in the TM12 mode. To explain the occurrence of E-plane sidelobes, radiation 

pattern shapes in the E and H-planes for the various loop sizes were shown and discussed. Using 

this study, it was observed that the loop size can be adjusted to reduce the SLL. This was then 

applied to understand the high E-plane sidelobes in the radiation pattern of TM1m modes of circular 

patch, up to m = 4. For illustration, it was shown by theory and simulations that by using substrate 

permittivity = 6.15, a peak directivity  11dBi  with SLL  11.5dB can be achieved for TM12 

mode patch in infinite ground plane configurations. Further, keeping in mind the practical 

implementation, the excitation issue of the TM12 mode was discussed in detail via modal expansion 

method and by full wave simulations, and the feed region, for a pure TM12 mode excitation was 

provided. The radiation efficiency and losses of TM12 mode were studied for = 6.15 and tan  

= 0.0025, both by analytical equations and by full wave simulations for different substrate 

thicknesses. Loss calculation of the TM12 mode is also compared with that of the TM11 mode, and 

it was found that an increase in the substrate thickness reduces the loss difference. Also, finite 

ground plane effects on the pattern shape, SLL and peak gain were studied and SLL improvement 

of  6dB over the infinite ground plane configuration were shown. These analyses demonstrated 

that by using a high dielectric constant substrate, the TM12 mode of circular disc, which was earlier 

considered unfit for antenna applications, can be utilized to develop a single layer high gain 

antenna. To show the effectiveness of the technique proposed, a design example of a novel single 

layer high gain circular disc antenna configuration operating in the TM12 mode was proposed. The 

antenna is a simple circular patch with the peak measured gain of 10dBi, with the SLL of 16dB. 

The measured S11 bandwidth was 0.9%, with substrate thickness of h = 1.27mm at resonance 

frequency of 9.93GHz. It was shown by simulations that peak gains as high as 10.9dBi could be 

achieved by varying the ground plane size.  
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CHAPTER 3 

A NEW HIGH GAIN NON-RESONANT SLOT LOADED MICROSTRIP 

PATCH 
(Sidelobe Suppression via Non-Resonant Slot Loading) 

 

3.1 Introduction 

In chapter 2, a technique to reduce the E-plane sidelobe of the TM12 mode was presented, which 

was based on using high permittivity dielectrics as substrates. Usually, high dielectric constant 

substrates are not preferred in most of applications, as it leads to surface wave losses and also have 

higher cost. Microstrip antennas are mostly used on substrates, having dielectric constants between 

2-4. This chapter presents another technique to suppress the E-plane sidelobes of the TM12 mode, 

which is useful and more practical for lower permittivity substrates. It involves the use of a narrow 

non-resonant slot, embedded at the patch center, which provides a new concept in microstrip patch 

design. Its properties and some of the material presented in this chapter is published in [73]. 

Before moving further, at this point, it is imperative to discuss slot loading in microstrip antennas. 

In the past, slot loading has been used extensively as a technique for improving the impedance 

properties of microstrip antennas. For instance, U and E slots have been successfully used for 

impedance bandwidth enhancement [74-78]. The basic idea was to enhance the resonant path of 

current to obtain wide bandwidth.  Various slot shapes have also been used to obtain dual and 

multiple frequency operations [79-82]. The fundamental concept was to introduce a slot mode 

corresponding to a half wavelength operation. Another approach was to convert the higher mode 

into the fundamental mode by introducing slots on patch edges [83, 84]. The technical literature is 
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vast and for the present context, it is not useful to mention all of them. On reviewing, it can be 

pointed out that slot loading has been used effectively to improve the impedance properties of the 

fundamental mode of microstrip antennas.   

In this chapter, the slot loading is distinct in the sense, that it has been used to tailor the radiation 

pattern of the TM12 mode. It has been found that by loading patch with a non-resonant narrow 

single slot, at the patch center, the E-plane sidelobes can be effectively suppressed. In addition to 

this, to show the effectiveness of the proposed technique, as a design example, a novel single layer 

high gain circular patch antenna configuration will be discussed at the end.     

3.2 Analytical background  

Consider a single slot of length l and width w in an infinite ground plane and a TM12 mode circular 

patch of radius a, mounted on a thin grounded substrate of relative dielectric constant . The 

ground plane and substrate are considered to be infinite in extent. Their geometry is shown in Fig. 

3.1(a) and (b)  

Assuming the cosine electric field distribution at the slot aperture, the radiated field in the upper 

half space is given in (3.1) [11] as 

2 	 2 cos                       (3. 1)                         

                                                             

2 cos sin  

2 sin sin  

 of (3.1) can be expressed as, 

                                     = Cs , )                                                                     (3. 2) 
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where Cs is the complex mode amplitude and fs is the normalized pattern. The notations for slot 

length and width are changed here from those in [11], to have consistent notations throughout the 

chapter.   

                                                              

                                      (a)                                                                                    (b)       

                 

             (c)                                                                          (d) 

Fig. 3. 1 (a) Slot on infinite ground plane, (b) Circular patch on infinite ground, (c) Slot radiation pattern, (d) 
TM12 mode radiation patterns,	 r  , (© 2016 IEEE) 
 

Similarly, for the circular patch shown in the Fig. 3.1(b),  for the TMnm mode can be expressed 

as in (3.3) 
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= C   cos                                                                             (3. 3) 
where 

=	 sin sin   and 

Cnm =j . 

Fig. 3.1 (c) and (d), shows the E and H-plane patterns for the slot and TM12 mode of the circular 

patch. In the E-plane 	= 0°,  is constant and the slot pattern is omnidirectional, while the TM12 

mode pattern has a main beam with one sidelobe. On the contrary, in the H-plane the main beam 

of the TM12 mode has a narrower beamwidth than that of the slot, with low sidelobes.  

Let us consider the linear superposition of the radiated field of the TM12 mode and the slot, under 

two conditions:  

 In phase and  

 Out of phase.  

In the E-plane, the total radiated far field can be written as 

                                                                            (3. 4) 
 

For independent excitations, the complex amplitude ratio C of the two radiated fields is defined as 

C = . The magnitude of this ratio is denoted as c = | |. For a negligible propagation phase 

delay, the relative amplitude of the total field , for the two conditions, is shown in Fig. 3.2. 

These patterns are obtained by using (3.4) with c as parameter, for 	= 1.  For out of phase fields 

or ∠C	=	  , the main beam of  is out of phase with the  and hence resulted in the destructive 

interference, at the broadside direction, as shown in Fig. 3.2(a). The relative level of the main beam 
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decreases at the broadside, with an increase in c, or the slot field contribution. This is due to the 

out of phase field superposition.  On the other hand, for the in phase fields, the sidelobes of the 

patch is out of phase with that of the slot, which resulted in sidelobe suppression and enhanced 

directivity at broadside. With an increase in c, the first SLL decreases as shown in Fig. 3.2(b). 

Even for a small c value of 0.2, the first SLL decreases considerably and the second sidelobe begins 

to appear. For c = 0.6, the first SLL is below 0.2 and the second SLL approaches 0.4. Similarly, 

the radiated field patterns can be calculated for various  values. For instance, one can get rid of 

the second sidelobe in the E-plane, when 	= 2.5 (not shown here).  

            

         (a)                                       (b) 

Fig. 3. 2 E-plane patterns for patch, slot combination with c as parameter (a) ∠  = , (b) ∠  = 0 , (© 2016 
IEEE) 
 

These observations are the motivation for the initial design. It is worth mentioning here that in 

practice both slot and patch antennas are printed on the finite grounded dielectric substrate and full 

wave numerical methods should be used to calculate the total radiated fields in (3.4). In the next 

section, full wave simulations using Ansys HFSS has been used to explain the composite 

configuration and will give the way forward to realize the design. 



65 
 

3.3 Towards Practical Realization 

This section investigates a single composite practical configuration, which will satisfy the 

requirement of the in phase far fields needed for sidelobe suppression, as discussed out in the 

previous section. From (3.2) & (3.3), it can be stated that out of phase input excitations are 

required, in slot and patch, to generate in phase radiated far fields at the boresight. In other words, 

in the E-plane the main beam of the TM12 mode is in phase with that of the slot, when excitations 

have 180° phase difference. This is further explained in detail by the full wave simulation study 

in this section, which is divided into two subsections. The current distribution on the patch, slot 

aperture field, as well as sidelobe suppression are explained in 3.3.1. The effect of slot length l on 

the resonance frequency, impedance and SLL is explained in 3.3.2. The ground plane is considered 

infinite for all cases. Finite ground plane effects will be dealt with in the next section. 

3.3.1 Current distribution & Slot Aperture field 

Consider a narrow slot of length l and width w, etched on the patch surface at the center. A slot 

aligned along the y-axis is positioned at the center of the patch of radius a, as shown in Fig. 3.3.   

                                  

Fig. 3.3 Slot loaded TM12 mode circular patch,	 r = 1 

Top View 

Side View 
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In the simulation model, a thin layer of 	= 1 is taken as the substrate and the excitation is done 

by a coaxial probe. For better understanding, first there is a need to have an idea about the current 

distribution of the conventional circular patch operating in the TM12 mode (mentioned here as the 

Unloaded (UL)). 

                                   

                          (a)                                                                                          (b)  

       

                    (c)                                                                                                  (d) 

Fig. 3. 4 (a) Current distribution of TM12 mode unloaded (UL) patch, (b) current distribution of slot loaded 
patch, (c) slot aperture field vector, (d) amplitude and phase of the electric field Ex in the embedded slot, (© 
2016 IEEE) 
 
 

Fig. 3.4(a) shows the current distribution in the probe fed UL patch, which is designed for a 

resonance at 11.5GHz. The patch radius a is 21.8mm and the probe position is 6mm from the 
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center, along the positive x- axis, which is for the pure TM12 mode excitation, as explained in [52]. 

In the center region of the patch, the current lines are directed towards the positive x-axis. A narrow 

slot, placed in this region, will intercepts the flow lines and get excited. Consequently, there will 

be an out of phase electric field at the slot aperture, which was the fundamental requirement for 

sidelobe cancellation, as discussed in the previous section. To get a clear picture, the simulated 

current distribution at the resonance of the slot loaded patch, is shown in the Fig. 3.4(b). The slot 

length l is 8mm which is non resonant. The electric field Ex distribution at the slot aperture along 

the y-axis is shown in Fig. 3.4(c). The field vector points towards the negative x-axis. In the 

simulations, the input excitation is taken as 1∠0°. Fig. 3.4(d) shows the simulated slot aperture 

field (  amplitude and phase. The phase is uniform over the entire slot length l, i.e. from  to 

 and decreases afterward.  From these observations, it is clear that the slot aperture field Ex is 

180° out of phase with the patch input excitation and one should expect the sidelobe cancellation 

in the E-plane, as predicted in the theory.  

To confirm this, simulations were done on two different non resonant slot sizes, l = 4 & 8mm. The 

resonant length of the printed narrow slot can be calculated by [85] 

	0.48                                                                         (3. 5) 

where  is the equivalent relative dielectric constant and is given as   and . 

In this case, it turns out to be 0.45λ . For the purpose of illustration, we take l = 8mm, which is 

0.3λ  at the higher frequency of interest (resonance of the UL patch).  

Fig. 3.5 shows the simulated E and H-plane relative field patterns for both the conventional and 

the slot loaded patch.  While there is a little effect on the H-plane, except the broadening of the 
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beam, E-plane patterns clearly show the suppression of the sidelobe. For l = 8mm, the E-plane 

sidelobe has a value of 0.5 while the H-plane has only one lobe. Even for electrically small slot 

length l = 4mm, the E-plane sidelobe shows a small reduction, shown in Fig. 3.5(a). In the H-

plane, for l = 8mm there is only one beam, which represents the complete sidelobe cancellation.  

This simulation study confirms the predictions discussed in the analytical study, that the out of 

phase excitation will leads to E-plane sidelobe suppression of the TM12 mode radiation patterns. 

                  

                            (a)                                                                        (b)  

Fig. 3. 5 Radiation pattern of slot loaded TM12 mode for different slot length (l) for the geometry shown in 
Fig. 3.3 (a) E-plane , (b) H-plane, (© 2016 IEEE) 

  

3.3.2 Effect of Slot length (l) on SLL 

Keeping in mind the practical antenna design, here we will investigate in detail the effect of slot 

length l on SLL, when the slot loaded patch is printed on the dielectric substrate, as shown in Fig. 

3.6. Arlon diclad 527, with 	= 2.5 and thickness h = 0.7874mm is used as the substrate. The 

unloaded patch was designed to resonate at 11.5GHz. Full wave simulations were done for various 

values of the slot length l and the input resistance, impedance loci and E-plane power patterns for 
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different slot lengths are shown in Fig. 3.7. Infinite ground plane has been considered in all 

simulations. To avoid overcrowding, the slot length l variation results are shown in two figures. 

 

 

Fig. 3. 6 Slotted patch on infinite ground plane, h = 0.7874mm, r = 2.5, 

 
 
 
 
 
 

                        

                                         (a)                                                                            (b) 

Top View 

Side View 
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                                           (c)                                                                         (d)   

      

                                       (e)                                                                         (f)                  
Fig. 3. 7  Effect of slot length on (a) Input resistance, (b) Impedance loci with l as parameter, (c) Input 
resistance, (d) Impedance loci (e) E-plane pattern, (f) H-plane pattern. (infinite ground is considered in all 
simulations), (© 2016 IEEE) 
 

Fig. 3.7(a) shows that, as the slot length increases the resonant frequency decreases, which is due 

to the microstrip cavity perturbation. The input resistance first increases, reaching a maximum for 

l = 8mm and then decreases as observed from Fig. 3.7(a) and (c). Fig. 3.7(b) and (d) shows the 

impedance loci with l as the parameter. The impedance plots in Fig. 3.7(b) show that as l increases 

the impedance becomes more capacitive. The smith chart shows only one resonance for all the 

cases. This shows the non-resonant nature of the slot. The impedance plot of Fig. 3.7(d) show that, 

when l = 10mm, there is an introduction of slot resonance, which is of weak nature. The power 

radiated by the slot depends upon the slot length l, which in turn, implies the dependency of SLL 
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on l. For 	= 2.5, the resonant length for the slot printed on a semi-infinite substrate is around 

0.36  [85]. The slot length l in all cases is less than this resonant length. Fig. 3.7(e) shows the E-

plane relative power patterns for various l, which demonstrate the SLL suppression. The peak SLL 

are shown in the Table 3.1, which shows the resonance frequencies, peak directivities D and SLL 

values for different l. Fig. 3.7(a) shows that the configuration has a single composite resonance up 

to l = 9mm. For l = 10mm, the resonance begins to splits. The E-plane patterns in Fig. 3.7(f) show 

that l = 10 mm corresponds to complete SLL cancellation and the pattern shape is like that of the 

fundamental mode. The resonant frequency for this case is 9.65GHz and the slot length l is 0.32 .  

 

Table 3. 1 Effect of slot length (l) on E plane SLL for the geometry shown in Fig. 3.6 (infinite ground 
plane), r = 2.5, .  

 

l (mm) (GHz) a/  l/  SLL (dB) 
(inf g) 

SLL (dB) (g = 
30mm) 

D (dBi) 

0 11.45 0.51 0 -0.6 -4.98 8.18 

4 11.23 0.5 0.15 -1.59 -6.6 9.0 

6 10.86 0.48 0.22 -4.49 -10.05 10.25 

8 10.28 0.46 0.27 -11.02 -17 11.08 

9 9.96 0.44 0.29 -16.88 -23.7 10.96 

10 9.65 0.43 0.32 - 10.5 10.50 

 

In Table 3.1, a/  and l/  represent the patch and slot dimensions in term of free space wavelength 

. The case l = 0mm corresponds to that of UL patch. The table shows that for l	 	0.2 , the 

sidelobes are high, but for l > 0.22 , SLL reduces considerably, with a small increase of l. For l 

= 9mm, which is 0.29 , SLL is -16.88dB, which is around 12dB improvement over l = 6mm case, 

where l is 0.22 . For l = 0mm, the directivity is 8.18dBi, which increases and then decreases with 
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the slot length. The maximum peak directivity is 11.08 dBi, for l = 8mm. For the case of l = 10mm, 

which corresponds to complete cancellation, the directivity is 10.50 dBi. 

3.4 Peak Gain & SLL 

SLL in the slot loaded TM12 mode predominantly depends upon the following factors: 

 Slot length (l) 

 Disc radius (a) or Substrate dielectric constant (  

 Finite ground plane radius (g) 

 Substrate Thickness (h) 

3.4.1 Slot length (l), Finite ground & Patch radius (a) 

In the previous section, infinite ground plane was considered in all the cases discussed. This 

section, studies the finite ground plane antenna configurations.  Finite ground simulations were 

done for all the cases shown in Fig. 3.7, in the previous section. The ground plane radius g is 30mm 

for all the cases. The E & H- plane simulated relative power patterns are shown in Fig. 3.8(a) and 

(c). To further validate the results, all four configurations were fabricated and tested and the 

measured E & H-plane patterns are shown in Fig. 3.8(b) and (d), respectively. The measurements 

agree well with simulations and confirm the effectiveness of the proposed technique. It has been 

shown in chapter 2 that the SLL of TM12 mode reduces with finite ground planes, as compared to 

the infinite ground case. This is also evident here by comparing Fig. 3.7(e) and Fig. 3.8(a). Table 

3.2 shows the simulated (S) and measured (M) values of SLL, for the values of l shown in the Fig. 

3.8. To show their difference from the finite ground case, the SLL values for the infinite ground 

(inf g) configurations are also presented in the second column of Table 3.2. There is an average of 
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5dB improvement in SLL over the infinite ground, for all considered cases. To check the slot 

length l for complete SLL cancellation, Fig. 3.8(e) shows the simulated relative power patterns for 

the slot length l of 9 and 10mm. For l = 10mm, as shown in the Fig. 3.8(e), the sidelobe is 

completely cancelled and there is only one beam at the broadside. It is important to note here that 

SLL has been defined here as the sidelobe in the upper hemisphere or above the ground plane. Fig. 

3.8(f) shows the peak gain and SLL for the infinite and finite ground plane configurations, for 

various values of slot lengths l. The peak gain is maximum when l = 8mm. The resonant frequency 

for this case is around 10.28GHz. 

 

          

                                     (a)                                                                              (b)  
 

       
 
                                         (c)                                                                        (d) 
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                                        (e)                                                                      (f) 

Fig. 3. 8 Radiation pattern (a) E-plane simulated, (b) Measured, (c) H-plane simulated, (d) Measured, (e) 
Simulated E-plane pattern variation with l, (f) Gain & SLL vs slot length (l), (© 2016 IEEE) 
 
 
 
Table 3. 2 Simulated (S) and measured (M) E plane SLL for different l of slot loaded patch shown in Fig. 
3.6, with both infinite and finite ground plane, g = 30mm, r = 2.5, . (© 2016 IEEE) 
 

l (mm) SLL (dB) (inf g) SLL (S) (dB) (g = 
30mm) 

SLL(dB) (M) 

0 -0.6 -4.98 -3.5 

4 -1.59 -6.6 -5.36 

6 -4.49 -10.05 -8.90 

8 -11.02 -17 -16.2 

 

SLL of the TM12 mode also depends upon the disc radius a, or the substrate relative dielectric 

constant . A detail discussion of the effect of  on the peak directivity and SLL of the TM12 

mode of circular patch was done in chapter 2, also given in [52]. Here, via simulation study we 

have shown the effect on the slot loaded TM12 mode. The E-plane patterns in Fig. 3.9(b) show the 

effect of  on the E-plane SLL for the unloaded UL patches, for which the geometry is shown in 

Fig. 3.9(a). All the UL patches were designed around 11.5GHz. To single out the effect of  on 

the SLL, for slot loaded patch, shown in the Fig. 3.9(c), the effective substrate thickness h is kept 

the same in all three cases.  
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The slot length l is selected such that, all the slot loaded patches have the resonance around 

10.26GHz. The relative power patterns in the E-plane, shown in Fig. 3.9(d), depict the effect of 

dielectric constant on SLL of the slot loaded patch. The E-plane sidelobes are reduced, as compare 

to Fig. 3.9(a). The peak directivity and SLL values for the UL and loaded patches are presented in 

Table III, along with the disc radius in wavelength ( . It is observed that an increase in  

results in SLL improvement. Due to the same resonance shift in all three cases, the l/a remains 

nearly the same for all, mentioned in Table 3.3.   

For similar l/a values, the SLL suppression is different in all three cases, when compared to 

unloaded ones. As  changes from 1 to 3.55, there is an improvement in the SLL suppression. 

This is due to the fact that with an increase in  the amplitude ratio of slot to patch aperture field 

at the resonance increases, which leads to SLL performance improvement. The peak directivity 

increases in all cases as compared to UL patches and is maximum when  = 1, and decreases with 

the increase in .  

             

                                   (a)                                                                             (b) 
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                                  (c)                                                                               (d) 

Fig. 3. 9  (a) Unloaded patch, (b) E-plane patterns for unloaded patch with r as parameter, (c) slot loaded 
patch, (d) E-plane patterns for slot loaded patch, (design parameters for the three cases are mention in Table 
3.3) 
 

 
 
 

Table 3. 3 Effect of  r on E plane SLL of the UL and slot loaded patch shown in Fig. 3.9 (a) and (c),  fr = 
10.26GHz, g = 30mm and l/a ~ 0.58 

 

  UL SLL 

(dB) 

l (mm) UL D  

(dBi) 

Slotloaded 

SLL (dB) 

D (dBi) 

1 0.7 -1.9 12 11.85 -10.94 13.82 

2.5 0.46      -5.16 8 10.01 -17.0 11.99 

3.55 0.39 -6.52 6.75 9.81 -24.6 10.97 

 

 

3.4.2 Substrate Thickness (h) 

It is well known that for microstrip patch antennas, operating in the fundamental mode, the 

substrate thickness plays an important role in determining the parameters like impedance 

bandwidth and peak gain [11]. For the present case, the effect of substrate thickness h on the SLL 
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is investigated in this section. Three substrate thickness h values are studied and investigated. The 

resonance frequencies, for all three unloaded patches, are 11.5GHz.  

To study the effect of h on SLL & peak gain, the slot length l = 8mm, which was kept same in all 

cases. Also the normalized disc radius  is nearly the same in all cases. The ground plane radius 

g is 30mm as shown in Fig. 3.10(a). Fig. 3.10(b) shows the relative power patterns, in the E-plane, 

with h as the parameter. It is evident that as h increases the SLL increases. This is due to the fact 

that with an increase in h, the TM12 mode contribution in the radiated far field increases which 

lead to increase in the sidelobe.  The resonance frequency fr for loaded patches, peak directivity 

D, gain G and SLL are mentioned in Table 3.4. For small h values SLL < -17dB. For h = 1.57mm, 

SLL is -12.17dB, which can be further reduced by increasing the slot length l. With further increase 

in h, the pattern loses the sidelobe symmetry. There is a small effect on peak directivity values. 

The difference between the peak directivity and gain decreases as the thickness h increases, owing 

to the loss reduction.  

  

                                      (a)                                                                                (b) 

Fig. 3. 10  (a) Geometry of slot loaded patch to study the effect of substrate thickness (h) on E plane SLL, (b) 
E-plane patterns, with h as parameter 
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Table 3. 4 Effect of substrate thickness (h) on E plane SLL for the slot loaded geometry shown in Fig. 3.10 
(a), l = 8mm,	 r = 2.5, . , g = 30mm(© 2016 IEEE) 

 

h (mm) (GHz)  D (dBi) G(dBi) SLL (dB) 

0.39 10.05 0.46 11.8 10.24 -22.38 

0.7874 10.28 0.46 11.9 11.27 -17.0 

1.57 10.63 0.44 11.2 10.87 -12.15 

 

3.5 A Design Example 

Based on the study done in the previous sections, here we present a design example, which is a 

novel single layer high gain circular microstrip patch antenna configuration. The antenna is an 

example of how the proposed technique can be used to design simple high gain circular patch 

radiators. The antenna geometry is shown in the Fig. 3.11(a) and (b) below.  

                                           

                                (a)                                                                                  (b) 

Fig. 3. 11  Proposed antenna geometry (a) Top view, (b) Side view 
 
 

The Arlon diclad 527 with 	= 2.5 and thickness h = 0.7874mm is used as the substrate. The 

design frequency is 10GHz. A narrow slot of length l = 9mm and w = 0.4mm is etched from the 

patch of radius a = 13.7mm.  The ground plane radius g is 30mm, which is one wavelength at the 
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design frequency. Owing to the high input resistance, a capacitive feed technique, similar to the 

one introduced in [68] is used to match the antenna with the 50Ω line. Analytical explanation for 

the capacitive matching can be found in [70]. The probe is touching the inner circle of radius p, 

which is at a distance s = 4mm from the center. The inner circle radius p and the annular gap, 

shown as the gap in the onset of Fig. 3.11(a), can be adjusted to impedance match the antenna to 

50Ω line. Simulations were performed to select the values of p and gap, as 1.2 and 1.6mm 

respectively. 

 

       (a) 

                  

             (b)                  (c) 

Fig. 3. 12  (a) Simulated (S) and measured (M) S11 , radiation pattern for the antenna geometry shown in Fig. 
4.8, (b) E-plane, (c) H-plane, (© 2016 IEEE) 
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The measured and simulated S11 are shown in the Fig. 3.12(a). Impedance bandwidth (S11 < -10dB) 

is 1.56%. The radiation patterns in the E & H-plane, at the resonance frequency, are shown in the 

Fig. 3.12(a) and (b) respectively. The measured gain patterns agree well with the simulated ones. 

The measured peak gain value at resonance is 9.9dBi, as compared to the simulated one of 10.9dBi. 

It is evident from Fig. 3.12(b) and (c), that the radiation pattern is asymmetric in nature. The 

asymmetry is due to the electric field distribution in the cavity, which follows the first order Bessel 

J1 distribution along the E-plane but is constant along H-plane. This asymmetry is of practical 

importance in the applications where the covering area is elliptical in size. For instance, the 

asymmetric pattern is the requirement for the feed design for elliptical reflectors, where to properly 

illuminate the reflector, E and H-plane beamwidth should be different. The proposed antenna can 

be of advantage as the E-plane beamwidth can be controlled by the various parameters such as the 

slot length, substrate dielectric constant and thickness. All these flexibilities make this proposed 

antenna a unique design.  Also, it is inexpensive to fabricate and easy to design. 

 

          

                                              (a)                                                                     (b)      

Fig. 3. 13  Measured (M) relative power patterns in E & H-planes for the frequencies pointed in Fig. 3.11 (a), 
(© 2016 IEEE) 
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To check the pattern stability over the frequency band, the measured relative power patterns are 

plotted in the E and H-planes, and are shown in Fig. 3.13 for the center and edge frequencies of 

the band, shown in Fig. 3.12(a). It is evident from Fig. 3.13(a) that, the E-plane SLL is 20dB down, 

in the entire frequency band. The H-plane patterns, in Fig. 3.13(b), show a negligible change in 

their shape and SLL. 

 

 

Fig. 3. 14  Measured cross polarization vs  at 	=	 ° plane for the antenna geometry shown in Fig. 3.10, (© 
2016 IEEE) 
 

 

The measured cross polarization levels at 	=	45° plane, are shown in Fig. 3.14 for the three 

frequencies marked as A, B & C. At the resonance of 10 GHz (B), the maximum cross polarization 

is around 14dB below the main beam. It does not change much at the other extreme frequencies 

over the band. To check the gain bandwidth of the antenna, Fig. 3.15 shows the peak directivity 

and SLL vs frequency over the 1dB gain range. The 1dB gain bandwidth of the antenna is 21.6%. 

In the entire frequency band SLL is better than 20dB down from the pattern peak. 
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Fig. 3. 15  Peak directivity D and SLL vs frequency for the antenna geometry shown in Fig. 3.10 

 

3.6 Summary 

In this chapter, a technique to reduce the E-plane sidelobes of the TM12 mode was presented. It 

was found that by loading a circular microstrip patch designed in the TM12 mode, by a narrow 

rectangular nonresonant slot at the patch center, E-plane sidelobes in the radiation pattern can be 

suppressed. In addition to that, the peak directivity of the loaded patch also increases. 

Fundamentally, the SLL suppression is due to out of phase superposition of the radiated fields of 

slot and circular patch, at the position of sidelobe. This is explained by both analytical equations 

and by infinite ground plane simulations of unloaded and loaded circular patches, for various slot 

lengths. For practical implementation the slot is embedded at the patch center to avoid the 

propagation phase delay in the far fields. For further confirmation, unloaded and various loaded 

configurations were fabricated and tested and it was demonstrated both by full wave simulations 

and measurements that the maximum sidelobe level depends upon the embedded slot length. For 

all configurations tested, on an average, the difference between the simulated and measured SLL 

9.25 10 10.75 11.5
frequency (GHz)

9

9.5

10

10.5

11

11.5

12

D
 (

dB
i)

-40

-35

-30

-25

-20

-15

-10

S
LL

 (
dB

)



83 
 

was found to be  1.1dB.  The effect of other parameters like the slot length, disc radius, finite 

ground plane and substrate thickness, on the radiation parameters like the peak directivity, SLL 

were investigated and discussed. It was found that the SLL increases with increase in the substrate 

thickness. To demonstrate the effectiveness of the technique, as a design example, a novel high 

gain antenna configuration was presented. The antenna was a single layer configuration, with the 

peak gain of 10.9 dBi and the maximum SLL of  20dB. Owing to its high input impedance, a 

capacitive feed technique was used for impedance matching. The maximum achievable gain 

depended upon the substrate dielectric constant, and for = 1, was close to 14dBi.  

The slot loaded circular patch configuration, proposed in this chapter, is a major innovation in 

microstrip antenna technology. It provides gains higher than those of the fundamental mode 

microstrip patches, and it is easy to design and fabricate. The main advantage is in the flexibility 

of its design. The slot size can be used to compensate for the variations of the substrate parameters, 

and in principle be designed, for any available substrate, provide low sidelobes and high gains. 
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 CHAPTER 4  

A NEW HIGH GAIN DUAL MODE STACKED MICROSTRIP PATCH  
(Sidelobe cancellation using Linear Superposition of Modes)

 

4.1 Introduction 

In chapter 3, superposition of the radiated fields of a non-resonant slot, embedded at the patch 

center, with that of the TM12 mode, was utilized to reduce the sidelobe of the TM12 mode. The 

technique does not work promisingly for higher odd zeros like TM13 mode, since the main beam 

of the embedded slot and that of TM13 mode has the opposite phases at broadside and hence 

resulted in destructive interference. However, the use of other higher zeros like TM13, TM14 etc., 

in antenna design can provide higher directivity values, owing to larger electrical size of the patch, 

as discussed in chapter 2. To further increase the directivity/gain, this chapter presents a method 

based on the linear superposition of TM1m modes, which leads to sidelobe cancellation along with 

directivity enhancement. Part of the work presented in this chapter is published in [86]. 

It is found here, that by linearly superimposing the radiated field of either odd or even zeros will 

lead to enhanced directivity and suppressed sidelobes. The concept has been explained by 

presenting a design example of a novel antenna configuration, which uses radiated field 

superposition of the two odd modes i.e. TM11 and TM13 modes.  The proposed radiator is a stacked 

configuration of two circular patches designed to operate in the TM11 and TM13 modes.  

In microstrip antennas, the use of multiple modes or multimode technique has been investigated 

in the past [87-90], specifically for application in the MIMO systems. For instance, in [89] the 

multimode concentric patch antennas were proposed to get the pattern reconfigurability. 
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Orthogonal radiating modes were used in [90] to design a circularly polarized antenna for satellite 

receiver applications. In the past, multiple feeds were used to excite multiple modes of the circular 

microstrip patch, with different amplitude and phase excitations, to get the required performance. 

Here, two modes of the circular patch, TM11 and TM13 are excited in phase, by using a single 

coaxial probe, which leads to a novel and simple high gain design. The antenna is designed so that 

resonances corresponding to the two modes are forced to be at the same frequency. High directivity 

and low sidelobes are obtained due to simultaneous excitation of the TM11 and TM13 modes, using 

a single coaxial probe feed. The fundamental working principle is the superposition of radiated 

electric fields by the TM11 and TM13 modes. Precisely, this chapter serves the following purposes: 

 To demonstrate that the high E-plane sidelobes of the TM13 mode radiation pattern can be 

effectively suppressed by linearly superimposing its pattern with that of the TM11 mode. 

Also, to understand the excitation, impedance and radiation properties of the TM13 mode 

that has not been discussed earlier in literature.  

 To present the design of a structurally simple, high gain, low sidelobe dual mode circular 

microstrip antenna configuration, using a single coaxial feed.  

4.2 Theory & Concept 

In chapter 2, section 2.1, various patterns were studied for a single magnetic ring over an infinite 

ground plane. It was shown that with an increase in the ring size a sidelobe appears in the radiation 

pattern. Now, consider a situation where a concentric array of two rings, having same magnetic 

currents orientation, Ma and Mb, of radii a and b, with cos  distribution, allow to radiates as shown 

in Fig. 4.1. In the absence of mutual coupling, the total field radiated,  can be written as the 

superposition of fields of individual magnetic rings, that is, 

	= Ca 	+ Cb                                                                      (4.1) 
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Where,  and  are the radiated electric fields by the individual rings a and b respectively, 

mentioned in (2.1).  Although radiated field superposition can be done for any arbitrary values of 

ring radii a and b, which will leads to different radiation patterns, here we have shown field 

superposition of points (A to F) mentioned in the Fig. 2.2 (a), which is a plot of peak directivity D 

vs the normalized loop radius  for a of a single ring over an infinite ground plane. For instance, 

Fig. 4.2 (a), (b) & (c) show the electric field  pattern in the E-plane by superposition of A, B & 

C with that of F (A, B, C & F are mention in Fig. 2.2 (a) ) i.e. for which b = 0.84 . 

 

Fig. 4. 1 Concentric array of two magnetic rings with radii a and b, with magnetic current Ma and Mb  

 

Fig. 4.2(a) shows the superposition of F and A. Here, cab = |Ca/Cb| represents the radiated fields 

amplitude ratio of the two loops. It is observed here that by increasing the radiated field 

contribution of the smaller inner ring (or by increasing cab), the high sidelobe of the outer larger 

ring can be suppressed. The total peak directivity is calculated using (2.3) and is plotted in Fig. 

4.2(d).  For a particular value of ring radii, the peak directivity value depends upon cab. Fig. 4.2(a) 

shows that as cab increases, the first SLL decreases but the second SLL comes into the picture and 

starts increasing. To control the second SLL, the inner loop size can be increased, as shown in the 

superposition of F and B (i.e. field of F + field of B) and F+C in Fig. 4.2(b) and (c), respectively. 
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In F+C, the inner loop radius is 0.29  and the second sidelobe is completely suppressed. This 

property of concentric loops is used here to suppress the high sidelobes of the TM1m modes of the 

circular patch. 

       

                                       (a)                                                                            (b) 

     
                                      (c)                                                                              (d) 

Fig. 4. 2  in the E-plane for three cases of a , for b = 0.84 ,  (a) F+A, a = 0.1 , (b) F+B a = 0.2 , (c) F+C, a 
= 0.29 , (d) peak directivity vs cab, points A, B,C & F are mention in Fig. 2.2 (a) 
 

For a circular patch, radiation is well explained by a magnetic ring at its edge, the polarity of which 

depends on the electric field polarities at the edges.  Through this understanding, in the case of 

TM1m modes, one can predict the modes for which the radiation interferes constructively. Odd and 

0 20 40 60 80
(deg)

0

0.2

0.4

0.6

0.8

1

R
el

at
iv

e 
M

ag
ni

tu
de

c
ab

=0

0.2
0.4
0.6
0.8
1

F+A

0 20 40 60 80
(deg)

0

0.2

0.4

0.6

0.8

1

R
el

at
iv

e 
M

ag
ni

tu
de

c
ab

=0

0.2
0.4
0.6
0.8
1

F+B

R
el

at
iv

e 
M

ag
ni

tu
de

 

D
 (

dB
i)



88 
 

even zeros of the first order mode, have opposite electric field polarities at the aperture.  This 

implies that for constructive interference of fields along the broadside direction, the far field 

radiation patterns of either odd or even modes, i.e only odd or only even modes can be linearly 

superimposed.  The field superposition property is due to the linearity of Maxwell’s equations. For 

convenience,  of (2.7) can be expressed as: 

   ,  = C   cosn                                                           (4. 2) 
where 

 = 	 sin sin    

                                                  and       Cnm = . 

Now, consider the cases in which the individual patches are designed at the same resonance 

frequency to operate either in odd zeros or in even zeros of n = 1 mode. In the case of odd zeros, 

the total far field at resonance will be 

			 ,  = , + ,  + , +…..                                               (4. 3) 

Similarly, for the case of even zeros, the total radiated E  is given as 

			 ,  = , + ,  + , +…..                                              (4. 4) 

 

In the linear superposition, the beam can be shaped by controlling the mode amplitudes Cnm, which 

can be controlled by independent excitations. The technique of using multiple modes in a single 

antenna structure is not new and was first introduced by Potter in conical horn antennas [91], for 

sidelobe suppression. After that, much of the technical literature has been published on multimode 

horn antenna technology. The basic idea was to add the higher order modes, in appropriate 

amplitude and phase, to the dominant mode, for radiation performance enhancement. The 
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excitation of higher order mode is done by introducing controlled discontinuity in the waveguide 

cross section. More detail account is provided in chapter 8 of [92].  For the present discussion, let 

us consider the case of two odd zeros, namely TM11 and TM13 modes. Eigen roots ( ) 

corresponding to the TM11 & TM13 modes are given in Table 4.1, along with the effective radii of 

the respective patches in terms of the wavelength in dielectric ( . 

 

(a) 

 
(b) 

Fig. 4. 3 (a) Circular microstrip patch, (b) Electric field distribution along the radius, inside cavity for TM11 
and TM13 Modes 
 
 
 
 

Table 4. 1 Eigen values and effective patch radii of TM11 & TM13 modes of circular patch 

Resonant modes Eigen value ( ) Effective patch radius (  

TM11 1.841 0.29  

TM13 8.536 1.35  
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The electric field inside the cavity for TMnm modes is mentioned in (2.6). For n = 1, the electric 

field varies, as per , along the radial direction and has cos  variation in the azimuth. The 

field polarity inside the cavity and along the radius, for the TM11 and TM13 modes are shown in 

Fig. 4.3(b). Electric fields at the aperture have the same orientation for both modes, and have the 

same azimuthal cos  variation. At the patch periphery, the electric field polarity is the same for 

both TM11 and TM13 modes, as shown in Fig. 4.3(b). 

                        

                                        (a)                                                                        (b) 

Fig. 4. 4 (a)  Radiation patterns for TM11 and TM13 modes (E-plane), (b) H-plane, r = 1, (© 2016 IEEE) 
 

Fig. 4.4(a) & (b) show the relative magnitude  and  patterns for the TM11 and TM13 modes, 

in the E-plane and H-plane, respectively, for = 1. These plots are obtained by using (4.2). Clearly, 

the TM13 mode pattern shows high sidelobes in the E-plane. The first sidelobe of the TM13 mode 

is at 24.3°, having a relative magnitude of 0.84 or -1.52dB down from the main lobe. The second 

side lobe is at 53.4°, having a value of 0.61 or -4.34dB down from the main beam. 

The radiation pattern shape of a particular mode varies with the substrate dielectric constant. For 

the fundamental TM11 mode, it is well known that the higher substrate dielectric constants lead to 



91 
 

a broader beamwidth. For the TM13 mode, Fig. 4.5(a) and (b) show the electric field radiation 

patterns for four different values of the substrate dielectric constant, in the E and H-planes, 

respectively. With increase in the dielectric constant, due to reduction in the aperture size of the 

antenna, the main beam broadens along with the sidelobe beamwidths and the E-plane SLL 

changes. Note that when  = 2.5, the second SLL is close to zero. For higher permittivity values 

of 6.15 and 9.8, the E-plane pattern shows only one sidelobe. On the contrary, the H plane patterns 

have low SLL as shown in Fig. 4.5(b).    

           

(a)                                                                             (b) 

Fig. 4. 5 Electric field pattern of TM13 mode for various dielectric constants (a)  patterns (E-plane), (b)  
(H-plane) 
 

Now, Fig. 4.4(a) depicts that the main beam for both modes are in phase, while the first sidelobe 

of the TM13 mode radiation pattern is out of phase with that of the TM11 mode. In the far field, at 

the position ( ) of the sidelobe, if the radiated electric field amplitude levels of the TM11 and TM13 

modes are of similar magnitudes, the SLL can be reduced by superimposing the two patterns. A 

linear superposition of the two modes radiation patterns can provide a high gain and low sidelobe 
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antenna, provided both modes are excited simultaneously, with negligible propagation phase 

delay. For the TM11 and TM13 modes, ,  using (4.2) can be expressed as: 

,  = C   cos                                                                          (4. 5) 
 

,  = C   cos                                                                          (4. 6) 
 

where C11 and C13 are the complex magnitude of the radiated electric fields for TM11 and TM13 

modes given by 

  C11 =  
	 	

                                                                  (4.7) 

C13 =  
	

                                                                                   (4. 8) 
 

where  and  represent the disc radii corresponding to the TM11 and TM13 modes respectively 

and  

V11 =		 	 	 )                                                                        (4.9) 

V13 =	 	 	 )                                                                              (4. 10) 

where, 	,  and 	,  are the substrate thicknesses and the cavity electric field excitation 

coefficients for the TM11 and TM13 modes, respectively, K11 = 1.841 and K13 = 8.536. For a 

negligible propagation phase delay, the resultant superimposed radiated electric field pattern 

,  in the E-plane ( 0°) is given as 

,  =	C    + C                                                       (4.11) 

 

For in phase excitations, the relative magnitudes of ,  are shown in Fig. 4.6.  and   are 

the substrate dielectric constants for the TM11 and TM13 modes respectively, as shown in Fig. 4.6 

(a) and (b). Fig. 4.6(c)-(f) demonstrates the effect of mode amplitude ratio (c = |C11/C13|) and 

substrate permittivity on  pattern shape in the E- plane. In Fig. 4.6(c),  and  are the same 
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and equal to 1. The effect of increasing TM11 mode contribution or increasing c has been depicted. 

By increasing c the first sidelobe decreases considerably, while there is a small effect on the second 

SLL. Fig. 4.6(d) shows the  patterns when 	= 2.2 and 	= 1.  From Fig. 4.6(d) it can be 

pointed out that when c = 0.8 or 1, both first and second SLL are reduced to acceptable levels. Fig. 

4.6(e) shows the  patterns when 	=	 	= 2.2.  For c = 0.8 or 1 the first SLL is reduced, while 

the second SLL increases in comparison with Fig. 4.6(d). Fig. 4.6(f) shows that for 	= 3.55 & 

	= 2.2, equal mode amplitudes leads to effective sidelobe suppression. For this case, main 

beamwidth increases and there is only one sidelobe. In general, for in phase excitations, one can 

select any value of  &  , which leads to various pattern shapes by using different mode 

amplitude ratios (c = |C11/C13|). Simulations were performed with various values of  and  and 

presented in section 4.5 to confirm these findings.  The approximate values of peak directivity 

( 0°  by two radiating apertures is calculated using  (4.11) : 

| |
                                                          (4. 12) 

where Pr is the total radiated power by two apertures and is given as: 

| | sin                               (4. 13) 
 

The peak directivity D vs mode amplitude ratio c for the various combination of  and  is plotted 

in Fig. 4.6(g). It is important to point out that a similar formulation can be done in the case of even 

zeros, using TM12 and TM14 modes. Also, in general, the combination of more than two modes 

can possibly leads to higher directivity values. For the present case, a practical antenna 

configuration, which will result in radiated far field superposition of TM11 and TM13 modes, as 

mention in (4.11), is discussed in the following section.  
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                              (a)                                                                             (b)          

      

                                      (c)                                                                        (d) 

                      

                                    (e)                                                                            (f) 
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                                                                                      (g) 

Fig. 4. 6 (a) TM13 mode circular patch on infinite ground plane, (b) TM11 mode circular patch on infinite 
ground plane,  patterns (E-plane) for various dielectric combinations  (upper)  (lower substrate) with c 
= C11/C13 as parameter, (c)	 r =	 s = 1, (d) r = 1,	 s . , (e)	 r = 2.2,	 s . , (f) r = 2.2, s = 3.55, (g) peak 
directivity vs c 

 

4.3 Proposed Antenna Configuration 

The analytical study presented in the previous section was based on the assumption of in phase 

excitations and negligible propagation phase delay between the two modes.  In this section we will 

describe the proposed single feed antenna geometry, which will satisfy the aforementioned 

requirements. The antenna geometry, top and side views are shown in Fig. 4.7. It is a stacked 

configuration in which the lower and upper patches are designed to operate in the TM13 and TM11 

modes, respectively. The lower and upper substrate thicknesses and dielectric constants are 

denoted as h,	  and t,	  respectively. The upper patch, lower patch and ground plane radii are 

denoted as p, r and g respectively, shown in Fig. 4.7. The feed position from the center is denoted 

by s. The 50Ω coaxial probe feed passes through a clearance hole in the lower patch and is 
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electrically connected to the upper patch. For independent mode generation and control, a feed 

network can be designed or separate orthogonal feeds can be used to individually excite the two 

modes. But instead of that, in the present case, for structural simplicity, we have used only one 

coaxial feed for in phase excitation of the two modes. To avoid the phase delay, the upper layer 

thickness t is electrically small ≪ .  

 

  

Fig. 4. 7 Proposed stacked TM11 and TM13 mode antenna configuration  
 
 

Before investigating and presenting the impedance and radiation pattern results for the antenna 

geometry shown in Fig. 4.7, it is necessary for a better understanding and physical insight, to study 

and discuss them for the TM13 mode of the circular patch.  

Top View 

Side View 
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4.4 TM13 Mode: Excitation, Input Impedance & Directivity 

This section investigates the excitation, input impedance and the directivity patterns of the TM13 

mode. The study is divided into two subsections. The excitation and input impedance are presented 

in section 4.4.1 and the directivity is discussed in section 4.4.2.                        

4.4.1  Excitation & Input Impedance 

Since the lower patch in the Fig. 4.7 operates in the TM13 mode, which is placed higher in the 

mode chart of the circular patch, mentioned in Table 1 of [93], it is necessary to understand its 

excitation. Table 4.2 shows the eigen value of the TM13 mode and its adjacent TM32 and TM71 

modes. Both these modes have strong tendencies to interfere, because of close proximity in eigen 

values, and if excited, can cause distortion in the radiation pattern of the TM13 mode. In circular 

microstrip structures, the excitation of a particular mode predominantly depends upon the feed 

location along the patch radius. This was also explained in detail in chapter 2. 

Table 4. 2 Resonant modes & eigen values of circular patch in the proximity of TM13 mode 

 

Resonant modes (TMnm) Eigen value ( ) 

TM  8.0152 

TM  8.5363 

TM  8.5778 

 

To show the effect of probe position on the mode excitation, simulations were performed for three 

values of the relative feed positions, s = 0.2, 0.6 and 0.9, shown in Fig. 4.8(a). For every s, the 

resonant input resistance and impedance loci are shown in Fig. 4.8(b) and (c) for h = 0.254mm, 

and Fig. 4.8(d) and (e) for h = 0.7874mm, respectively. The substrate parameters used are = 2.2 
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and tanδ = 0.0009.  Patch radii of the TM13 mode, corresponding to different substrate thicknesses 

are shown in Table 4.3.  

Table 4. 3 Patch radii for TM13 mode for different values of substrate thickness h (fr = 9.96GHz) 

Thickness h (mm) Patch radius a (mm) 

0.254 27.7 

0.7874 27.2 

1.57 26.4 

 

Two observations made from Fig. 4.8(b)-(e), which will provide information regarding the feed 

location for pure TM13 mode excitation are listed below: 

 For each value of h, the feed position closer to the center, s = 0.2, has a single resonance, 

which implies a strong TM13 excitation. 

 For s = 0.6 and s = 0.9, an extra resonance appears, which is the TM71 resonance as its 

excitation level is strong for those feed positions. This is at the close vicinity of the TM13 

resonance and hence can cause interference. 

 

                                                                             (a) 

Top View 

Side View 
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                                        (b)                                                                      (c) 

                                                   

                                           (d)                                                                     (e) 
Fig. 4. 8 (a) Circular patch showing relative probe positions s = o/a, (b) & (c) Input resistance vs frequency 
and impedance loci (clockwise from 9.5 to 10.5GHz) with s as parameter h = 0.254mm, (d) & (e) h = 0.7874mm, 
(© 2016 IEEE) 

 

For s =	 /a = 0.2, as shown in the structure geometry Fig. 4.9(a), the resonant input resistance 

and corresponding impedance loci obtained by simulations are shown in Fig. 4.9(b) and (c) for 

three values of substrate thickness h. All patches are designed to resonate at 9.96GHz. With an 

increase in h, the input resistance increases and the impedance becomes more inductive. Fig. 4.10 

shows the input resistance variation of the TM13 mode with the relative feed position, having the 

substrate thickness h as parameter. The input resistance increases to a maximum value when s is 

around 0.2. For small h values, the input resistance reduces to near zero, for s = 0.45 and 0.85.  
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(a) 

                        

                                    (b)                                                                             (c) 

Fig. 4. 9 (a) TM13 mode circular patch, (b) Input resistance vs frequency, (c) input impedance locus with 

thickness h as parameter (clockwise 9.5 - 10.5GHz)  

 
 

Fig. 4. 10  Simulated resonant input resistance variation with relative feed position s for TM13 mode of circular 
patch with substrate thickness h as parameter, fr = 9.95GHz, r = 2.2,  = 0.0009, (© 2016 IEEE) 

Top View 

Side View 
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This is due to the reason that the cavity electric field has nulls at those points. This input resistance 

information can be useful in deciding the feeding structure in the antenna design. Another 

parameter is the impedance bandwidth of the antenna. VSWR 2:1 bandwidth vs resonant frequency 

for the TM13 mode, calculated using (2.27), in comparison with the TM11 mode, with substrate 

thickness h as parameter, is shown in Fig. 4.11. Between 1 to 10GHz, the bandwidth of the TM13 

mode is less than that of the fundamental mode, for the same substrate thickness and resonant 

frequency. 

 

 

Fig. 4. 11  Calculated VSWR 2:1 bandwidth  vs resonant frequency for TM11 and TM13 modes, r = 2.2,  
= 0.0009, (© 2016 IEEE) 
 

4.4.2 Directivity & Gain  

To investigate the directivity patterns of the TM13 mode, circular patches were designed to operate 

at TM13 mode, using substrates with h = 0.635mm, as shown in Fig. 4.12(a), and having  values 

shown in Fig. 4.5. For comparison, in simulations, all the patches are designed to have the same 

resonance frequency. Infinite ground plane is considered in all the cases. Simulated directivity 
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patterns for the E -plane, at the resonance, are shown in the Fig. 4.12(b). With increase in  the 

main beam broadens as is evident from Fig. 4.12(b).  When = 1, there are two sidelobes in the 

E-plane radiation pattern, as compare to larger  values, when there is only one sidelobe. The 

simulated broadside directivity values along with the respective patch radii are shown in Table 4.4. 

The peak directivity has a maximum value of 12.95dBi for = 1. Interestingly, the directivity for 

 = 9.8 is 9.59dBi, with a/  of 0.43,   which is greater than that for  = 6.15, with a/  of 0.54.  

 
 

     

                                         (a)                                                                                (b)   

 

Fig. 4. 12  (a) Patch in TM13 mode, (b) simulated E-plane directivity (infinite ground plane) vs  with substrate 
permittivity r as parameter, fr = 9.96GHz, 
 
 
 
 

 
Table 4. 4 Simulated directivity @ boresight for the geometry shown in Fig. 4.12 (a),  fr = 9.96GHz, h = 

0.635mm(© 2016 IEEE) 
 

 1 2.5 6.15 9.8 

Patch radius a/  1.35 0.853 0.54 0.43 

Directivity(dBi) 12.95 11.40 8.20 9.59 
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                                     (a)                                                                           (b)    

Fig. 4. 13  (a) TM13 mode circular patch on infinite ground plane, (b) Calculated efficiency vs resonant 
frequency for TM11 & TM13 modes with substrate thickness h (mm) as parameter, ( r = 2.2, . , 
	= 5.8 107 S/m) 

 

 

Fig. 4. 14  Simulated directivity & gain vs theta with h as parameter (infinite ground plane) ( r = 2.2, 
. , 	= 5.8 107 S/m), (© 2016 IEEE) 

 
 
For gain information, the knowledge of efficiency plots of the TM13 mode is needed, which is 

calculated here by using (2.11). Fig. 4.13(b) shows the calculated efficiency vs resonant frequency 

for the TM13 mode, shown in Fig. 4.13(a), in comparison with the fundamental TM11 mode, with 

the substrate thickness h as parameter. For a thickness h, the TM13 disc has lower efficiency values 

than TM11 disc. It is interesting to note that as one moves towards the upper frequency end (around 
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10GHz), the efficiency difference is small. To check this via simulations the directivity and gain 

patterns for three values h are shown in Fig. 4.14. 

 

Table 4. 5 Calculated and simulated efficiencies (infinite ground plane) of TM13 mode, fr = 9.95GHz, r = 
2.2, . , 	= 5.8  107 S/m(© 2016 IEEE) 

 

Dimensions (mm) Calculated  Simulated 

h a (%) D(dBi) G(dBi)  (%) 

0.254 27.7 47.3 11.9 8.85 49.5 

0.7874 27.2 85 11.79 11.24 88.1 

1.57 26.4 94 11.54 11.4 96.8 

 

The peak directivity & gain values are mentioned in Table 4.5. At the resonant frequency of 

9.95GHz the calculated ( ) and simulated ( ) efficiencies values are compared. The simulated 

values are in good agreement with calculated ones. 

 

4.5 Study of Design Parameters of the Proposed Antenna Geometry 

After investigating the impedance and radiation properties of the TM13 mode of the circular patch, 

in this section, we present a comprehensive study of the antenna geometry shown in Fig. 4.7. The 

design frequency is 10GHz. In simulations, RT duroid 5880 is used for both substrates, having 

dielectric constants,  = 2.2 and tanδ	= 0.0009, as shown in Fig. 4.15(a). The initial 

approximate value of patch radii, corresponding to TM11 and TM13 modes can be calculated easily 

using (3.1) and Table 4.1. For more accurate calculations, the effective dielectric constant should 

be used. The substrate thicknesses are h = 0.7874mm and t = 0.34mm. The upper layer thickness 

t is close to  , to avoid any propagation phase delay in the far field, between the two patches. 
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(a) 

                                                  

                                          (b)                                                                       (c) 

Fig. 4. 15  (a) Antenna geometry, (b) Variation of resonant input resistance (Rin) vs frequency and, (c) 
impedance loci with upper patch radius p as parameter (s = 2mm, r = 27.2mm, h = 0.7874mm, t = 0.34mm,	 r = 

s = 2.2) 
 
 

Top View 

Side View 
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From simulations, for a single merged resonance, the design parameters are p = 5.7mm, r = 

27.2mm, s = 2mm. Fig. 4.15(c) and (d) show the simulated resonant input resistance Rin vs 

frequency and impedance with the upper patch radius p as parameter. As pointed out in Fig. 

4.15(c), p has a very little effect on the resonance corresponding to the lower disc. An increase in 

p leads to a decrease in the resonant frequency of the upper disc, but the TM13 resonance remains 

nearly unaffected. Similarly, varying the lower disc radius (not shown here) has a significant effect 

on the TM13 resonance and a small effect on that of the TM11 resonance. When p = 5.7mm, 

resonances corresponding to both cavities are merged together to have a single resonance with a 

high input resistance. The smith chart in Fig. 4.15(d) shows a wideband character, when p = 6mm. 

For the present case this wideband nature is of limited use since the pattern corresponding to the 

TM13 resonant has high sidelobes. This has also been confirmed with simulations by observing the 

radiation pattern at various frequencies in the entire band. So, the cases where the two mode 

resonances have different values are not discussed here. For further investigations, we will take 

only the case of a single merged resonance. 

4.5.1 Effect of probe position (s) on resonance and SLL 

The antenna geometry shown in Fig. 4.15(a) shows a probe touching the upper patch. In this 

section, the effect of the probe location on the impedance and radiation properties of the proposed 

antenna is discussed. Both the upper patch (TM11 mode) and lower patch (TM13 mode) are excited 

simultaneously using a single probe. Fig. 4.16(a) and (b) show the effect of probe position on the 

input resistance Rin and impedance. Case s = 2mm, corresponds to the previous section for which 

the resonances are merged (shown in Fig. 4.15(b)) is the reference point. On moving the probe 

towards the periphery of the upper patch, say for the positions s = 4 or s = 5mm, the two resonances 
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(TM11 and TM13) are displaced and antenna no longer has a single merged resonance as shown in 

Fig. 4.16(a) and (b). This behavior is attributed to the individual mode resonance variation with 

the probe position. The upper or lower patch radii can be adjusted to have the same resonances for 

every s. The input resistance Rin and impedance loci are shown in Fig. 4.16(c) and (d), in which, 

the lower patch radius r (values shown in Table 4.6) is adjusted to have a single resonance at 

9.93GHz, for all values of s. This was done to investigate the effect of s on the radiation patterns. 

 

               

                               (a)                                                                            (b) 

                           

                                         (c)                                                                       (d)         
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                                                                                (e) 

Fig. 4. 16  Input resistance and impedance loci with probe position s as parameter for the geometry shown in 
Fig. 4.15 (a),  (a) & (b) for fixed patch radii r, (c) & (d) same resonance with different r values (dimensions in 
mm), (e) Simulated co pol E-plane (solid lines) & cross pol H-plane (dotted lines)  vs theta with probe position 
s as parameter, fr = 9.93GHz (© 2016 IEEE) (All dimensions in mm) 
 
 
 
 

Table 4. 6 Effect of probe position s on E-plane SLL (finite ground plane) r = 2.2,	 s . , h = 0.7874mm, 
t = 0.34mm, p = 5.7mm,  fr = 9.93GHz(© 2016 IEEE) 

 

The Rin shown in Fig. 4.16(c) increases with increase in s. This is due to fact that for the present 

feeding method the total impedance is the series combination of two cavities [94]. It has been 

observed in this study that the exact value of total Rin is somewhat greater than the sum of the 

Probe position s (mm) r (mm) s/r s/p First SLL 
(dB)  

Second SLL (dB) 

1 27.3 0.03 0.17 -16.6 -10.2 

2 27.2 0.07 0.35 -14.11 -10.66 

3 27 0.11 0.52 -15.33 -12.66 

4 26.7 0.15 0.70 -19.7 -11.77 

5 26.5 0.19 0.87 -25.4 -11.55 
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individual cavity resistances. One possible reason is the low level coupling between the two 

cavities and the finiteness of the ground plane.  Fig. 4.16(d) shows that close to the center the 

impedance is inductive.  Fig. 4.16(e) shows the effect of the probe position on the E-plane co 

polarization and H-plane cross polarization patterns. While there is not much difference in the peak 

gain values, a small difference in the second SLL, there is a considerable difference in the first 

SLL, evident from the E-plane co polarization pattern.                          

For every s, the first and second SLL values are provided in Table 4.6. The first SLL increases as 

the probe moves closer to the center. This is due to the increasing contribution of the zero order 

mode radiation fields, which get excited when the probe is placed very close to the center. Also, it 

increases the cross polarization in the H-plane, as shown in Fig. 4.16(e). Very small effect is 

observed in the H-plane co polarization and E-plane cross polarization patterns and hence are not 

shown here. In the third and fourth columns of Table 4.6, the normalized probe location w.r.t lower 

and upper disc radii are shown. Since the probe is electrically touching the upper patch s/p values 

will mainly determine the cross polarization.  

For more physical insight on the SLL performance and its dependency on the probe location, 

individual mode contributions in the total radiated field are calculated. To explain this, let us 

consider the case of an infinite ground plane (inf g). Infinite ground plane simulations are 

performed for the cases of three probe locations of s = 3, 4, 5mm, mentioned in Table 4.6. Effect 

of probe position s can be easily singled out as all three cases have the same resonance and have 

nearly the same p/r ratio. Table 4.7 shows the effect of the probe position on the E-plane SLL.  

The second and third columns show the aperture edge voltage amplitude ratio  and mode 
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amplitude ratio  , respectively. The edge voltage ratio , shown in Table 4.7, can be calculated 

using (4.14)  

 = 
	 	 .

	 	 .
                                                              (4.14) 

 
 
 

Table 4. 7 Effect of probe position s on E plane SLL (infinite ground plane)	 r . 	 s . , h = 

0.7874mm, t = 0.34mm,  fr = 9.93GHz(© 2016 IEEE) 

Probe position s 
(mm) 

 
C
C

 
First SLL (dB) @  (deg) 

     Calculated     Simulated 

3 0.29 1.39 -15.96 @ 39.5 -15.09 @ 43 

4 0.25 1.19 -20.21 @ 39.9 -22.05 @ 43 

5 0.21 1.0 -31.05 @ 40 -30.77 @ 42 

 
 
 

                     

                                         (a)                                                                      (b)      

Fig. 4. 17 Simulated electric field (a) amplitude, and (b) phase inside cavities, r = s = 2.2, fr = 9.93GHz, s = 
3mm, p = 5.7mm, (© 2016 IEEE) 

To calculate the voltage ratio in (4.14),  is needed, which is the mode excitation ratio and is 

obtained here via simulations, by noting the electric field amplitudes at the same radial location 
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( ) on both cavities. In this way, it includes the effect of coupling, which is complex to calculate 

analytically. For instance, when s = 3mm, the simulated electric field amplitudes |Ez| and phase 

variation at the resonance, on both cavities as a function of normalized distance, are shown in Fig. 

4.17(a) and (b). The normalization is with respect to the lower patch radius r. For s = 3mm,  is 

0.11, for which the amplitudes ratio of the electric fields C is calculated as 

C = |Ez13|/ |Ez11|                                                                    (4.15) 

                                                                                    
which is 0.271 or -5.67dB, also shown in Fig. 4.17(a). Using (4.14), one can calculate the edge 

voltage ratio , which is 0.29. Correspondingly, the mode amplitude ratio  can be found by 

using (4.7) & (4.8), shown in Table 4.7. Fig. 4.17(b) shows the phase of the electric fields inside 

cavities. It is visible that electric fields at both apertures have negligible phase differences and 

consequently the edge voltage ratio in Table 4.7 has zero phase difference. 

To examine these values, the relative radiated power patterns in the E-plane are plotted in Fig. 

4.18(b), using (4.11) and subsequently, compared with simulated radiation patterns for three values 

of s. The infinite ground plane antenna geometry for simulation is shown in Fig. 4.18(a).  

Calculated and simulated values of the maximum SLL are shown in Table 4.7. On an average, 

there is a difference of around 3° in the position ( ) of the sidelobes and  0.97dB in the SLL. 

This is possibly due to the fact that in simulations the lower patch, which is acting as a ground 

plane for upper patch, is considered finite. Whereas calculated results, which are plotted using 

(4.11) assumes infinite ground plane for both the cavities. For more precision in the calculated 

results, the effects of finite substrate and ground plane for the upper cavity should be included, 

which account for correction factors mentioned in chapter 5 of [6].  
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                                    (a)                                                                        (b) 

Fig. 4. 18 (a) Antenna on infinite ground plane for study of probe position, (b) SLL variation with probe 
position (infinite ground plane), calculated (solid curves), simulated (dashed curves) 
 

Fig. 4.18(b) points out that moving the probe away from the center the SLL decreases. This is due 

to the change in the edge voltage ratio and correspondingly the mode amplitude ratio . It is 

interesting to find that a small change in s (from 3 to 5 mm) will have a significant impact on SLL. 

This insight provides valuable information about controlling the SLL, when the two modes are 

independently fed by using uncoupled feeds.   

 

Fig. 4. 19 Electric field vector at two radiating apertures (upper & lower) showing TM11 and TM13 modes, r 

= 2.2, s = 2.2, fr = 9.93GHz, s = 3mm 
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To further show the existence of dual mode at resonance, Fig. 4.19 shows the electric field vectors 

at resonance on the radiating apertures of upper and lower patches when s = 3mm. The existence 

of order n = 1 mode is evident in both cavities. Both modes have the same electric field polarity at 

the apertures. Due to less coupling, the TM13 has a weak excitation, as compare to the TM11 mode 

of the upper cavity.   

4.5.2 Effect of lower substrate dielectric constant 

In this section the effect of lower substrate dielectric constant  is investigated, when  = 2.2. 

The antenna geometry under investigation is shown in the Fig. 4.20(a). The input resistance 

variation with frequency and impedance loci are shown in Figs. 4.20(b) and (c), respectively, with 

 as parameter. The upper substrate permittivity is  = 2.2. The probe position is s = 3mm, while 

p and r values are mentioned in Table 4. 8. For comparison of radiation parameters like peak 

directivity, SLL etc., all configurations are designed to resonate at the same frequency. As  

increases, the input resistance  increases and impedance becomes more capacitive, as shown in 

Fig. 4.20(c). 

The radiation pattern variations in the E and H-planes are shown in Fig. 4.20(d) and (e), 

respectively. Table 4. 8 shows the two patch radii, peak directivity, gain, first and second SLL. In 

simulations, the patch radii are adjusted to have the same resonance of 9.93GHz in all cases. When 

	= 1, the first SLL is -3.9dB, which reduces to -26.8dB for  = 3.55 i.e. with increase in the 

lower substrate permittivity. The peak gain is maximum when 	=		 = 2.2.  On the contrary, in 

the H-plane, all three cases have a single beam.     

Simulated results of Fig. 4.20 involve the finite ground dimensions. The pattern shape and sidelobe 

performance can be further explained in the infinite ground plane configuration, geometry of 

which is shown in the Fig. 4.21(a). The three cases shown in Table 4. 8 were simulated using 
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infinite ground plane and their mode amplitude ratio  were calculated in a similar way as 

explained in the previous section. Consequently, for each case the relative power patterns in the 

E-plane are plotted and compared with the simulated plots, as shown in Fig. 4.21(b).  The 

maximum SLL and its position are compared in Table 4.9. The maximum difference is less than 

3.5° in the position and 2.1dB in SLL . For 	= 1,   = 0.60, which is less than what is obtained 

using 	= 2.2, implies a decrease in the TM13 mode contribution to the radiated power and hence 

the pattern shape tends to be more like that of TM11 mode. 

 
 

           

(a) 

Top View 

Side View 
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                                    (b)                                                                        (c) 

                     

                                         (d)                                                                        (e) 

Fig. 4. 20 (a) Antenna geometry for lower substrate study, (b) Variation of resonant input resistance with 
frequency having s as parameter, (c) Impedance loci, s = 3mm, r = 2.2, fr = 9.93GHz, (e) & (f) Effect of lower 
substrate dielectric constant ( s) on co pol (solid) and cross pol (dashed) patterns (finite ground plane), r = 2.2, 
fr = 9.93 GHz, (d) E-plane, (e) H-plane, (© 2016 IEEE) 
 
 
 
 

 Table 4. 8 Effect of lower substrate dielectric constant on gain G & SLL (finite ground) r = 2.2,  fr = 
9.93GHz(© 2016 IEEE) 

 

 p r D (dBi) G(dBi) First SLL(dB)  
@ θ 

Second 
SLL(dB) 

1 5.78 40.4 11.39 10.96 -3.9@ 50° - 

2.2 5.7 27 14.46 13.92 -17.06 @ 34° -12.66 @ 69.5 

3.55 5.65 21.2 12.72 11.75 -26.8 @ 58° - 
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                                 (a)                                                                         (b)                 

Fig. 4. 21 (a) Antenna geometry on infinite ground plane, (b) SLL variation with lower dielectric constant 
(infinite ground plane), calculated (solid curves), simulated (dashed curves) 

   

Table 4. 9 Effect of lower substrate dielectric constant on mode amplitude ratio & SLL (infinite ground 
plane)	 r = 2.2,  fr = 9.93GHz(© 2016 IEEE) 

 

 
 

C
C

 
D (dBi)  

 

First SLL(dB)  @ 	(deg) 

Calculated Simulated 

1 0.10 0.60 10.39 -3.84 @ 50.5 -3.61 @ 49.8 

2.2 0.29 1.39 13.38 -15.96 @ 39.5 -15.09 @ 43 

3.55 0.24 0.91 12.62 -24.35 @ 57.5 -26.5 @ 59 

 

4.5.3 Effect of upper substrate dielectric constant 

This section studies the effect of upper substrate permittivity  on the impedance and radiation 

parameters of the antenna, when the lower substrate permittivity 	= 2.2.  The antenna geometry, 

under investigation, is shown in the Fig. 4.22(a). 

The input resistance Rin and impedance loci are shown in Fig. 4.22(b) and (c). With an increase in 

, Rin increases and the impedance becomes more capacitive. For every	  value, the upper and 

lower patch radii are shown in Table 4.10. Radiation patterns are shown in Fig. 4.22(d) and (e), 
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for E and H-planes, respectively. Simulated radiation parameters like peak directivity, gain and 

SLL are shown in Table 4.10. For all cases the ground plane radius g is taken as 40mm. The peak 

gain is maximum when 	= 1. It decreases with increase in . Comparing, Fig. 4.20(e) and Fig. 

4.22(e), it is observed that the upper dielectric constant has little effect on the H-plane cross 

polarization. For 	= 1, the gain is maximum , which 14.67dBi. The peak directivity for this case 

is 15.12dBi, with first and second SLL of -12.9dB and -21.3dB, respectively, as mentioned in 

Table 4.10. 

 

(a) 

Top View 

Side View 
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 (b)                                                                           (c)                                                 

      

                                       (d)                                                                           (e) 

Fig. 4. 22 (a) Antenna geometry for upper substrate study, (b) variation of resonant input resistance and with 
frequency with r as parameter, (c) Impedance loci	 s = .  , fr = 9.93 GHz, s = 3mm, (d) & (e) Effect of upper 
substrate dielectric constant ( r) on co pol (solid) & cross pol (dashed) patterns (finite ground plane), s = 2.2 
(d) E-plane (e) H-plane, (© 2016 IEEE) 

 

 

Table 4. 10 Effect of upper substrate dielectric constant on gain G & SLL, s = 2.2, fr = 9.93GHz, g = 40mm 
 

 p (mm) r (mm) D (dBi) G 
(dBi) 

First SLL(dB) 
@  

Second SLL(dB) 
@		  

1 8.3 27.2 15.12 14.67 -12.9 @ 37.8° -21.3 @ 80° 

2.2 5.7 27 14.46 13.92 -17.06 @ 34° -12.66 @ 69.5° 

3.55 4.58 26.8 13.66 12.73 -18 @ 31.4° -10.4 @ 70° 
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Again for explanation, in contrast to the previous section, simulations were done for all three cases 

for the infinite ground plane and the mode amplitude ratio  were calculated. Consequently, 

relative power patterns in the E-plane were plotted and compared with simulated patterns shown 

in Fig. 4.23. The difference is less than 0.9dB for all considered cases. Table 4.11 shows the mode 

amplitude ratio, peak directivity and SLL for all three cases. For 	=		 	= 2.2, the aperture edge 

voltage ratio   is 0.29, which increases to 0.56 with a decrease in  and decreases to 0.19 when 

	= 3.55. Correspondingly, the mode amplitude ratio also decreases with decrease in .  

  

                                      (a)                                                                      (b) 

Fig. 4. 23 (a) Antenna geometry on infinite ground plane, (b) SLL variation with upper dielectric constant 
(infinite ground plane), calculated (solid curves), simulated (dashed curves) 

 

Table 4. 11 Effect of upper substrate dielectric constant on mode amplitude ratio and E-plane SLL (infinite 
ground plane) s = 2.2,  fr = 9.93GHz(© 2016 IEEE) 

 

 
 

C
C

 
D (dBi)  

 

First SLL(dB)  @ 	(deg) 

Calculated Simulated 

1 0.56 1.24 14.49 -12.91 @ 41.5 -12.41 @ 42.7 

2.2 0.29 1.39 13.38 -15.96 @ 39.5 -15.09 @ 43 

3.55 0.19 1.4 12.49 -17.84 @ 39.2 -18.61 @ 42 
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4.5.4 Sensitivity of lower and upper layer substrate thicknesses 

Since the antenna involves the combination of two resonances, here we will discuss the resonance 

sensitivity with h and t. In the first case, h is allowed to vary, keeping t constant. Thickness 

tolerances in Rogers datasheet for 0.787 mm thick substrate is 0.001in (0.0254mm). To do 

sensitivity analysis here, we have taken  or  = 0.0254mm. Simulated results for the input 

resistance and E-plane relative patterns, for h sensitivity are shown in Fig. 4.24(a) and (b).  

 

              

                                            (a)                                                                      (b)  
                                      

             

                      (c)                                                                             (d)            
          
Fig. 4. 24 Simulated input resistance vs frequency & E-plane relative patterns, (a) & (b) h sensitivity, (c) & (d) 
t sensitivity, (© 2016 IEEE) 
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The change in the value of h from its initial value of 0.7874mm, will result in a small shift in the 

resonance. This is evident from Fig. 4.24(a). The E-plane patterns of Fig. 4.24(b) show that there 

is a small change in the first SLL. Similarly, Fig. 4.24(c) and (d) show the variation of input 

resistance with frequency and E-plane relative pattern. The initial value of t is 0.34mm and  is 

the variation to check the sensitivity. Comparing Fig. 4.24(a) & (c) and Fig. 4.24(b) and (d), it can 

be pointed out that the antenna resonance and E-plane SLL are more sensitive to the variation in t.  

4.6 Measurement Results 

Based on the analysis and investigation done in the previous section, here we present a design 

example, which is a novel antenna configuration. The design is simulated, fabricated and tested.  

 

Fig. 4. 25 Antenna prototype, r = 2.5, p = 5.35mm, r = 25.3mm, g = 40mm  
 

Top View 

Side View 
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For antenna fabrication, we have used Arlon diclad 527 as the substrate for both layers as shown 

in Fig. 4.25. Following are the design parameters: 	= 2.5,  = 2 .5 tan 	= 0.0018, t = 0.34mm, h 

= 0.7874mm, p = 5.35mm, g = 40mm. In the experimental model, for stacking, glue was used here, 

which created an additional glue layer between the two layers, and hence resulted in displaced 

resonances. This was observed in impedance measurements. To overcome this problem, in 

fabrication, this glue layer has been taken into account and the upper patch radius p was increased 

from 5.35mm to 5.65mm (without and with the glue layer of 0.035mm), in order to have a single 

merged resonance. In the fabricated antenna prototype, the probe position s is 3mm to ensure a 

proper TM13 excitation, though the antenna is not properly matched at that location. The lower 

patch radius r is 25.3mm. Simulated and measured impedance loci and S11 variation with 

frequency are shown in Fig. 4.26(a) and (b). The antenna resonates at 9.94 GHz.  To resolve the 

experimental antenna impedance matching, further analysis was conducted and a design procedure 

was developed to ensure the antenna input impedance match. This study is described in next 

section. 

                  

                 (a)                                                                             (b) 
Fig. 4. 26 (a) Impedance loci (A = 9.88GHz, B = 9.94GHz, C = 10.04GHz), (b) S11 (dB) vs frequency (with air 
gap) for the antenna geometry shown in Fig. 4.25, (© 2016 IEEE) 
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                                        (a)                                                                    (b) 

                   

                                       (c)                                                                          (d)    

                        

                                       (e)                                                                         (f) 

Fig. 4. 27 Radiation pattern, simulated (solid) and measured (dashed) (a) 9.89GHz, E-plane, (b) H-plane, (c) fr 

= 9.94GHz, E-plane, (d) H-plane, (e) fr = 10.04GHz, E-plane, (f) H-plane, (© 2016 IEEE) 
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Fig. 4.27 shows the measured and simulated radiation patterns for three frequencies, designated as 

A, B & C, mentioned in Fig. 4.26(a). The two frequencies A & C, represent 1dB gain bandwidth 

of the antenna, which is 1.6%. The gain patterns were measured in the Compact Antenna Test 

range (CATR) of the Antenna lab, at University of Manitoba. Since this figure is intended to 

compare the achieved SLL, the mismatch losses are excluded from the measured gains. The E-

plane patterns at three frequencies show the sidelobe reduction, and its variation with frequency 

can be explained on the basis of far field mode amplitude ratio, as explained in the previous section. 

Table 4.12 shows the comparison between measured and simulated peak gains. The mismatch 

losses have been added to the measured gains to show the discrepancies between the simulated 

and measured gains.  The measured peak gain of 13.06dBi has been observed at resonance, as 

compared to the simulated gain of 13.79dBi. The loss of 0.73dBi is the degree of uncertainty in 

the measured gains. 

Table 4. 12 Simulated (S) and measured (M) peak gains, for the antenna prototype shown in Fig. 4.25(© 
2016 IEEE) 

 

frequency (GHz) Realized Gain (dBi)  Gain (dBi) 

S M S M 

9.89 (A) 8.72 8.43 12.8 12.02 

9.94  (B) 10.19 9.6 13.79 13.06 

10.04 (C) 9.84 9.39 12.75 12.04 

 

4.7 A discussion on Impedance Match 

In the previous section the parameter s was determined to provide the required low SLL for the 

antenna, which were confirmed in Fig. 4.27. However, Fig. 4.26 showed that the selected s = 3mm 
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did not provide a satisfactory impedance match. Thus, in an actual antenna design s must be 

selected to satisfy both low SLL and satisfactory S11. A simple search method can accomplish this 

task. However, for the sake of understanding the antenna behavior for both SLL and S11, this 

process is handled separately. In this section, we show the sensitivity of S11 to the parameter s. 

This is shown in Fig. 4.28(a) for two values of s = 1 and 3mm, for which the realized gain patterns 

are also shown in Fig. 4.28(b). It is clear that S11 is more sensitive to the value of s than SLL. 

Changing s from 3 to 1mm provided an excellent impedance match of S11 = -21.4dB, which is 

around 19dB improvement. The SLL, on the other hand, did not change significantly. For s = 3mm, 

the second SLL was -16.3dB and increased by 2.5dB to -13.8dB by changing s from 3 to 1mm, 

which is a low sidelobe level and acceptable for microstrip antennas. The peak realized gain for s 

= 1mm is 13dBi. As shown in Fig. 4.28, for s = 1mm, the antenna bandwidth, for S11 	   -10dB, is 

1.2%. 

                     

                                       (a)                                                                        (b)               

Fig. 4. 28 (a) Simulated S11 for s = 1 & 3mm, (b) E-plane gain pattern for s = 1 & 3mm, (© 2016 IEEE) 
 

4.8 Summary 

In this chapter a technique to cancel the sidelobes of TM1m modes, based on a linear superposition 

of modes was presented. It was found that by superimposing the radiated fields of either odd zeros 
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or even zeros of the first order mode of circular microstrip patch, high directivity and low 

sidelobes, in the radiation patterns, can be achieved. Fundamentally, the high directivity and the 

sidelobe suppression were explained by the theory of concentric array of two magnetic rings. This 

is then applied to the case of TM1m modes and it was stated that either odd or even zeros of n = 1 

mode can linearly superimpose to get higher directivities. To demonstrate and to show the practical 

implementation, the linear superposition of two odd modes namely, TM11 and TM13 were done 

using the stacked configuration. The effect of various design parameters, like probe position, upper 

and lower layer substrate thicknesses and the permittivity, on the various impedance and radiation 

parameters were investigated in detail. It was shown that, depending upon the mode amplitude 

ratio, various pattern shapes can be obtained by superimposing the radiation patterns of the two 

modes. For explanation, the dependence of the mode amplitude ratio on the probe position and the 

upper and lower substrate permitivitties were shown by calculation and by full wave simulations 

for the infinite ground plane configurations. The calculated and simulated SLL values for every 

parameter variation were compared and discussed. In addition, the sensitivity of the peak gain and 

the SLL with that of the upper and lower layer thicknesses were discussed and it was found that 

the E-plane SLL is more sensitive to the upper layer thickness. To validate the proposed theory, a 

design example was fabricated and tested. The measurements results show the peak gain of 

13.06dBi with the maximum SLL of 16.30dB. The impedance mismatch issue in the design 

example was also explained and it was shown by simulations that moving the probe closer to 

center, the S11 of 21.4dB can be obtained at the expense of SLL which increased by only 2.5dB.   
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CHAPTER 5 

A HIGH GAIN SINGLE LAYER MICROSTRIP PATCH 
(Single Layer implementation of Linear Superposition of Modes) 

5.1 Introduction 

In chapter 4, for sidelobe suppression, a linear superposition of the TM11 and TM13 modes was 

done using stacked configurations. It was found that the E plane sidelobes were sensitive to the 

upper layer substrate thickness. Also, since the antenna resonance involved the combination of 

two cavity resonances, it was found to be sensitive to the patch radii and the air gap involved 

between the layers, during the antenna fabrication. To overcome these issues, this chapter presents 

a single layer implementation of the linear superposition of modes, used for sidelobe suppression 

in chapter 4. In planar antenna applications, it is always desirable to have a single layer antenna 

configuration.  

The single layer configuration of this chapter presents a novel antenna, which could have used the 

same dual modes of chapter 4, i.e. TM11 and TM13 modes. This approach would have shown the 

advantages or disadvantages of the single layer configuration in SLL and gain, as well as the 

antenna efficiency over stacked geometry of chapter 4. However, to enhance the contribution of 

this chapter, we selected to use the TM12 and TM14 modes, which require larger patch sizes. In this 

manner we would be able to implement the single layer configuration and able to study the 

properties of using two even zeros of the circular patch to achieve much higher gain. 

5.2 Theory 

In the previous chapter, radiated field of two odd zeros, TM11 and TM13 were linearly 

superimposed using stacked configuration to get high gain and low sidelobes.  Similarly, even 
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zeros can also be used to obtain further higher directivity/gain. Fig. 5.1 shows the electric field 

distribution inside the cavity, along the radius, for the TM12 and TM14 modes. Both modes have 

the same electric field polarity at the aperture.  In the case of even zeros, the total far field at 

resonance will be 

			 ,  = , + ,  + , +…..                                                 (5. 1) 

 

 

Fig. 5. 1 Electric field distribution inside cavity along radial direction for TM12 and TM14 modes 

 

                

                                       (a)                                                                          (b) 

Fig. 5. 2 Electric field radiation patterns for TM12 and TM14 modes for r = 1, (a) , E-plane, (b) , H-plane 
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Fig. 5.2 shows the relative magnitude of  and  patterns for the TM12 and TM14 modes, in the 

E-plane and H-plane, respectively, for = 1. In the E-plane radiation patterns, as shown in Fig. 

5.2(a), both TM12 and TM14 modes show high sidelobes. The TM12 mode has only one sidelobe 

and the TM14 mode has three sidelobes.  On the contrary, in the H-plane, shown in Fig. 5.2(b), 

TM12 has only broadside beam with no sidelobes, while TM14 mode shows a single sidelobe. For 

the TM12 and TM14 modes, , , mentioned in (4.2), can be expressed as 

,  = C   cos                                                              (5. 2) 
 

,  = C   cos                                                              (5. 3) 

 

where C12 and C14 are the complex magnitude of the radiated electric fields for TM12 and TM14 

modes. For a negligible propagation phase delay, the resultant radiated electric field pattern 

,  in the E-plane ( 0°) can be written as (5.4).   

,  =	C   + C                                                     (5. 4) 
 
 

For in phase excitations, relative magnitudes of ,  are shown in Fig. 5.3(a)-(c), which 

demonstrates the effect of mode amplitude ratio (c = |C12/C14|) and substrate dielectric constant  

on  radiation pattern shape in the E-plane.  

For = 1, the effect of increasing TM12 mode contribution or increasing c (c = |C12/C14|) is shown 

in Fig. 5.3(a). With an increase in c, the first and second sidelobes reduce considerably, while there 

is a small effect of the third sidelobe. For higher values of c, say for c = 1, the second sidelobe can 

be completely cancelled. Similarly, by increasing , and for higher c values, the third sidelobe 

can be eliminated, as shown in Fig. 5.3(b). Fig. 5.3(b) shows that when  is 2.5, the E-plane 

radiation pattern has two sidelobes, which reduces on increasing the TM12 mode contribution. For 

0.5 	c	 1, the second SLL is reduced to an acceptable level. Simulations and measurements in 
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the following sections confirm these observations about SLL. The peak directivity D, for various 

values of substrate dielectric constant, can be calculated using (4.4).  

              

                (a)                                                                      (b) 

              

              (c)                                                                          (d) 

Fig. 5. 3  patterns (E-plane) for two values of substrate dielectric constant	 r with c = |C12/C14| as 
parameter, (a) r = 1, (b)	 r = 2.5, (c) r = 3.55, (d) Peak directivity D vs c with r as parameter 
 

Fig. 5.3(d) shows the peak directivity D vs c with the permittivity  as parameter. In all three 

cases, the peak directivity first increases, reaches a maximum and then decreases. Similarly, for 
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any value of the substrate permittivity, the mode amplitude ratio for the maximum directivity can 

be calculated. 

5.3 Single Layer Realization 

In the previous section, it was predicted by the theory that the radiated field linear superposition 

of the TM12 and TM14 modes can provide a high directivity, along with reduced sidelobes, in the 

E-plane. This section presents and investigates a practical single layer design geometry to realize 

the theory. Consider a circular patch of radius r on a grounded dielectric substrate of permittivity 

. The ground plane is considered infinite in extent.  

            

                                        (a)                                                                         (b) 

Fig. 5. 4  E and H-plane radiation pattern of the TM14 mode, r = 2.5  (a) Calculated (b) Simulated 
 
 

Table 5. 1 Calculated and simulated directivity D, and SLL for TM14 mode 
 

Parameters Calculated  Simulated 

D (dBi) 10.92 10.60 

First SLL (dB) @  -1.52 @ 28.3 -1.46 @ 28.0 

Second SLL (dB) @  
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For the TM14 mode, with = 2.5, the E and H-plane radiation patterns, obtained using (3.3), are 

shown in Fig. 5.4(a). In the E-plane, the mode radiation pattern shows high sidelobes. The 

calculated peak directivity and the SLL values are shown in Table. 5.1. To validate the results, full 

wave simulations are done using an infinite ground plane condition, for a probe fed circular patch 

of radius r operating in the TM14 mode, shown in Fig. 5.5, designed to operate in the TM14 mode. 

The substrate selected is arlon diclad of 	= 2.5, tan 	= 0.0018 and the substrate thickness h = 

0.7874mm. For the design frequency of 11GHz, the patch radius r is 32mm. The simulated E & 

H-plane radiation patterns are shown in Fig. 5.4(b). As expected, the E-plane radiation pattern 

shows high sidelobes, and in the H-plane, the first sidelobe is 20dB down. In the E-plane, the 

simulated first SLL is -1.46dB at 28°, and -3.88dB at 69°, as mentioned in Table 5.1. Table 5.1 

also shows that simulated values are in good agreement with the calculated values, which shows 

the proper mode excitation in simulations. The maximum difference in SLL is less than 0.45dB.   

 

 
Fig. 5. 5 Geometry of probe fed circular patch on infinite ground plane   

 
 

Top View 

Side View 
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To couple the second zero, or the TM12 mode, a conventional circular patch is loaded with a thin 

annular gap at the position of the second zero, i.e. for k  = 5.331, as shown in Fig. 5.6(a). In this 

way, the TM12 mode is allowed to radiate. The position of second zero can be calculated easily by 

plotting the relative magnitude of cavity electric field, using (2.6), as shown in Fig. 5.6(b). The 

locations of both TM12 and TM14 are indicated in Fig. 5.6(b).   

The width of annular gap opening is denoted by t, inner and outer radii are denoted by p and r, 

respectively, as shown in Fig. 5.6(a). At this point, before going further, it is necessary to discuss 

the past research work done on similar structures.  

          

                                      (a)                                                                        (b) 

Fig. 5. 6 (a) Unloaded and loaded TM14 mode circular patch, (b) Radial variation of |Ez|  inside cavity showing 
the location of TM12 mode (© 2016 IEEE) 
 

In most previous work, the fundamental TM11 mode of the circular disc was placed concentrically 

with the TM12 mode of the annular ring, to get the dual band operation. Later, this geometry was 

used to design antennas for various purposes, like bandwidth enhancement [95], surface wave 

suppression [96], dual band behavior and generating monopole like radiation patterns [97]. In 

 E
z
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general, depending upon the annular slot gap thickness t, this geometry can be divided into two 

cases: 1) for large t as compared to substrate thickness h, 2) for t small and equal to h (t ).  

For the larger thickness t, the geometry has been analyzed and studied in the past as annular ring 

loaded circular patch (ARL).  For the second case of  thin slot gap t,  the geometry shown can be 

viewed as a circular patch loaded with a thin annular slot [98]. This implies that for the present 

case, the outer disc aperture corresponds to the TM14 mode, and the inner disc of radius p 

corresponds to the TM12 mode. In other words, the geometry can be viewed as concentric circular 

patches, similar to the one explained in [89]. This is also shown in Fig. 5.7, which shows the 

fringing fields at the periphery. 

 

Fig. 5. 7 Annular slot loaded patch showing fringing fields 
 

For excitation, a coaxial probe is used. To excite the order n = 1 mode the probe position is kept 

close to the center. The inner patch is directly excited and the outer TM14 aperture is coupled 

through the thin annular gap. Consequently, when excited, it is expected that both modes will 

radiate simultaneously and leads to SLL suppression. To show this, various configurations were 

studied for different t values, using infinite ground plane configurations. The minimum value of t 

was taken as 0.2mm, which is limited by the fabrication. Fig. 5.8(a) and (b) show the unloaded 

and loaded antenna geometries. The SLL suppression is clearly observed by comparing the 

radiation patterns of the UL and loaded cases, shown in Fig. 5.8(c) and (d), respectively. Fig. 5.8(e) 
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shows the simulated z-directed electric field inside the cavity vs normalized distance, for the UL 

case and for t = 0.2mm. Distance is normalized w.r.t r.  For the UL case, the field follows first 

order bessel J1 distribution, which is expected, while for t = 0.2, due to annular gap discontinuity, 

the field magnitude drops which leads to reduced field level at the aperture edge, as compare to 

the UL case. In other words, for t = 0.2 case, c increases, which ultimately leads to reduced SLL, 

as predicted by the theory. The second SLL suppression is around 15dB. 

 

                        
                              
                                   (a)                                                                          (b)  
 

            
                                                                                                                                                                    
                                  (c)                                                                             (d)    
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                                     (e)                                                                     (f) 
 
Fig. 5. 8 (a) TM14 circular patch (UL), r = 32mm, (b) Patch with annular slot at the position of second zero, p 
= 14, r = 32 and t = 0.2mm, (c) Radiation pattern for UL patch, (d) Radiation patterns for t = 0.2mm, (e) 
simulated  |Ez| vs normalized distance /r at resonance, (f) Phase vs normalized distance /r at resonance. 
 
 
 
 

               

Fig. 5. 9 Effect of t (mm) on radiation pattern of the geometry shown in Fig. 5.8 (b),  (a) E-plane pattern, (b) 
H-plane 

With an increase in t, the amplitude of the edge field drops further and leads to a complete second 

SLL cancellation. Various simulated patterns for different values of t are shown in Fig. 5.9(a) and 

(b), for E and H-plane, respectively. It has been observed that, SLL performance is satisfactory 

upto t = 1.5mm. For further large value of t, say for t = 4mm or further, there is a negligible 

coupling to the outer patch, and radiation pattern will be similar that of the TM12 mode. This is 
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confirmed in measurements, by observing the simulated and measured E-plane power patterns, in 

Fig. 5.10, for t = 4mm. 

To further test and investigate the SLL suppression, antenna configurations were studied on finite 

ground planes, via simulations and measurements. The radiation pattern measurements were done 

in Compact Antenna Test Range (CATR) at University of Manitoba.  The simulated and measured 

input resistances, impedance loci and radiation patterns in E and H-planes, for four values of t are 

shown in Fig. 5.10. UL refers to the conventional unloaded TM14 mode patch shown in Fig. 5.10 

(a). The measurements agree well with the simulations. The minimum value of t is taken as 0.2mm, 

which is limited by fabrication tolerances. Fig. 5.10(c)-(d) show that for the UL case, the measured 

resonance is at 10.94GHz, with Rin ~ 120Ω and correspondingly, the E-plane patterns in Fig. 

5.10(g)-(h) show high sidelobes. For annular gap loaded cases, t = 0.2 and 1mm, the input 

resistances Rin have a higher value, Rin > 400Ω, indicating the mode superposition, which 

consequently leads to E-plane SLL suppression as shown in Fig. 5.10(g)-(h). 

                                             

                                     (a)                                                                             (b)     
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                                       (c)                                                                       (d) 

                                                          
                                  (e)                                                                            (f) 
 

                    

                                          (g)                                                                           (h) 
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                                       (i)                                                                                (j) 

                                               

                                               
Fig. 5. 10   (a) UL patch, (b) loaded patch, (c)-(d) Rin , (e)-(f) Impedance loci, (g)-(h) E-plane patterns showing 
SLL suppression, (i)-(j) H-plane pattern, p = 14mm, r = 32mm, g = 45mm, h = 0.7874mm (UL corresponds to 
unloaded TM14 mode circular patch), (© 2016 IEEE) 
 
 

 

Table 5. 2 Simulated (S) and Measured (M) E-plane SLL 
 

 First SLL (dB) @  Second SLL (dB) @  D (dBi) BLL (dB) 

Cases (S)     (M)        (S)       (M) (S) (S) 

UL -2.54 @ 27.5 -2.31 @ 26 -7.44 @ 63.5 -7.23 @ 60.5 12.5 -12.95 

t = 0.2 -8.15 @ 30 -8.55 @ 30 -25.04 @ 62.5 -28 @ 64.5 16.9 -26.06 

t = 1 -9.52 @ 31.5 -9.73 @ 31 -21.95 @ 71 -19.45 @ 68.5 16.5 -29.06 

t = 4 -4.36 @ 61 -4.03 @ 60 - - 9.7 -10.98 

 

The impedance loci, shown in Fig. 5.10(e)-(f), also point to increased input impedance. For large 

t values, t = 4mm, the input resistance again decreases, owing to a negligible coupling between the 
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inner patch and the outer patch. On the contrary, the H-plane radiation pattern shows no sidelobes 

for the loaded gap cases.  Simulated and measured values of the E-plane SLL, along with the peak 

directivity and BLL, for all cases shown in Fig. 5.10, are mentioned in Table 5.2. The maximum 

difference in the position and level is less than 3°, 0.4dB (first SLL) and 2.9dB (second SLL), 

respectively, for all considered cases.      

5.4 A Design Example 

Based on the study done in Section 5.3, here we present a design example of a single layer high 

gain circular patch antenna configuration.  

The antenna geometry shown in Fig. 5.11 is simulated, fabricated and tested. For fabrication, we 

have used Arlon diclad 527 as the substrate with 	= 2.5. Due to a high input impedance, the 

capacitive feed technique [68], has been used here to match the antenna with 50Ω line. For the 

excitation, coaxial probe feed is placed at s = 4mm from the center. For the design frequency of 

11GHz, following are the design parameters: 

                     

                                    (a)                                                                         (b) 

Fig. 5. 11  Antenna geometry (a) Side view, (b) Patch (top view) 
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 = 2.5, Arlon diclad 527, tan  = 0.0018, h = 1.57mm, p = 13.5mm, r = 33mm, t = 0.8mm, g = 

50mm 

Fig. 5.12(a) shows the simulated and measured return losses for the proposed antenna. The 

measured resonance is at 10.92GHz, with S11 of -13.6dB, as compared to the simulated one, which 

is at 10.97GHz with S11 of -23dB. The difference of 0.45% in the resonant frequency and 9.4dB 

in the return loss is primarily due to feed sensitivity as discussed in section 2.6. The measured 

S11	 	-10dB bandwidth is 1%. The radiation pattern measurements were done in antenna lab at 

University of Manitoba. Fig. 5.12(b) shows the picture of mounted antenna on compact range. Fig. 

5.12(c) and (d) show the comparison of the simulated and measured radiation patterns, at the center 

frequency, in the E and H-plane, respectively. The measurement results agree well with the 

simulations. The measured peak realized gain is 14.8dBi, as compared to the simulated gain of 

16dBi. The difference comes from the mismatch loss that is 0.2dBi and the uncertainties in the 

measurements. Also, in the E-plane the measured cross polarization is around 25dB down.  
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                                        (c)                                                                       (d) 

Fig. 5. 12  Simulated and measured results for the antenna geometry shown in Fig. 5.11, (a) S11 vs frequency , 
A = 10.86 GHz, B = 10.92 GHz, C = 10.97 GHz, (b) mounted antenna picture, (c) E-plane radiation pattern,  (d) 
H-plane, (© 2016 IEEE) 
 

 

Fig. 5. 13 Relative power patterns in E-plane for the frequencies marked as  A , B & C, of the antenna geometry 
shown  in Fig. 5.11, (© 2016 IEEE) 
 
 
To check the stability of pattern and the SLL, over S11 bandwidth, the measured E-plane relative 

power patterns are shown in Fig. 5.13, for the edge and center frequencies marked in Fig. 5.12(a), 
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as A, B and C. For the first sidelobe, a very little difference is observed at the lower end, marked 

as A. The maximum first SLL is -11.17dB at resonance. 

 
Fig. 5. 14  Simulated gain vs ground plane radius g for antenna geometry shown in Fig. 5.11 

 

 

Fig. 5. 15   Simulated directivity D and SLL vs frequency for the antenna geometry shown in Fig. 5.11 

 

The variation of the simulated peak gain with ground plane radius g is shown in Fig. 5.14. This 

provides information for selecting the ground plane size. To check the radiation bandwidth of the 
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antenna, the peak directivity and SLL are shown in Fig. 5.15. The peak directivity is 16.5dBi with 

1 dB gain bandwidth of 12.7% and 10 dB SLL bandwidth of 9%.  

 

5.5 A discussion on radiation efficiency 

In the chapter 4, the linear combination of TM11 and TM13 modes were used to design a high gain 

antenna. Similar stacked configurations can also be used in the case of TM12 and TM14 modes. In 

this section, we have discussed the radiation efficiency comparison in both stacked layer and single 

layer designs, for various values of the annular gap thickness t.  

                 

                                 (a)                                                                      (b) 

Fig. 5. 16 Antenna geometry  r = 2.5 , 	= 0.0018,  (a) Stacked TM12 and TM14 configuration h = t = 
0.7874mm, (b) Single layer H = h + t = 1.57mm 

 

For comparison, the total substrate thickness, the substrate permittivity and resonant frequency are 

kept same in both cases. Also the radiation pattern shape should be the same, for both cases. 

Efficiency is calculated by the ratio of gains, for the lossy and lossless cases for the same S11 value. 

This is done here by using the simulated gain values for both designs, instead of realized gains. 
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Also, the impedance loci (not shown here) are nearly same for lossless and lossy antennas in both 

cases.  

    

                                        (a)                                                                           (b) 

Fig. 5. 17 Gains patterns (lossless and lossy) for stacked and single layer case, fr = 11.1GHz,   (a) stacked, (b) 
single layer 

 
 

Table 5. 3 Radiation efficiency comparison of stacked and single layer design for same thickness  
 

 

 

 

 

 

 

 

 

Fig. 5.17(a) and (b) show the gain pattern (lossless and lossy) for the stacked and the single layer 

cases. Table 5.3 shows the calculated efficiencies for both cases. It is found that the single layer 

design is more efficient. 
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5.6 Summary 

This chapter has reported the single layer implementation of the dual mode superposition theory, 

proposed in chapter 4. Leveraging the theory described in the chapter 4, the peak directivity values 

and maximum SLL were calculated for the radiated fields, using a linear superposition of TM14 

and TM12 modes. The effect of mode amplitude ratio on the E-plane SLL was discussed and it was 

found that the maximum peak directivity depends upon the amplitude ratio and substrate 

permittivity.  For single layer realization, it was shown that by loading the conventional TM14 

mode circular patch with an annular slot, at the position of second zero i.e. TM12 mode, both high 

gain and low sidelobes could be achieved. The effect of annular slot thickness on SLL was then 

studied for loaded patch, in infinite ground plane configurations. The dependence of the radiation 

parameters like SLL, peak directivity, BLL, on the annular gap thickness t was investigated. To 

confirm the SLL suppression, the unloaded patch and the various configurations with different 

annular gap thickness values were simulated, fabricated, tested and then compared. The differences 

in the first and second SLL were mentioned.  At last, to show the utilization of the scheme, a design 

example of high gain single feed, single layer microstrip antenna configuration was proposed, 

designed and tested.  By using the combination of TM12 and TM14 modes in the design, this work 

has also demonstrated that the gain as high as 16dBi, with 1-dB gain bandwidth of 12.7%, and the 

maximum SLL of -11dB, with SLL bandwidth of 9% can be achieved. It was also shown that the 

single layer design was more efficient than the stacked layer configuration proposed in chapter 4, 

due to the reduced losses in TM14 mode section. This configuration also constitutes a new 

microstrip patch design that can deliver high gain, without requiring a dual layer geometry. 

Consequently, it is easy to fabricate and feed, and will also be low cost.  
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CHAPTER 6 

CONCLUSIONS 
 

6.1 Conclusions of Thesis 

In this thesis, some novel methods to design and develop high gain low profile circular microstrip 

antenna configurations were proposed and studied. Initially, a brief review of the basic microstrip 

antenna configurations was conducted and their radiation characteristics, were discussed. Then, 

the existing methods and techniques, to obtain directivity/gain enhancement in microstrip patch 

antennas, were discussed. Specifically, the widely used PRS topology of superstrate for gain 

enhancement was discussed and its two main limitations were identified. It was pointed out that 

the increased radiation bandwidth and profile reduction in these antennas (FPC antennas) comes 

at the cost of increased design complexity. The need for developing novel low profile high gain 

microstrip antennas was emphasized in that background study and the surveyed. It was pointed out 

that in the case of circular microstrip patch, the higher zeros of first order mode, or TM1m modes, 

can be used to get higher gains and low sidelobes. As explained in detail in chapter 2, the higher 

zeros of TM1m modes of circular microstrip patch have the problem of high sidelobes in the E-

plane of the radiation pattern. For applications such as radar and wireless communications, high 

sidelobes in antennas are unfavourable since they can transfer the signals in an undesired direction 

which results in interference or in unwanted reception. This transfer of radiated energy in the 

unwanted direction is highly undesirable in the high gain antennas design. Hence reduced 

sidelobes with the preservation of main beam gain are desired and one must find the ways to 

suppressed the sidelobes in the antenna design. This thesis proposes techniques for the E-plane 
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sidelobe suppression in the case of TM1m modes of circular microstrip patch. The three novel 

techniques were proposed, namely:  

1) The use of high permittivity substrates, 

2) Using non-resonant single slot loading of the patch and 

3) Linear superposition of the TM1m modes.  

Corresponding to every technique, as a design example, novel antenna configurations were 

proposed, studied, fabricated and experimentally verified, in the subsequent chapters of the thesis, 

as summarized below. 

Chapter 2 discussed a technique to reduce the E-plane sidelobes of TM1m modes, which was based 

on using high permittivity substrates. At first, the fundamental idea behind the proposed technique 

was illustrated from the radiation characteristics of the magnetic ring, over an infinite ground 

plane. The peak directivity, SLL and radiation patterns in the E and H-planes were studied and 

shown for different sizes of the single magnetic ring. It was pointed out that the size of the single 

magnetic ring, having a cos  distribution, can be adjusted to reduce the high sidelobes in the 

radiation patterns. Subsequently, this was applied to understand the radiation pattern behavior of 

the TM1m modes. The cavity electric fields and the radiation characteristics of TM1m modes, up to 

m = 4, were studied. Based on this investigation, and it was stated that though high gains can be 

achieved by using these modes, their radiation patterns suffered from high sidelobes in the E-

plane. Further the problem of mode excitation was investigated and a suitable probe position was 

found on the basis of modal expansion method and by using full wave simulations. As an example, 

a circular patch with the TM12 mode resonance, was studied on an infinite ground plane 

configuration, and it was shown that by using a substrate permittivity of 6.15, a peak directivity as 
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high as 11dBi, with SLL of  11dB can be achieved. Effects of substrate thickness on the 

efficiency and the losses of the TM12 mode were studied and compared with those of the TM11 

mode. It was found that the loss difference decreases with an increase in the substrate thickness. 

For practical realization, finite ground plane effects on the radiation characteristics of the patch 

were studied and discussed. A parametric study was done via simulations to investigate the ground 

plane effects on the TM12 mode patterns, in comparison with that of the fundamental mode. SLL 

improvement of around 6dB was shown over the infinite ground plane configuration.  Finally, to 

validate the concept, an antenna prototype was designed, simulated, fabricated and tested. Due to 

high input impedance, an annular capacitive gap feed technique was used to match the antenna to 

a 50Ω feed line. The measured S11	 	-10dB bandwidth of the antenna was 0.9%. A measured gain 

of 10dBi with the SLL of  16dB was demonstrated by using a substrate permittivity of 6.15.    

Next, a technique to suppress the sidelobes, using non resonant slot loadings, was proposed and 

discussed in chapter 3. It was found that by embedding a narrow non resonant rectangular slot, at 

the center of a circular patch, operating in the TM12 mode, the E-plane SLL can be suppressed. 

The technique was shown to be effective, even when the patch was printed on low permittivity 

substrates. At first, it was predicted using the theory that the superposition of the radiated field of 

a narrow rectangular slot over an infinite ground plane, with that of the TM12 mode of the circular 

patch over an infinite ground plane, the E-plane SLL can be suppressed, with further increase in 

peak directivity. This was further verified by performing infinite ground plane simulations and it 

was shown that for  = 2.5, a directivity enhancement  3dB over the conventional TM12 patch 

can be achieved.  For practical realization, the slot was embedded at the center of the probe fed 

TM12 mode circular patch. To further confirm the theory, various antenna configurations were 

simulated, fabricated and tested and compared for different slot lengths. It was found that the peak 
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gain and SLL predominantly depended upon the slot length. The effects of various design 

parameters, like slot length, disc radius, and substrate thickness, on the impedance and radiation 

characteristics were investigated and discussed. It was shown that for nearly the same patch radii, 

the increase in SLL was around 10dB as the substrate thickness changed from 0.39mm to 1.57mm. 

Finally, to show the utilization of the proposed technique, a novel antenna design example was 

presented. It was a simple single layer circular patch loaded with a narrow rectangular slot at its 

center, printed on an Arlon diclad 527 substrate, having a substrate thickness of 0.7874mm. Due 

to the high input impedance, a capacitive feed technique was used to impedance match the antenna. 

Measured peak gains as high as 11dBi, with the SLL less than 20dB were demonstrated. Its S11 

bandwidth was 1.56%. The outcome of investigations in this chapter was a new high gain 

microstrip patch antenna with low sidelobes. 

Another technique to reduce the sidelobes was proposed, in chapter 4, which was based upon a 

linear superposition of radiated fields. At first the fundamental theory was explained by using the 

superposition of fields radiated by two concentric magnetic loops of different radii. It was found 

that by linearly superimposing the radiated fields of two magnetic sources, SLL in the radiation 

patterns can be suppressed. Next, by using this concept in the case of a circular microstrip patch, 

it was shown that, either odd or even zeros of the first order mode, or the TM1m modes, can be 

linearly superimposed to get high gains with low sidelobes. As an example, the case of combining 

of two odd TM11 and TM13 modes was investigated. It was shown by the theory that the high 

sidelobes of the TM13 mode can be reduced by adding some contribution from the TM11 mode. In 

addition, the peak directivity also increased.  This was explained in detail by studying and 

investigating a novel antenna, which was based on superimposing the TM11 and TM13 modes in 

stacked configurations. Using analytical equations and full wave simulations, it was demonstrated 
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that the peak gain and SLL depended upon the probe position, the upper and lower layer substrate 

permittivities and thicknesses. Effects of each of these parameters on the input impedance, peak 

gain and SLL were investigated. For further explanation, the mode amplitude ratio was calculated 

for every case and based on that, the calculated E-plane patterns were compared with the simulated 

ones, and the differences were mentioned. It was found that the high gain and low SLL depended 

upon the mode amplitude ratio, which was calculated by using the simulated electric field 

amplitude ratio inside the two cavities. The sensitivity of the upper and lower layer thicknesses for 

the E-plane SLL was also studied and it was found that comparatively, the E-plane SLL was more 

sensitive to the upper layer thickness.  To further validate the concept, an antenna configuration of 

the type was designed, fabricated and tested. Measured gains as high as 13dBi with SLL of  

16dB, were demonstrated. The S11 bandwidth of the antenna was 1.2%. For a single coaxial feed, 

the tradeoffs between SLL and impedance match were discussed and it was mentioned that a 19dB 

improvement in the return loss can be achieved at the expense of increased SLL by 2.5dB.  

The single layer implementation of the above theory proposed in chapter 4 was done in the chapter 

5. For formulation, a superposition of the TM12 and TM14 mode fields was done in a single layer, 

single feed configuration to achieve high gains and low sidelobes. A conventional circular patch, 

designed in the TM14 mode, was loaded by a thin annular slot at the position of the second zero or 

the TM12 mode. This was done to allow the TM12 mode to radiate, and hence superimposed, on 

the radiated field of the TM14 mode. The effects of the width of the thin annular slot on the peak 

directivity, SLL and BLL were investigated and discussed. Infinite ground plane simulations were 

performed to explain the effects of annular slot thickness on the first and second SLL. To validate 

the SLL suppression, both full wave simulations and measurements were done for various finite 

ground plane configurations, having different values of annular gap widths. Measured and 
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simulated values of first and second SLL values were compared and the differences were 

mentioned. As a design example, an antenna configuration was fabricated and tested. The 

measured S11  -10dB bandwidth of the antenna was 1% with a return loss of 13.6dB. Measured 

gains as high as 15dBi, with SLL of  11dBi, were demonstrated. The outcome of this study was 

a new high gain microstrip patch antenna, with embedded annular slot that could generate gains as 

high as 15dBi. This is significant achievement for a single microstrip antenna. At the end, to 

summarize Table 6.1 shows the radiation and impedance parameters of the four-design example 

presented in this thesis. 

Table 6.1 Radiation and impedance parameters of low profile designs achieved in this thesis 
 
 

Antennas D (dBi) G (dBi) SLL (dB) S11 bandwidth (%) Thickness in  

Chapter 2 High permittivity 

TM12 

10.6 9.8 16.3 0.9 0.04 

Chapter 3 Slotted TM12 11.6 10.9 20.0 1.6 0.02 

Chapter 4 Stacked TM11 & 

TM13 

14.5 13.8 16.3 1.2 0.04 

Chapter 5 Single Layer TM12 

& TM14 

16.6 16.0 11.1 1.0 0.05 

 

The maximum error for all the S-parameter simulations results shown in this thesis is limited to 

0.02 or 2%. For the radiation pattern measurement done in the compact range, the gain accuracy 

is 0.5dB while the sidelobes accuracy is 0.55 dB, 0.75 dB and 2.00 dB for -15dB, -30dB 

and -45dB respectively.  
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6.2 Future Work 

The contributions made in this thesis open up new directions for research on high gain microstrip 

antenna designs. Many directions can be looked at. In the following, we discuss some of these 

ideas: 

 Bandwidth enhancement techniques like stacking and slot loading can be used for 

impedance bandwidth enhancements. For example, a typical stacked geometry is shown in 

Fig. 6.1 

 

Fig. 6.1 Bandwidth enhancement by stacking 

An initial study of this geometry has shown the impedance bandwidth improvement. 

 In chapter 3, radiation from single slot was used for sidelobe suppression of the TM12 mode. 

Adjacent slots of the same or different sizes can be used to get the directive beam in the 

near field region. This is due to the out of phase aperture fields in the adjacent slots.   

 In chapter 4 and chapter 5, two modes were used for antenna designs. Since the proposed 

theory proposed is general, further higher gains values may be achieved by superimposing 

the next higher zeros. For example, a linear superposition of TM11, TM13 and TM15 modes 

may be done to get higher gain values. Similarly, even zeros like TM12, TM14 and TM16 

modes may be used to get further higher gains.  
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 Sidelobe suppression of TM1m modes may also be done by the recently introduced 

metasurfaces or specifically designed metascreens.  

 Techniques for beam width equalization in the E and H-planes may also be investigated 

for reflector feed applications. 
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