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CHAPTER 1 

 

 Thesis Overview   
 

1.1 Introduction 
 

In today’s world, microstrip antenna and coplanar waveguide patch antenna are used in all 

wireless communication such as cellular telephony, satellite, portable personal communication, 

aircraft, spacecraft, and missile applications. The growth and popularity of wireless application is 

quite dominant because of its mobility, the demand for high speed transmission of large data, 

customer request for multi-media service, and the need for new technologies, as well. This shows 

that there is a large investment that has been put in to wireless communication by major 

companies in the telecommunication industry.  

 

WLAN is one part of the investment that gains an increase in its usage because it provides high 

quality of services with low cost to more users. The IEEE 802.11 workgroup currently use three 

frequency ranges 2.4 GHz, 3.6 GHz and 5 GHz for WLAN technologies. Each range is divided 

into a multitude of channels. Countries apply their own regulations to both the allowable 

channels, allowed users and maximum power levels within these frequency ranges [1].  

 

According to the IEEE 802.11n standard, WLAN technologies operating at 5 GHz frequency 

range has the frequency spectrum ranges from 5.15 GHz to 5.85 GHz (i.e.; 5.15–5.25, 5.25–5.35, 

and 5.75–5.85 GHz) to construct twelve non-overlapping 20 MHz channels or as many as six 

non-overlapping 40 MHz channels. IEEE 802.11n also takes advantage of new worldwide 

regulatory changes making the 5.47–5.75 GHz band available for unlicensed WLAN use [2]. 

Therefore, in this thesis RMSA and CPW-RPA operating at resonant frequency of 5.5 GHz have 

been designed.  
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1.2 Motivation 

 

Future wireless communication systems will require significantly higher data rates and reduction 

in costs per transmitted bit. The demands on data rate, link quality, spectral efficiency, mobility, 

flexibility and complexity cannot be met with conventional wireless systems. One of the factors 

is the growth of bandwidth requirement in order to provide reliable and good quality of voice, 

multimedia, and data services [3].  

 

Despite their advantages; low profile, light weight, low volume and easy fabrication and so on, as 

compared to the conventional microwave antennas, narrow bandwidth and low gain are the two 

major limitations of microstrip and coplanar waveguide antennas. The compact configuration of 

MSA and CPWA is the main factor to these limitations. The smaller the antenna, either the 

operation bandwidth or the antenna efficiency (gain) will be decreased. However, in comparison 

with MSA, CPWA has higher bandwidth but lower gain. Therefore, in this thesis bandwidth 

enhancement has become a major consideration in the design MSA.   

 

1.3 Statement of the Problem 

 

In wireless communication system antenna is the key element to establish communication link 

and cover wide frequency range. To ensure efficient and reliable connectivity in a WLAN system 

and to utilize fully the frequency spectrum of a 5 GHz band based on IEEE 802.11n standard, 

MSA should have broader bandwidth [1, 2]. 

However, inherent narrow bandwidth of a few percent is one of the principal disadvantages of 

MSA in its basic form. This is a limitation for the growth of future bandwidth requirement. That is 

why this thesis is dealing with bandwidth enhancement of the conventional MSA.  

 

1.4 Objective 

 

The general objective of this thesis is to review the fundamental principles about MSA and 

CPWA. The specific objectives are to design: conventional RMSA, BW-Enhanced RMSA by using 

the technique called “lowering the total quality factor”, and to design CPW-RPA. Finally, we will 

compare their bandwidth and gain performance.  
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1.5 Literature Review 

 

Throughout the years after microstrip radiators was first proposed by Deschamps in 1953 and the 

first practical MSA were fabricated in 1970s [6], several authors have dedicated their time to 

create new designs with variation to the original antenna design. That is, they have come with the 

property either wider bandwidth or multiple-frequency operation or size reduction, and so on. 

Some of the researches conducted by others in the area of bandwidth enhancement of MSA are: 

 

• “Bandwidth Enhancement of A Microstrip Antenna Using Negative Inductance As    

Impedance Matching Device”, by Adnan Kaya, Selcuk Kilinc, E. Yesim Yuksel, and 

Ugur Cam [19]. 

� BW enhancement of MSA is achieved by using a floating negative-inductor 

circuit as a compensation (matching) network;  

� The simulation results show that compensation network can improve the 

bandwidth from 17.21% to 32.67%. 

• “Bandwidth Enhancement for Microstrip Antenna in Wireless Applications”, by RSA 

Raja Abdullah, D Yoharaaj and A Ismail [20].  

� BW enhancement of MSA is achieved by using Identical Dual-Patch 

Microstrip Antenna with Air-Gap (IDMA);  

� This technique takes the advantage of using the air gap to increase the 

total thickness of the microstrip antenna which is essential for bandwidth 

enhancement;  

� By using this technique, a bandwidth enhancement of about 11% has been 

achieved. 

Another interest area of this thesis is coplanar waveguide patch antenna. CPW was originally 

proposed by C. P. Wen from RCA Laboratory in 1969. The term coplanar lines is used for those 

transmission line where all the conductors are in the same plane; namely, on the top surface of 

the dielectric substrate. The original design assumed the adjacent ground strip widths and 
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dielectric thickness were infinite. Over the years, many inventors modified the design to achieve 

superior attenuation and dispersion characteristics for meeting specific applications. Some of the 

researches conducted by others related to this area are: 

• “Electric Field in Coplanar Patch Antennas (CPA): Simulation and Measurement”, by 

K. Li, C. H. Cheng, T. Matsui and M. Izutsu [31]. 

This paper revealed that the coplanar waveguide patch antenna behaves more like a 

microstrip patch antenna rather than a loop slot antenna based on intensive 

electromagnetic field simulations of the structure and experiments on the antenna. 

Particularly: 

� The resonant frequency of the antenna is primarily determined by the patch 

length (L) of about a half guided wavelength instead of the total loop size; 

� Electromagnetic simulation also demonstrated the similar distribution of the 

electric fields around the slots as the distribution around the microstrip patch 

edges; 

� Similar tendency of the input impedance versus the length (L) of the patch has 

been also observed. This makes possible to realize an impedance matching by 

only adjusting the width (W) of the patch. 

• “Broad-Band Double-Layered Coplanar Patch Antennas With Adjustable CPW 

Feeding Structure,” K. F. Tong, K. Li, T. Matsui, and M. Izutsu [34]. 

� This paper presented the double-layered coplanar patch antennas of enhanced 

impedance bandwidth and adjustable conductor backed coplanar waveguide 

feed lines; 

� The proposed structure retains the advantage of laying the coplanar patch and 

CPW feed line on the same surface, which makes direct integration with other 

devices easier; 

� In addition, the substrate thickness of the radiating patch can be adjusted to 

achieve a wider impedance bandwidth while the dimensions of the CPW feed 

line are kept unchanged. 
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However, for this thesis I have implemented one of the techniques called “lowering the total 

quality factor” to enhance the bandwidth of the conventional RMSA. This has also been achieved 

by increasing the substrate height and patch width, but keeping the dielectric constant the same.  

 

1.6 Thesis Outline 

 

The thesis is organized as:  

 

Chapter 1: This chapter gives the thesis overview. 

 

Chapter 2: Presents the basic concept of microstrip antenna, patch shapes, its advantages and  

                   disadvantages, its principles of operation, feeding techniques, methods of analysis  

                   and antenna main parameters. 

 

Chapter 3: This chapter presents an introduction to the coplanar waveguide antenna, its  

  advantages and disadvantage over convention microstrip antenna, its methods of      

  analysis.  

 

Chapter 4: This chapter describes the design of conventional and bandwidth-enhanced  

                    rectangular microstrip antenna and coplanar waveguide rectangular-patch antenna. 

 

Chapter 5: The simulation result obtained, the comparison between theoretical and simulation  

                    results and the comparison of bandwidth and gain among the three antennas are  

                    discussed here.  

 

Chapter 6: In this last chapter the conclusion and the recommendation for future work is  

       Presented 
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CHAPTER 2 

  

Microstrip Antenna  
 

2.1 The Basic of Microstrip Antenna 
 

Microstrip antennas are one of the most widely used types of antennas in the microwave 

frequency region, and they are often used in the millimeter-wave frequency range as well. Below 

approximately 1 GHz, the size of a microstrip antenna is usually too large to be practical and 

other type of antennas such as wire antennas dominate. Microstrip antennas consist of a very thin 

metallic strip (patch) (t << λo, where λo is the free-space wavelength) that is on top of a grounded 

dielectric substrate of thickness h (h << λo, usually 0.003λo ≤ h ≤ 0.05λo), with relative 

permittivity and permeability εr and µr as shown in Figure 2.1 (usually µr = 1). The dielectric 

substrate constants are usually in the range of 2.2 ≤ εr ≤ 12 [5, 7]. The one that are most desirable 

for good antenna performance are thick substrates whose εr value is in the lower end of the range 

because they provide better efficiency, larger bandwidth, loosely bound field for radiation into 

space, at the expense of larger element size. Thin substrates with higher dielectric constants are 

desirable for microwave circuitry because they require tightly bound fields to minimize undesired 

radiation and coupling, and lead to smaller element size; however, because of their greater losses, 

they are less efficient and have relatively smaller bandwidth [4].    

 

 

 

Figure 2.1 General structure of microstrip antenna [6].  
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2.2 Patch Shapes 
 

The radiator should be a material with low ohmic loss and high conductivity at the operating 

frequency (such as copper or gold). The shape can be an ordinary rectangle, square, ellipse, 

circle, triangle, ring, and so on. In addition, more complex variations on the basic shapes are 

frequently used to meet particular design demands, as shown in Figure 2.2. The selection of a 

particular patch shape depends on some specific requirements such as: polarization, bandwidth, 

gain, etc. Generally, the antenna’s characteristics are defined by the excited operating modes, 

which depend on the shape and dimensions of the patch, the thickness and dielectric constant of 

the substrate, as well as the feed arrangement [5]. 

 

 

 

 

 

Figure 2.2 (a) basic microstrip patch antenna shape commonly used in practice; (b) other 

                        possible geometries for microstrip patch antennas [4, 5, 6]. 
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2.3 Advantages and Disadvantages of Microstrip Antennas  
 

MSAs have several advantages compared to conventional microwave antennas. Some of the 

principal advantages are [4, 6, 7]:  

 

• Light weight, low volume, and thin profile configurations, which can be made 

conformal; 

• Low fabrication cost, readily amenable to mass production; 

• Dual-frequency and dual-polarization can be easily made; 

• When mounted to a rigid surface they are mechanically robust; 

• Can be easily integrated with microwave integrated circuits; 

• Feed lines and matching networks can be fabricated simultaneously with the antenna 

structure; 

• Adaptive elements can be made simply adding appropriate placed pin or varactor 

diodes between the patch and ground plane. Using loaded elements we can vary the 

antenna’s resonant frequency, polarization, impedance, and even its pattern by simply 

changing bias voltages on the diodes [8]. 

 

However, MSAs also have disadvantages: 

 

• Narrow bandwidth and associated tolerance problem; 

• Lower gain; 

• Large ohmic loss in the feed structure of array; 

• Complex feed structure is required for high performance arrays; 

• Polarization purity is difficult to achieve; 

• Poor end-fire radiation, except tapered slot antennas; 

• Lower power handling capability; 

• Excitation of surface waves. 
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2.4 Basic Principles of Operation 
  

The metallic patch essentially creates a resonant cavity, where the patch is the top of the cavity, 

the ground plane is the bottom of the cavity, and the edges of the patch which appears as slots 

form the sides of the cavity. The edges of the patch act approximately as an open-circuit 

boundary condition. Hence, the patch acts approximately as a cavity with perfect electric 

conductor on the top and bottom surfaces, and a perfect magnetic conductor on the sides. This 

point of view is very useful in analyzing the patch antenna, as well as in understanding its 

behavior. Inside the patch cavity the electric field is essentially z directed and independent of the 

z coordinate. Hence, the patch cavity modes are described by a double index (m, n) [7]. 

 

 
 

Figure 2.3 Geometry of microstrip patch antenna: (a) side view showing substrate and ground  

                   plane, (b) rectangular microstrip antenna [9]. 

 

 

Consider the microstrip patch antenna is connected to a microwave source. Energizing the patch 

will produce a charge distribution on the upper and lower surfaces of the patch, as well as on the 

surface of the ground plane, as shown in Figure 2.4. The charge distribution is controlled by 

attractive and repulsive forces. The attractive force is between the corresponding opposite 

charges on the bottom side of the patch and the ground plane, which tends to maintain the charge 

concentration on the bottom of the patch. The repulsive force is between like charges on the 

bottom surface of the patch, which tends to push some charges from the bottom surface, around 
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its edges, to its top surface. This movement of charges creates corresponding current densities Jb 

and Jt, at the bottom and top surfaces of the patch, as shown in Figure 2.4 [4, 6].  

 

 
 

Figure 2.4 Charge distribution and current density creation on microstrip patch [4, 6].  

  

For most practical MSAs, the ratio Wh  is very small. Therefore, the attractive force between the 

charges dominates and most of the charge concentration and the current flow remain underneath 

the patch. A small amount of current flows around the edges of the patch to its top surface and is 

responsible for a weak magnetic field tangential to the edges. Hence, we can make a simple 

approximation that the tangential magnetic field is zero and one can place magnetic walls all 

around the periphery of the patch. This assumption has greater validity for thin substrates with 

high εr. Also, since the substrate used is very thin compared to the wavelength (h << λ) in the 

dielectric, the field variations along the height can be considered to be constant and the electric 

field nearly normal to the surface of the patch. Consequently, the patch can be modeled as a 

cavity with electric walls (because the electric field is near normal to the patch surface) at the top 

and below and four magnetic walls along the edges of the patch (because the tangential magnetic 

field is very weak). Therefore, the only possible mode that exists within the cavity is TMmn [6].  

 

For the rectangular patch shown in Figure 2.3(b), the TMmn mode has a normalized electric field 

that is given by [7, 9] 

 

                   














=
W

yn

L

xm
yxE mn

z

ππ
coscos),(                       2.1 

 

 

where, L is the patch length and W is the patch width. 
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Near the patch resonance frequency only one mode is dominant, namely, m = 1, n = 0. This is the 

mode associated with the radiation from the patch. The remaining other modes are to represent 

the interaction between the feed and the patch plus additional energy storage. Therefore, the usual 

mode of operation for a broadside pattern is the TM10 mode, which has no field variation in y 

direction [9]. In this mode the patch essentially acts as a wide microstrip line of width W that 

forms a transmission-line resonator of length L that is approximately one-half wavelength in the 

dielectric. The width W is usually chosen to be larger than the length L, typically W = 1.5 L to 

maximize the bandwidth, since the bandwidth is proportional to the width. However, the width 

should be kept less than twice the length to avoid the excitation of undesired modes [7, 9]. 

 

For the rectangular patch, the dominant TM10 mode has an electric field of the form [7, 9]  

 

                          






=
L

x
yxE z

π
cos),(                                               2.2 

 

The corresponding surface current on the bottom of the metal patch is then x directed, and is 

given by [7] 

 

                            






=
L

x

j

L
xJ sx

π
ωµ
π

sin)(                                                                      2.3 

 

 

For TM10 mode, the electric-field and magnetic-surface-current distributions along the periphery 

(side wall) and inside the microstrip cavity are illustrated in Figure 2.5. The magnetic currents 

along the width W are constant and in phase while those along length L vary sinusoidally and are 

out of phase. The phase reversal along the length is necessary for the antenna to have broadside 

radiation characteristics. For this reason, the W edge is known as the radiating edge since it 

contributes predominantly to the radiation. The L edge is known as the non-radiating edge. The 

current is maximum at the center of the patch, x = L/2, while the electric field is maximum at the 

two radiating edges, x = 0 and x = L, as shown in Figure 2.5(a). 
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Figure 2.5 For the dominant TM10 mode of a rectangular MSA: (a) electric field and magnetic  

                  surface current distributions along the periphery; (b) electric field distribution in the  

                  microstrip cavity [4, 6].  

 

 

2.5 Antenna Directivity and Gain 

 

The directivity, D, is the measure of the directional properties of an antenna compared to those of 

an isotropic antenna. The directivity is always greater than 1 since an isotropic radiator is not 

directional. The directivity is defined as the ratio of the radiation intensity (U) in a given direction 

from the antenna to the radiation intensity averaged over all directions (U0). The average 

radiation intensity is equal to the total power radiated by the antenna divided by 4π. If the 

direction is not specified, the direction of maximum radiation intensity is implied. Stated more 
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simply, the directivity of a nonisotropic source is equal to the ratio of its radiation intensity in a 

given direction over that of an isotropic source [4, 6, 7, 14]. That is, 

  

radrad P

U

P

U

U

U
D π

π
4

40

===               2.4 

 

where U is radiation intensity of a given antenna and U0 is radiation intensity of an isotropic 

source. 

 

The expression for approximately calculating the directivity D of the RMSA is given by [12] 

 

dBWD
r













++≅

ε

6.1
log106.62.0              2.5 

 

where W is patch width and εr  is  substrate dielectric constant. 

 

Antenna gain, G, (in a given direction) is defined as the ratio of the intensity, in a given direction, 

to the radiation intensity that would be obtained if the power accepted by the antenna were 

radiated isotropically. The radiation intensity corresponding to the isotropically radiated power is 

equal to the power accepted (input), Pin, by the antenna divided by 4π [4, 6, 7, 14].  

 

inP

U
G π4=                  2.6 

 

We can write that the total radiated power (Prad) is related to the total input power (Pin) by 

 

incdrad PeP =                2.7 

 

where ecd = eced is antenna radiation efficiency (i.e., ec is conduction efficiency and ed is 

dielectric efficiency). It is very difficult to compute ecd, but it can be determined experimentally 

or we can obtain from the simulation output details.  
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Therefore, Eqn. (2.6) becomes 

 

De
P

U
eG cd

rad

cd =







= π4               2.8 

 

 

2.6 Bandwidth Definition 
 

 

The bandwidth of an antenna is the range of frequencies within which the performance of the 

antenna, with respect to some characteristic, conforms to a specific standard. Hence, the 

bandwidth may be calculated by using the frequencies fu and fl at the upper and lower edges of 

the achieved bandwidth [5, 10] 
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            2.9 

 

 

The bandwidth of an antenna can be defined for impedance, radiation pattern and polarization 

depending on the characteristics selected [5].  

 

• Impedance is the basic consideration for all antenna design, which allows most of the 

energy to be transmitted to an antenna from a feed or a transmission system at a 

transmitter, and from an antenna to its load at a receiver in a wireless communication 

system.  

• Radiation pattern ensures that maximum or minimum energy is radiated in a specific 

direction.  

• Polarization of an antenna minimizes possible losses due to polarization mismatch 

within its operating bandwidth.  
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In the absence of any stated characteristics preference, the impedance bandwidth or VSWR 

bandwidth will be specified for MSA. The reason is, it is usually the variation of impedance 

which limits the standard of the performance rather than the variation of pattern [11]. The 

bandwidth used in this thesis is targeted at the impedance bandwidth, which is defined below. 

 

 

2.7 Impedance Bandwidth 

 

In general, microstrip patch antenna is a strongly resonant device. Its input impedance varies 

greatly with frequency even though the inherent impedance of its feed remains unchanged. If the 

antenna can be well-matched to its feed across a certain frequency range, that frequency range is 

defined as its impedance bandwidth. The impedance bandwidth of a MSA is determined by its 

impedance characteristics. A more practical approach is to define it in terms of its input 

parameters. The return loss (S parameter: ІS11І) or a VSWR over a frequency range, is commonly 

used to define the antenna bandwidth. It is also a meaningful parameter, as it signifies the 

reflected power not available to the antenna, i.e., the return loss. The RL of a MSA is normally 

assumed satisfactory if it is better than -10dB or -15dB. Assuming that the feeding transmission 

line that connects to the patch is perfectly matched at the resonance frequency; the fractional 

bandwidth is thus defined as [5]  

 

                                                         
rf

f
BW

∆
=                                                                      2.10 

 

where fr is the impedance resonance frequency of the patch, ∆f = fu - fl  is bandwidth,  fu and fl are 

the upper and lower frequencies on either side of the resonance frequency. 

 

As the one-port circuit, an antenna is described by a single scattering parameter S11 or the 

reflection coefficient Γ, which gives the reflected signal and quantifies the impedance mismatch 

between the source and the antenna. Hence, the input VSWR and return loss (RL) are defined by 

[12, 15] 

    
Γ−

Γ+
=

1

1
VSWR                       2.11 
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 Γ−=
Γ

== log20
1

log20
1

log20)(
11S

dBinRL          2.12 

 

 

The following scale shows the relationship between VSWR and return loss [14]: 

 

 

 
 

 

The reflection coefficient, Γ, is a measure of reflected signal at the feed-point of the antenna. It is 

defined in terms of input impedance Zin of the antenna and the characteristic impedance Z0 of the 

feed line as given below [12] 

 

    
oin

oin

ZZ

ZZ

+
−

=Γ                                                                        2.13 

 

 

The power reflected back from the antenna is |Γ|
2
 times the power available from the source and 

the power coupled to the antenna is (1 - |Γ|
2
) times the power available from the source. 

Therefore, the optimal VSWR occurs when | Γ | = 0 or VSWR = 1. This means that all power is 

transmitted to the antenna and there is no reflection. Practically, VSWR ≤ 2 (or 31≤Γ ) 

which is translated to a reflection of about 11% of the input power is acceptable for most 

applications [15]. Figure 2.6 shows the graphical representation of antenna bandwidth definition. 
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Figure 2.6 Return loss, S11 (in dB) versus frequency [15].  

 

Then, a more meaningful definition of the fractional bandwidth is over a band of frequencies 

where the VSWR at the input terminals is equal to or less than a desired maximum value, such as 

VSWR = 2 or 1.5 or a return loss, S11 of less than −10 dB or −15 dB. Hence, a modified form of 

Eqn. (2.10) that takes into account the impedance matching is [6, 14, 33] 

 

VSWRQ

VSWR

f

f
BW

tr

1−
=

∆
=                                                      2.14 

 

where Qt is total quality factor and Eqn. (2.14) is valid for Qt >> 1. 

 

If the value of VSWR is taken at 2, then Eqn. (2.14) will be 

 

tr Qf

f
BW

2

1
=

∆
=              2.15  
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An empirical formula by Jackson and Alexopolus for the bandwidth (VSWR < 2) is [6, 22] 
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In general, bandwidth is proportional to the volume, for instance, for a rectangular microstrip 

antenna at resonant frequency BW can be expressed as [5] 

 

 

r

r

rr

heightwidthlengthheightareavolumeBW

ε
ε

εε
111
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⋅⋅=⋅=∝

                    2.17 

 

 

Therefore the bandwidth, BW, is inversely proportional to the square root of the dielectric 

constant, εr. Then, lowering the substrate permittivity increases the bandwidth of the patch 

antenna. However, this has the disadvantage of making the patch larger.  

 

2.8 Quality Factor 
 

For a resonant type of antenna such as the microstrip antenna, it is common to express the 

physical parameters of interest in terms of the quality factor, or Q, of the antenna. It is also useful 

in determining the VSWR bandwidth of the antenna. The quality factor is defined as [9] 

 

             







=

in

s

r
P

U
Q ω                                                       2.18 

     

where ωr=2πfr  is the resonance frequency in radian/s, Us is the energy stored inside the patch 

cavity at resonance, and Pin is the average power going into the antenna, which is equal to the 

average power being radiated and dissipated. A microstrip antenna has both dielectric and 

conductor (ohmic) losses, and possibly surface-wave loss as well. The surface-wave loss depends 

on the environment surrounding the patch [9].  
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The total quality factor is related to the component quality factors as [6, 9] 

 

   
cdswspt QQQQQ

11111
+++=                                                       2.19 

 

where Qsp, Qsw, Qd, and Qc denote the space-wave, surface-wave, dielectric and conductor quality 

factors corresponding to the powers radiated into space, launched into surface-wave, dielectric 

loss, and dissipated by conductor loss, respectively. The power carried away by the surface wave 

increases with increase in substrate thickness. However, for thicknesses satisfying [6, 33] 
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≤                            2.20 

 

the antenna loss associated with the surface wave can be neglected (i.e., mmh 756.1≤  in our 

case, this appears to be the value where the surface wave is about 10% of the space wave and is a 

reasonable compromise between bandwidth and efficiency in most cases) [33]. The radiation 

efficiency of the antenna decreases due to the power carried away by the surface waves. Hence, 

the decrease in efficiency can be used as a criterion in deciding the value of the substrate 

thickness for the patch. 

 

The variation of Qt with dielectric constant εr, substrate height h and patch width W can be 

approximated as [6]    
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From Eqns. (2.15) and (2.16), we can approximately obtain the relation between Qt and dielectric 

constant εr, substrate height h and patch width W as  
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Figure 2.7 shows that BW enhancement of conventional RMSA is achieved at the values where Qt 

is equal to 14.11. This value has been obtained after several iterations were made to find the 

values of W and h (i.e.; W = 26 mm and h = 1.95 mm). The patch width, W was chosen to be 

1.5xL in order to get better BW and to avoid the excitation unwanted mode, as well. In addition, 

the substrate height, h was carefully chosen considering the value of h obtained from Eqn. (2.20) 

and from the values of h in the range of 0.003λo ≤ h ≤ 0.05λo without affecting the overall antenna 

radiation efficiency.  

 

 

 

  Figure 2.7 The variation of Qt of the antenna as a function of W x h for εr is 2.2. 

 
 

 

2.9 Method of Analysis  

 

The MSA generally has a two-dimensional radiating patch on a thin dielectric substrate and 

therefore may be categorized as a two-dimensional planar component for analysis purposes. The 

analysis methods for MSAs can be broadly divided into two groups [12]. 
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2.9.1 Analysis Method Based on Magnetic Current Distribution  

 

In this group, the methods are based on equivalent magnetic current distribution around the patch 

edges (slots) of the antenna. There are three popular analytical techniques, such as:  

 

� Transmission Line Model;  

� Cavity Model; 

� Multiport Network Model (MNM). 

 

These methods offer both simplicity and physical insight. The radiation from the MSA is 

calculated from the equivalent magnetic current distribution around the periphery of the radiating 

patch, which is obtained from the corresponding voltage distribution. Thus, the MSA analysis 

problem reduces to that of finding the edge voltage distribution for a given excitation and for a 

specified mode.  

 

2.9.2 Analysis Method Based on Electric Current Distribution 

 

In this second group, the methods are based on the electric current distribution on the patch 

conductor and the ground plane. Some of the numerical methods for analyzing MSAs include: 

 

� Method of Moments (MoM);  

� Finite-Element Method (FEM);  

� Spectral Domain Technique (STD);  

� Finite-Difference Time Domain (FDTD) Method. 

 

These techniques give results for any arbitrarily shaped antenna with good accuracy, but they are 

time-consuming. These methods can be used to plot current distributions on patches but 

otherwise provide little of the physical insight required for antenna design. 
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2.10 Bandwidth Enhancement Techniques 

 

Despite a number of useful properties, a narrow bandwidth is a major disadvantage of MSAs in 

practical applications. For present-day wireless communication systems, the required operating 

bandwidths for antennas are about 7.6% for a GSM; 890–960 MHz, 9.5% for a DCS; 1710–1880 

MHz, 7.5% for a PCS; 1850–1990 MHz, and 12.2% for a UMTS; 1920–2170 MHz, and so on 

[13]. To meet these bandwidth requirements, many bandwidth-enhancement or broadband 

techniques for MSAs have been carried out for many years.  

 

A variety of bandwidth enhancement techniques have been developed using the three major 

approaches categorized under Table 1. It is known that the factors affecting the bandwidth of a 

microstrip patch antenna are primarily the shape of the radiator, the feeding system, the substrate 

and the arrangements of radiating and parasitic elements [5].  

 

Table 1 Broadband techniques for MSAs.  

 

Approach 

 

Techniques 

 

 

Lower the quality factor, Q 

 

� Select the radiator shape 

� Thicken the substrate 

� Lower the dielectric constant 

� Increase the losses 

 

 

 

Use impedance matching 

� Insert a matching network 

� Add tuning elements 

� Use slotting and notching patches 

 

 

 

 

Introduce multiple 

resonances 

� Use parasitic (stacked or co-planar) 

elements 

� Use slotting patches, insert impedance 

networks 

� Use an aperture, proximity coupling 
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CHAPTER 3  

 

Coplanar Waveguide Antenna  

 

 3.1 The Basics of Coplanar Waveguide   

 

Coplanar waveguide was originally proposed by C. P. Wen from RCA Laboratory in 1969. The 

term coplanar lines is used for those transmission line where all the conductors are in the same 

plane; namely, on the top surface of the dielectric substrate. The original design assumed the 

adjacent ground strip widths and dielectric thickness were infinite as shown in Figure 3.1. Over 

the years, many inventors modified the design to achieve superior attenuation and dispersion 

characteristics for meeting specific applications.  

 

 

 

 

Figure 3.1 A perspective view of a conventional CPW showing center conductor width w (w=2a),  

                  and slot (gap) width s (s=b-a), with infinite ground plane widths (Wg=∞) and infinite  

                  dielectric material thickness (h=∞). 

 

 

A conventional CPW on a dielectric substrate consists of a center strip conductor with semi-

infinite ground planes on either side is shown in Figure 3.2. This structure supports a quasi-TEM 

mode of propagation [23, 24].  
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Figure 3.2 A perspective view of symmetrical CPW showing the finite width of ground plane  

      conductor. 

 

Since the CPW has the central strip and the ground planes both on top of the dielectric carrier 

material, it forms a real planar waveguide. Because, in principle, it is a three-conductor line, it 

can carry two fundamental modes: (a) the so-called “even mode” which has equal potentials of 

the ground planes, and (b) the so-called “odd mode” which has ground potentials of different 

signs but equal magnitude. 

 

Figure 3.3 shows the electric and the magnetic field distribution of (a) the even mode (coplanar 

waveguide mode) and (b) the odd mode (slotline mode). The even mode is a quasi-TEM mode 

with even symmetry with respect to the symmetry plane, its dispersion is very low [24], and it is 

normally used for application in circuit design. The electric field lines begin (or end) at the center 

conductor and they end (or begin) on the two surrounding ground planes. The magnetic field 

lines enclose the center conductor. If current is transported on the center conductor (e.g., with 

direction into the paper plane as shown in Figure 3.3(a)), the current densities in the ground 

planes have the opposite direction. Because of the low dispersion of the fundamental “even 

mode” very broadband applications are possible, making this mode propagation applicable in 

microwave integrated circuits. 
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Figure 3.3 Electric and magnetic field distribution of (a) the even mode and (b) the odd mode on  

                  a coplanar waveguide [24]. 

 

The electric field lines of the odd mode start on one ground plane and end on the other ground 

plane as shown in Figure 3.3(b), which means that the potentials of the two ground planes have 

opposite signs. Not all of the electric field lines touch the center conductor. In the case of 

infinitely wide ground planes the odd mode, like a slot-line mode, is a hybrid mode and has 

magnetic field components in longitudinal direction and its dispersion can be considered large. If 

the ground plane width is finite, the magnetic field lines may be closed in the cross section 

enclosing the ground planes [24].  

 

3.2 CPW Advantages and Disadvantages 

 

The CPW offers several advantages over conventional microstrip line: 

 

• It simplifies fabrication, facilitates easy shunt as well as series surface mounting of 

active and passive devices. 

• The characteristic impedance Z0 is determined by the ratio of ( )sww 2+ as shown in 

Eqns. (3.4) and (3.10), so size reduction is possible without limit because the design 
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of a CPW line with a particular Z0 is non-unique, i.e., an infinite range of w and s 

values will result in a specific Z0 requirement. However, a similar situation does not, 

unfortunately, exist with microstrip. Because the characteristic impedance Z0 is very 

largely determined by the ratio of strip width (usually denoted W) to height h and the 

substrate permittivity εr. This results in a unique value of W for a required Z0 as h is 

nearly always fixed by an earlier design decision. 

• Immediate access to adjacent power planes provide shorter power delivery path (i.e. 

lower inductance) to boost active devices performance. 

• Bottom reference plane provides structural strength. 

• In some cases, CPW gives lower conductor losses and dispersion. 

• Adjacent strips provide excellent isolations to minimize crosstalk on the same 

metallization layer. 

• Coplanar circuits can be designed smaller in size than microstrip-based integrated 

circuits because additional ground planes on top of the substrate can reduce the 

coupling between adjacent lines. In fact, space reduction in the order of 30–50% [24] 

is possible if coplanar circuits are used instead of microstrip-based circuits. 

 

Likewise, there are also disadvantages of CPW circuits where some are listed below. 

 

• Parallel plate configuration produces zero cutoff frequency modes. 

• CPW without conducting plane has lower thermal dissipation and lower structural 

strength. 

• In general, CPW experience higher losses compared to microstrip. 

• High frequency losses due to over-moding are more common on CPW than 

microstrip. 

• The two fundamental modes can propagate on the line with zero cutoff frequency if 

the two ground planes are not held at the same potential. 

• CPW side strips generate both odd and even modes current that can cause serious 

mode coupling. 
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3.3 Method of Analysis 

 

Coplanar lines have been studied using quasi-static approximation methods or full-wave 

methods. While full-wave methods are at the same time the most accurate tools for obtaining the 

TL characteristics and the most analytically extensive, quasi-static methods are quite simple but 

do not treat the dispersive nature of a generic TL. Consequently, the approximation of the QSM 

becomes worse as the TL becomes dispersive. It is known that the error in the QSM increases if 

the TL does not support a “TEM” or “quasi-TEM” mode. With certain assumption and 

approximation CPW (the approximation is very good until 20 GHz) can support a “quasi-TEM” 

mode, so that the CPW transmission line characteristics can be studied by employing two simple 

QSMs, i.e., the “conformal transformations (mapping)” and “finite differences”. However, in this 

thesis we used the “conformal transformations” method since it is the simplest and most often 

used QSM [29]. 

 

 

3.3.1 CPW Analysis Using Conformal Transformations Method 
 

 

Figure 3.4 shows the CPW as it is used in most applications. In principle, it is a planar three-strip 

line [23, 24]. For a true TEM-mode propagation on a waveguide, a homogeneous medium is 

needed in the cross section of the line. In the case of the CPW, the field carrying space of the line 

has a piecewise homogeneous medium only. This, as is well known, leads to different phase 

velocities of possible waves in the different media. Because of the boundary conditions in the 

plane between the media, only one mode with a common phase velocity in all media can 

propagate along the line, so that a hybrid mode is built up which has not only transversal field 

components, but also longitudinal electric and magnetic field components [24]. In the case of the 

fundamental coplanar mode, these field components are small compared to the transversal 

components, especially at low frequencies. But with increasing frequency the influence of these 

longitudinal components becomes larger. This means that the wave propagation along the line 

can no longer be described using frequency-independent characteristic parameters (impedance, 

phase velocity). This frequency dependence of the line parameters, which is called the dispersion 

of the line parameters, is strongly dependent on the field distribution and the geometrical 

parameters of the considered line [24]. 



Bandwidth and Gain Performance Comparison of RMSA and CPW-RPA 

 

28 

 

 

 

Figure 3.4 CPW Schematic with finite width and finite dielectric thickness [23].  

           

In brief, the basic approach used in the conformal transformation method is to assume that the 

dielectric substrate has perfect conductivity and relative permittivity, respectively. Hence the 

structure is considered to be lossless. Further the dielectric substrate materials are considered to 

be isotropic. In addition, the conductor (metallic) thickness t is assumed to be zero, as shown in 

Figure 3.5(a), and magnetic walls are present along all the dielectric boundaries including the 

CPW slots. The CPW is then divided into several partial regions that resemble a parallel plate 

capacitor and the electric field is assumed to exist only in that partial region, then the capacitance 

of each partial region is determined separately [16, 23].  

 

 

 

Figure 3.5 The influence of the metallization thickness on the line parameters of the CPW [24]. 
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Hence, the approximate value of effective permittivity εreff and characteristics impedance Z0 will 

be determined using conformal mapping method [23]. In this manner the total capacitance of the 

coplanar waveguide CCPW is then the sum of the partial capacitances C1 and Cair [23, 24, 25, 26] 

 

airCPW CCC += 1                3.1 

 

where C1 is the partial capacitance of the CPW with the dielectric layer and Cair is the partial 

capacitance of CPW in the absence of the dielectric layer. 

 

The effective dielectric constant εreff has also the following relation: 
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The expressions for the partial capacitances C1 and Cair of the CPW will be given by [23, 24, 25] 
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where ε0 is free space permittivity, i.e.; ε0 = 8.854 x 10 
-12

 F/m.  

 

The modulus (i.e.; k and k0) and complementary modulus ( k′ and 0k′ ) of the complete elliptical 

integrals K(k1), )()( 11 kKkK ′=′ , K(k0), )()( 00 kKkK ′=′  are given by 
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In general the function K(k) is called the complete elliptical integral of first kind, and 

)()( 11 kKkK ′=′  is the complete elliptical integral of the second kind. They are expressed by 
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where ξ is the real part of the complex modulus (or arguments). 

 

Substituting Eqn. (3.3) in Eqn. (3.1), we obtained 
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which yields, 
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In a well-designed case of a coplanar waveguide, the fields of the even mode are kept close to the 

gaps and this situation does not change much with frequency, especially not if the slot width s is 

small. If the height of the dielectric carrier material is large or if there is no air region under the 

substrate, then the effective dielectric constant of the even mode as a first approximation is given 

by [24] 
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Further, the phase velocity vph and characteristic impedance Z0 are defined as 
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where c is the velocity of light in free space (i.e., c = 3x10
8
 m/s). 

 

Therefore, the characteristic impedance Z0 becomes 
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Note that, the general expression for the ratio of 
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 is given by the following expression 
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Note that, Hoffmann, in his handbook, argues that when the ground-plane width Wg fulfills the 

condition ( )swWg 25.0 +≥ , the effect of the ground width on the characteristic impedances of the 

even and the odd mode can be neglected [24, 28]. However, the effective dielectric constant of 

the odd mode strongly decreases with increased values of Wg because in the case of a large 

ground-plane width, the electric field concentration in air is much higher than in the case of small 

ground plane width. However, the effective dielectric constant of the even mode, which is of 
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more interest to the circuit designer, is less affected by the width of the ground planes because the 

electromagnetic field is concentrated in the area around the gaps [24]. 

 

 

3.4 CPW Patch Antennas 
 

A radiating element is constructed from a conventional CPW structure by widening the center 

strip conductor to form a rectangular or square patch. This patch produces a single-lobe, linearly 

polarized pattern directed normal to the plane of the conductors. The advantage gained over 

conventional microstrip patch antenna is lower cross polarized radiation from the feed [23]. The 

feed system in these antennas is directly coupled, electromagnetically coupled, or aperture 

coupled to the patch. 
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CHAPTER 4  

  

Antenna Design   
 

In this thesis I have chosen rectangular-patch shape for both microstrip and coplanar waveguide 

antennas design. Rectangular patch shape is selected because it is easy for analysis and it is 

commonly used configuration.  

 

4.1 Feeding Technique 
 

The feed element (or port) is to transfer RF or microwave energy efficiently from the 

transmission system to the antenna radiator. Selection of the feeding technique is governed by 

number of factors [6]. The most important consideration is the efficient transfer of power 

between the radiating structure and feed structure, that is, impedance matching between the two. 

In general, the design of the feeding structure directly governs the impedance matching, operating 

modes, spurious radiation, surface waves and the geometry of the antenna. Therefore, the feeding 

structure plays a vital role in widening the impedance bandwidth and enhances radiation 

performance [5].  

 

In EMPIRE simulation software, there are several feeding techniques (ports) available to transmit 

electromagnetic energy to the radiating structure. Such as: coax or probe, microstrip line (MSL), 

stripline, waveguide (WG), coplanar waveguide (CPW), and lumped.    

 

Therefore, in this thesis, coupling electromagnetic energy from the source to the radiating patch 

was fed by using lumped port. Because, at RF and low microwave frequencies, lumped-elements 

can be used in the circuit design if the length of its element is very small in comparison to the 

wavelength and they have the advantages of small size and wider bandwidth, lower cost and they 

have lower quality (Q) factor. Previously lumped element was limited to 10 GHz; however, with 

the advent of new photolithographic techniques, the fabrication of lumped elements can now be 

extended to 60 GHz and beyond. Therefore, lumped-elements can be used for feeding RF power 
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to the patch in both RMSA and CPW-RPA configurations since its impedance value can be easily 

tuned to the desired values [15, 16, 17].  

 

In general, a lumped port is [18]: 

 

� A general purpose port which is commonly used when a compact port is required; 

� Cannot be placed on the boundary – must be placed inside the boundary; 

� It consists of a current source with a parallel load (with default impedance: 50 Ω) as 

shown in Figure 4.1(b); 

� Incident and reflected waves are separated using the reference impedance. 

 

A lumped-element in microwave circuits is defined as a passive component whose size across any 

dimension is much smaller than the operating wavelength so that there is no appreciable phase 

shift between the input and output terminals. Generally, keeping the maximum dimension less 

than 20λ is a good approximation where λ is guide (dielectric) wavelength. 
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Figure 4.1 RF coupling system (a) lumped port terminating a metallic strip (patch), and  

                  (b) lumped port schematic diagram[18]. 

 

 

4.2 Rectangular Microstrip Antenna   

 

The rectangular shape is one of the simplest and widely used MSA configurations in practice 

because of its simple shape and attractive characteristics. The basic antenna element is strip 

conductor (patch) of dimension L x W, as shown in Figure 4.2, on a dielectric substrate of 

dielectric constant εr and thickness h backed by the ground plane. The coordinate axis is selected 

such that the length L is along the x direction and width W is along the y direction.  
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Figure 4.2 A RMSA with lumped port (a) top view; (b) side view; (c) coordinate system [12]. 

 

 

4.2.1 Transmission Line Modeling 
 

The objectives of antenna analysis are to predict the radiation characteristics such as radiation 

patterns, gain, and polarization as well as input impedance, bandwidth, mutual coupling, antenna 

efficiency, and so on. Modeling RMSA with a transmission-line for analytical approach is the 

simplest of all and it gives good physical insight but it is less accurate. It represents the antenna 

by two slots of width W and height h separated by a transmission line of length L, as shown in 

Figure 4.3(c). 

 

A RMSA operating at TM10 mode can be visualized as a transmission-line, because the field is 

uniform along the width and varies sinusoidally along the length. The fringing fields along the 

edges and radiation from the slots are modeled by their equivalent susceptance B and 

conductance G separated by the length L of the patch; respectively, as shown in Figure 4.3(d). 

Due to the dimensions of the patch are finite (i.e., in length and width) the fields at the edges of 

the patch undergo fringing. The fringing fields act to extend the effective length of the patch. 
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Thus, the length of a half-wave patch is slightly less than a half wavelength in the dielectric 

material.  

 

 

 

Figure 4.3 For the fundamental TM10 mode of RMSA: (a) electric field distribution (fringing  

                   effect); (b) two radiating slots (c) two-slot model of a rectangular patch antenna; 

                   and (d) equivalent transmission-line model [12]. 
 

 

4.2.2 Fringing Effect 

 

Figure 4.3(a) shows the presence of field lines in the air at the edges of the patch, which is called 

fringing field. This is a nonhomogeneous line of two dielectrics; typically the substrate and the 

air. The amount of fringing is a function of the width of the patch W and the height h of the 

substrate. As can be seen, most of the field lines reside in the substrate and parts of some lines 
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exist in air. If all the fields existed between the patch and the ground plane, the dielectric constant 

would be that of the substrate. Instead it is somewhat less than that of a substrate. Therefore, an 

effective dielectric constant εreff  is introduced to account for fringing and the wave propagation in 

the air. That is, the expression for εreff  is given by [4, 6, 17]  
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For a rectangular microstrip patch antenna, the resonance frequency, fr for any TMmn mode is 

given by [12] 
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where c is free-space speed of light, m and n are modes along the L and W, respectively. 

 

 

For the dominant TM10 mode, the resonant frequency of the microstrip antenna is a function of its 

length. Now Eqn. (4.2) reduces to 
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In practice, the fields are not confined to the patch. A fraction of the fields lie outside the physical 

dimensions of the patch due to fringing effect. Hence, Eqn. (4.3) must be modified to include the 

edge effect and we obtain    
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where Leff  is effective length and it is shown in Figure 4.3(b). 
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4.2.3 Patch Width and Length 

 

Patch width has a minor effect on the resonant frequency and radiation of the antenna; but it 

affects the input resistance and bandwidth to a larger extent. That is, a larger patch width 

increases the power radiated with a decrease in resonant resistance, increase in bandwidth, and an 

increase in radiation efficiency. With proper excitation we can choose a patch width greater than 

the patch length without exciting undesired modes. The disadvantage of larger width W is the 

generation of grating lobes (multiple main beams) in antenna arrays, and increasing patch size 

which is not preferred. The patch width should be selected to obtain good radiation efficiency and 

it is suggested that  21 <<
L

W  [6]. 

 

For an efficient radiator, a practical width W that leads to good radiation efficiencies is given by 

[4, 12] 

 

                                         
1

2

2 +
=

rrf

c
W

ε
                                                                                4.5    

 

However, the patch length determines the resonance frequency and it is a critical parameter in the 

design of microstrip antenna [6]. The lowest-order mode, TM10, resonates when the effective 

length Leff  across the patch is a half-wavelength (λ/2). Hence, from Eqn. (4.4) we obtain  
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Eqn. (4.6) implies that the fundamental TM10 mode field varies one λ/2 cycle along the length, 

and there is no variation along the width of the patch. Therefore, in order to operate in this mode, 

the length L of the patch must be slightly less than λ/2 (i.e., L < λ/2) where λ is the wavelength in 

the dielectric medium and is equal to reffo ελλ = , and ro fc=λ  is free-space wavelength.  
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It is observed from Figure 4.3(a) and (b) that the vertical components of the electric field (E-field) 

at the two edges along the width are in opposite directions and hence cancel one another in the 

broadside direction, whereas the horizontal components are in the same direction and hence 

combine in the broadside direction. Therefore, the edges along the width are termed as radiating 

edges. The fields due to the sinusoidal distribution along the length cancel in the broadside 

direction, and hence the edges along the length are known as nonradiating edges. The fringing 

fields along the width can be modeled as radiating slots as shown in Figure 4.3(b) [12]. 

 

Because of the fringing effects, the electrical length of the patch of the microstrip antenna looks 

greater than its physical dimensions as shown in Figure 4.3(b). That is, the dimension of the patch 

length on each end is extended by a distance ∆L, which is a function of the effective dielectric 

constant εreff and the width-to-height (W/h) ratio. A practical approximate relation for the 

normalized extension of the length is given by [4, 5, 6, 7, 14] 

 

 

 

                                              4.7                                                       

 

 

 

From Figure 4.3(b), the effective length of the patch is 

 

                                         LLLeff ∆+= 2                                                                                4.8 

 

The actual length of the patch can now be determined using Eqns. (4.6) and (4.8)  
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4.2.4 Ground Plane Dimensions (Lg and Wg) 
 

The transmission line model, cavity model, and multi-network model only consider infinite 

ground plane. However, in practice, the size of the ground plane is finite. The finite ground plane 

effect can be taken into account by numerical techniques. However, it should be noted that the 

simulation time is least when the ground plane is infinite because only the patch is analyzed with 

its perfect image. For the finite ground plane, on the other hand, both the patch and the ground 

plane are divided into number of segments and hence the simulation time increases. However, 

similar results for finite and infinite ground plane can be obtained if the size of the ground plane 

is greater than the patch dimensions by approximately six times the substrate thickness all around 

the periphery [12]. Hence, the ground plane dimensions would be given by 
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                                 4.10 

 

 

 4.2.5 Feed Point Location 

 

After determining the patch dimensions L and W for a given fr, εr and h, the next step is to 

determine the feed point location (xf, yf) so as to obtain a good impedance match between the 

generator impedance (i.e., usually taken to be 50 Ω) and the input impedance of the patch 

element. Although the feed point can be selected anywhere along the patch width, for linear 

polarization the patch is usually fed along the centerline yf = W/2. So that TM0n modes (n is odd) 

will not be excited along with the TM10 mode. If the patch is fed at a distance xf from one of the 

radiating edges along the patch length or x distance from the center of the patch (i.e., 
fx

L
x −=

2
) 

along its length, then the value for xf  or  x is given approximately by [6, 14] 
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where both Rin and Re are defined in Eqns. (4.12) and (4.16). 

 

                                         

4.2.6 Resonant Input Impedance  

 

For the fundamental TM10 mode, since there is maximum voltage and minimum current at the 

edges as shown in Figure 2.5(a), the input impedance of the RMSA varies from a zero value at its 

center to the maximum value at the radiating edges. Hence, feed point location controls the 

resonant input impedance. When the patch is fed at the edge of the patch (xf = 0) the input 

impedance is highest and smallest (essentially zero) when the patch is fed at the center (xf = L/2). 

Therefore, to obtain impedance matching with the lumped port (generally a 50-Ω feed line), the 

feed point should be placed at the location where the input impedance of the antenna matches the 

characteristic impedance of the feed. For the lumped port at a distance x from the center of the 

patch (or xf distance from one of the radiating edges), the input impedance Rin of the RMSA at 

resonance can be approximately calculated by either of the two relations [6, 7, 12, 14] 
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where Re is input resistance at the edge (slot), and it can be computed using Eqn. (4.16). 
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4.2.7 Conductance  

 

Each radiating slot is represented by a parallel equivalent admittance Y (with conductance G and 

susceptance B). This is shown in Figure 4.3(d). The slots are labeled as #1 and #2. The equivalent 

admittance of slot #1, based on an infinitely wide, uniform slot, is given by [4] 

 

                                             111 jBGY +=                                                                   4.13 

 

The total admittance at slot #1 (input admittance) is obtained by transferring the admittance of 

slot #2 from the output terminals to input terminals using the admittance transformation equation 

of transmission lines. Ideally the two slots should be separated by λ/2. However, because of 

fringing effect the length of the patch is electrically longer than the actual length. Therefore, the 

actual separation of the two slots is slightly less than λ/2. If the reduction of the length is properly 

chosen (typically 0.48λ < L < 0.49λ), the transformed admittance of slot #2 becomes [4]  

 

                                  11222

~~~
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Therefore, the total resonant input admittance becomes real and is given by 

 

121 2
~

GYYYin =+=                      4.15 

 

Since the total input admittance is real at resonant, the input impedance at the edge (slot) Re is 

also real, and is given by 
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where rRG 11 = , is slot (edge) conductance and Rr is radiation resistance of the slot.  
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For better accuracy, the radiation resistance will be given by the following approximations [4, 12] 
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Therefore, the input impedance, Rin, of Eqn. (4.12) will reduce to 
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4.2.8 Bandwidth Percentage Approximation  

 

The expressions for approximately calculating the percentage BW of the rectangular microstrip 

antenna in terms of patch dimensions and substrate parameters is given by [12]   
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                                   4.19 

 

 
where W and L are the width and length of the patch and h is height of substrate of the MSA. 

 

 

4.3 Conventional Rectangular Microstrip Antenna Design 

 

Now the microstrip antenna is designed for 5 GHz WLAN application operating at resonance 

(central) frequency, fr, 5.5 GHz. The basic antenna parameters for a RMSA are obtained by using 

Eqns. (4.1) through (4.19). The dielectric substrate material selected for this design is RT/Duroid 

5880 with εr = 2.2, and height h is 1.6 mm which is in the range of 0.003λo ≤ h ≤ 0.05λo. The RF 

signal is feed by using lumped port. Antenna parameters obtained analytically (theoretically) are 

listed in Table 2. 
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Table 2 List of Conventional RMSA parameters and their analytically obtained values. 

 

Parameters Conventional Rectangular MSA 

Operating Frequency, fr = 5.5 GHz 

Substrate Height h = 1.6 mm 

Dielectric Constant εr = 2.2 

Conductor type and 

metallization thickness 

Cu, 18 µm 

Effective Permittivity εreff  = 2.036 

Free-space wavelength λo = 54.546 mm 

Patch Width, W  

Ground Plane Width, Wg 

W = 21.561 mm 

Wg = 31.161 mm 

Extension of length and 

effective length of the patch 

∆L = 0.834 mm, and 

Leff  = 19. 114 mm 

Patch Length, L 

Ground Plane Length, Lg 

L = 17.446 mm 

Lg = 27.046 mm 

Lumped port location xf  = 6.434 mm ( or x = 2.289 mm) 

yf  = 10.781 mm 

Bandwidth (Approximate value)  BW = 3.962% ( or 217.915 MHz) 

 

 

4.4 Bandwidth-Enhanced Rectangular Microstrip Antenna Design 

 

Bandwidth enhancement is achieved using one of the techniques called lowering the quality 

factor. MSA is considered as a high-Qt, and lowering the value of Qt by reducing the energy 

stored around the radiator or increasing losses broadens the bandwidth at its resonance. As shown 

in Eqns. (2.21) and (2.22) of section 2.8, Qt is inversely proportional to substrate height h and 

patch width W. Therefore, optimizing the feed point location and keeping all other parameters the 

same, increasing h and W to a certain value will lower the value of Qt; hence the bandwidth will 

also increase. 
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Table 3 List of BW-Enhanced RMSA parameters and their analytically obtained values. 

 

Parameters Bandwidth-enhanced Rectangular MSA 

Operating Frequency, fr = 5.5 GHz (this is kept constant because 

L is not changing) 

New Substrate Height h = 1.95 mm (increasing by 21.875% from 

initial value of h = 1.6 mm) 

Dielectric Constant εr = 2.2; (New εreff = 2.035 ) 

Conductor type and  

metallization thickness 

Cu, 18 µm 

Free-space wavelength λo = 54.546 mm 

Patch Width, W 

 

Ground Plane Width, Wg 

W = 26 mm (increasing by 20.588% from 

initial value of W = 21.561 mm) 

Wg = 37.7 mm 

Patch Length, L 

 

Ground Plane Length, Lg 

L = 17.446 mm (kept constant to get the 

same resonant frequency) 

Lg = 27.046 mm 

Lumped port location xf  = 4.2 mm (after optimizing the feed 

point location) 

yf  = 13 mm (W/2) 

Bandwidth (Approximate value) BW = 5.296% ( or 291.28 MHz) 

 

 

4.5 Coplanar Waveguide Rectangular-Patch Antenna Design 

 

A CPW-RPA, as shown in Figure 4.4, consists of a patch surrounded by closely spaced ground 

conductor on a dielectric substrate, and is then very suitable to CPW-fed structure. The patch is 

formed by widening the center strip conductor of the CPW. The feed is a short length of CPW 

which is connected at the center of the patch. The center strip conductor of the CPW feed line is 
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then connected to lumped port which is then attached to the rectangular conductor sheet for 

termination. The outer conductor of the lumped port is attached to the CPW upper ground plane.  

 

The configuration of CPW patch antenna itself is actually not a new structure. The structure was 

first introduced by J. W. Greiser back in 1976, and several research works on the antenna were 

published. Then, the antenna shown in Figure 4.4 was considered as a loop slot antenna up to 

recent years; however, after several researches and findings based on intensive electromagnetic 

field simulations of the structure and experiments on the antenna, the CPW patch antenna 

behaves more like a microstrip patch antenna rather than a loop slot antenna [15, 16]. 

 

Hence, taking this into consideration, I have designed a CPW-RPA operating at resonant 

frequency of 5.5 GHz using dielectric substrate of RT/Duroid 5880 with εr = 2.2 with height h is 

1.95 mm. The CPW feed line was designed to be of 50 Ω in order to match the lumped port for 

maximum power transfer. The parameters of dielectric substrate and geometric dimensions of 

CPW-RPA and its CPW feed line length are listed in Table 4. 

 

The fields along the feed side slot and outer side slot are in phase and of almost uniform 

distribution in the horizontal direction. No field changes to be out of phase along both the input 

side and outer side slots though an equivalent total length of the slot W + S at outer side is 

about rελ06.1 , where λ0 is the wavelength in free space at 5.5 GHz, is longer than one and a 

half guided wavelength, while the fields along the left and right side slots show an out of phase 

variation where the equivalent length of the slots 22 SLS ++  is about rελ052.0 , close to a 

distribution of the microstrip patch in mind, the coplanar waveguide patch antenna at the resonant 

point is much more like a “patch” than a “loop slot”. The resonant length of coplanar patch 

rrL ελελ 00
2

1
47.0 ≈≈  also follows the same rule as for the microstrip patch antenna. 

Hence, the antenna shown in Figure 4.4(a) is a “coplanar waveguide patch” antenna not a “loop 

slot” antenna. Then, analytically we can approximately calculate the width and length of the 

coplanar waveguide patch using the following relations, respectively [30, 31]  
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where the CPW rectangular-patch slot width S is taken to be 1 mm in this particular design. 

 

 

 

 

Figure 4.4 Configuration of CPW antenna: (a) Schematic of CPW-RPA, (b) Electric field  

                   distribution along the slots surrounding the patch with a CPW feed line [23, 24, 31]. 
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Now with the assumption that all conductors are infinitely thin and perfectly conducting, the 

following equation is used to calculate the central strip width (w) of the CPW feed line for a 

given substrate (h, εr) and a required characteristic impedance (Z0) by choosing an appropriate 

slot width (i.e., s is taken to be 1 mm) [32] 
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where Z0 is usually taken to be 50 ohm, and η0 = 120π . 

 

The CPW feed line length (Lfeed) is approximately given by [30, 31] 
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Table 4 List of CPW-RPA parameters and their analytically obtained values. 
 

 

Parameters 

 

CPW Rectangular-Patch Antenna 

Operating frequency, fr = 5.5 GHz 

Substrate height h = 1.95 mm 

Dielectric constant εr = 2.2 

Effective permittivity εreff  ≈ 1.6 

Conductor type and 

metallization thickness 

Cu, 18 µm 

Free-space wavelength λo = 54.546 mm 

CPW feed line s-w-s: (1.0-1.6-1.0) mm 

Lfeed 18 mm 

CPW rectangular-patch        L = 17.25 mm 

W = 57 mm 

S = 1.0 mm 
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CHAPTER 5 
  

Simulation Results and Discussion  
 

5.1 Simulation  

 

The designed antenna was drawn into EMPIRE
TM

 XCcel simulation software of version 5.4 in 

order to analyze the theoretical computational results obtained for each antenna type. The 

simulation software used finite-difference time-domain method to analyze the antennas. FDTD 

technique computes the fields on the structure in the time domain. This method handles 

moderate-sized structures and readily includes complex material properties such as biological 

features. FDTD divides the region into cubic cells and when excited by pulse feeding functions, it 

produces wide frequency bandwidth responses. The FDTD method solves the coupled Maxwell’s 

curl equations directly in the time domain by using finite time steps over small cells in space. The 

method reduces the differential equations to difference equations that can be solved by sets of 

simple equations. The method alternates between the electric and magnetic fields solved at 

locations a half-step apart because central differences are used to approximate derivatives [14].  

 

5.2 Simulation Results  
 

 

Tables 2, 3 and 4 contain lists of theoretically obtained antenna parameters and we used them to 

draw the configurations of conventional RMSA, bandwidth-enhanced RMSA and CPW 

rectangular-patch antenna into the simulation software, respectively. Each antenna is then 

simulated at resonant frequency and their output results are presented below. 
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A) Physical Structure  

 

The 2D and 3D views from GANYMEDE editor of Empire simulator shows layout of the general 

physical structures of each antenna as shown below. 

 

 

 

(a) 

 

 

 

 

(b) 
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(c) 

 

  Figure 5.1 Conventional RMSA structure: (a) 2D-top view, (b) 2D-side view, (c) 3D-view. 

 

 

 

(a) 
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(b) 

 

Figure 5.2 BW-Enhanced RMSA structure: (a) 2D-top view, (b) 2D-side view.  

 

 

 

 

(a) 
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(b) 

 

Figure 5.3 CPW-RPA structure: (a) 2D- top view, (b) 3D- view.  

 

 

B) VSWR and Return Loss  

 

Here the simulation results show that the antenna BW can be obtained either from the 2:1 VSWR 

plot or from the RL, S11, plots. The fr of the antenna is obtained at 5500 MHz. The antenna 

bandwidths obtained are: 196.5776 MHz (i.e., 3.574%), 315.341 MHz (i.e., 5.734%) and 

384.2327 MHz (i.e., 6.986%) for conventional RMSA, BW-Enhanced RMSA and CPW-RPA, 

respectively.  
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(a) 

 

 

 

(b) 

 

Figure 5.4 Conventional RMSA (a) VSWR versus frequency graph; (b) S11 versus frequency  

                  graph: from both graphs (#1) shows fl = 5402.2 MHz; (#2) shows fu =5598.7776  

                  MHz; and (#3) shows resonance frequency fr =5500 MHz. 
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(a) 

 

 

 

(b) 

 

Figure 5.5 BW-Enhanced RMSA (a) VSWR versus frequency graph; (b) S11 versus frequency  

                  graph: from both graphs (#1) shows fl = 5344.5299 MHz; (#2) shows fu =5659.873  

                  MHz; and (#3) shows resonance frequency fr =5500 MHz. 
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(a) 

 

 

 

(b) 

 

Figure 5.6 CPW-RPA (a) VSWR versus frequency graph; (b) S11 versus frequency graph: from  

                   both graphs (#1) shows fl = 5310.4796 MHz; (#2) shows fu =5694.7123 MHz; and  

                   (#3) shows resonance frequency fr =5500 MHz. 
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C) Smith Chart Plot 

  

The smith chart in polar plot shows the relationship between input impedance versus frequency 

variation and the VSWR circle. The two points Zin(1) and Zin(2) are the input impedance values of 

the antenna where input impedance curve intersects with the VSWR = 2 circle on the smith chart. 

These points indicate the lower (fl) and upper (fu) frequencies that are used to calculate the BW.  

 

 

 

 

Figure 5.7 Conventional RMSA: Smith chart plot in polar. 
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Figure 5.8 BW-Enhanced RMSA: Smith chart plot in polar. 

 

 

 

 

Figure 5.9 CPW-RPA: Smith chart plot in polar. 
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D) Radiation Pattern and Gain 

 

The field radiates normal to its patch surface in the broadside direction. The elevation angel was 

taken from θ: 0 to π degrees and the azimuth angel must be fixed (i.e.; it could be taken either at 

taken at Φ=0 or Φ= 2π degree. Hence, I took Φ = 0 to plot the radiation pattern.  

 

 

            (a) 

 

 

(b) 

Figure 5.10 Conventional RMSA: (a) Radiation pattern; (b) Gain (7.0604 dB). 
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(a) 

 

 

 

(b) 

Figure 5.11 BW-Enhanced RMSA: (a) Radiation pattern; (b) Gain (7.463715 dB). 
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(a) 

 

 

 

(b) 

Figure 5.12 CPW-RPA: (a) Radiation pattern; (b) Gain (2.665129 dB). 
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E) Near and Far Fields   

 

 

(a) 

 

 
 

(b) 

 

Figure 5.13 Conventional RMSA: (a) current distribution and near field (Ez) distribution with  

                     antenna geometry; (b) far field 3D radiation pattern.  
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(a) 

 

 

 

(b) 

 

Figure 5.14 BW-enhanced RMSA: (a) current distribution and near field (Ez) distribution with  

                    antenna geometry; (b) far field 3D radiation pattern.  
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(a) 

 

 

 

(b) 

 

Figure 5.15 CPW-RPA: (a) current distribution and near field (Ez) distribution with antenna  

                     geometry; (b) far field 3D radiation pattern. 
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F) Impedance and Admittance 

 

 

 

(a) 

 

 

(b) 

Figure 5.16 Conventional RMSA: Impedance and Admittance variations with frequency.  
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(a) 

 

 

 

(b) 

 

Figure 5.17 BW-Enhanced RMSA: Impedance and Admittance variations with frequency.  
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(a) 

 

 
 

(b) 

 

Figure 5.18 CPW-RPA: Impedance and Admittance variations with frequency.  
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G) Simulation details             

 

For Conventional RMSA 

 

 

For BW-enhanced RMSA 
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For CPW-RPA 
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5.3 Summary of Simulation Results and Discussion  

 

Table 5 Simulation results of each antenna type. 

 

Antenna 

Type 

Maximum 

Return Loss 

 

 

(RL in dB) 

Bandwidth 

 

 

 

(in MHz) 

Number of 

Independent 

20 MHz 

Channels 

Directivity 

 

 

 

(in dB) 

 

Gain 

 

 

 

(in dB) 

Conventional 

RMSA 

 

-22.71905 

 

196.5776 

 

(3.574%) 

 

7 

 

+7.187746 

 

+7.037120 

 

Bandwidth-

Enhanced 

RMSA 

 

-24.489329 

 

315.341 

 

(5.734%) 

 

11 

 

+7.472628 

 

+7.463715 

CPW 

Rectangular-

Patch 

Antenna 

 

-18.203675 

 

384.2327 

 

(6.986%) 

 

13 

 

+2.795113 

 

+2.665129 

 

 

           A. When BW-enhanced RMSA compared with conventional RMSA: 

 

� It has got a bandwidth of 315.341 MHz (5.734%);  

� That is, 118.7655 MHz (or 2.16%) more bandwidth from conventional RMSA;  

� It has 11 independent 20 MHz channels (i.e., 4 extra);  

� There is also a slight increment in gain, i.e.; by an amount of +0.426595 dB. 

The reason is: as the patch width W increases, directivity D will also increase 

because there is a direct proportionality between D and W as shown in Eqn. 

(2.5). That is,  

   

dBWDyDirectivit
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

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ε
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B. Comparing CPW-RPA with the other two antennas: 

 

� It has got a bandwidth of 384.2327 MHz (6.986%);  

� That is, 187.6551 MHz (or 3.412%) and 68.8917 MHz (or 1.253%) more    

bandwidth from Conventional RMSA and BW-Enhanced RMSA, respectively; 

� It can accommodate 13 channels (i.e., 6 more from conventional RMSA and 2 

more from BW-Enhanced RMSA);  

� However, it has lower gain from the two RMSAs. 
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CHAPTER 6  

  

Conclusion and Recommendations for Future Work   
 

6.1 Conclusion 
 

In this thesis, I have designed two aspects of microstrip antenna, that is, conventional RMSA and 

BW-enhanced RMSA. I have used “lowering Qt of the antenna” as a bandwidth enhancement 

technique. This has been achieved by keeping the substrate εr at 2.2 and increasing the substrate 

height h and the patch width W, because Qt has an inverse relationship with h and W. By doing 

so, I have achieved a bandwidth increment of 118.7655 MHz (or 2.16%) for BW-Enhanced 

RMSA in comparison with conventional RMSA. 

 

The other very important work in this thesis is to design a CPW-RPA. This antenna type has 

similar characteristics like microstrip antenna than loop antenna. Then, from the simulation result 

of CPW-RPA it is observed that BW increment of 187.6551 MHz (or 3.412%) and 68.8917 MHz 

(or 1.253%) from conventional RMSA and BW- Enhanced RMSA, respectively. 

 

The challenging situations that I encountered in the design of CPW-RPA are: finding out the 

CPW feed line length, how to connect this feed line to the lumped port and where to terminate 

and so on. In addition, in the antenna design and simulation, maintaining of all the antenna 

parameters at the desired value, finding the exact feed point location for proper matching, and 

finding out the optimum Qt value were another difficulties.  

 

The data listed in Table 5 shows that CPW-RPA has better BW than the two RMSAs. Hence, it can 

accommodate more number of independent 20 MHz channels. However, the gain is lower than 

the two antennas; therefore, CPW-RPA covers shorter range wave so it is used for typical WLAN 

indoor application and as long as the base station is within the range the antenna can be in any 

orientation in the space.  
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6.2 Recommendations for Future Work   

 

Based on gathered observations while doing this thesis; other techniques were identified which 

would benefit for further bandwidth enhancement. These are: 

 

� Using reactive loading together with modification of the patch shape; 

� Trapezoidal patch structure with CPW feeding slot; 

� Using slits on the patch and etching slots in the ground plane, and so on.   

 

In addition, CPW patch antenna gain enhancement is also another important research area for the 

future.   
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Abstract 

 

These days, there is a very large demand for wireless applications because of its mobility, the 

demand for high speed transmission of large data, customer request for multi-media service, and 

the need for new technologies, and so on. Those systems require small size and high performance 

components. Antenna is one of the key elements to establish communication link and cover wide 

frequency range. In this thesis, the wireless application that has been selected to be studied is 

Wireless Local Area Network (WLAN) operating at 5 GHz frequency range based on IEEE 

802.11n standard. 

 

Antennas that are used in WLAN application should be low profile, light weight, low volume and 

broad bandwidth. MSA and CPW antennas suit the aforementioned features with the exception of 

their narrow bandwidth and lower gain limitations.  

 

In this thesis, conventional RMSA operating at resonant frequency of 5.5 GHz has been initially 

designed. A substrate material with low permittivity (i.e.; εr = 2.2) namely RT/Duroid 5880 is 

used as the dielectric for the radiating patch. The simulation was carried out using EMPIRE
TM

 

XCcel software of version 5.4. From the simulation result, a BW of 196.5776 MHz (i.e.; 3.574%) 

and a gain of +7.0604 dB have been obtained. This design has been used as a benchmark for the 

design of BW-Enhanced RMSA by using “lowering the total quality factor (Qt)” as a bandwidth 

enhancement technique. Lowering Qt has been achieved by increasing the patch width, W, and 

the substrate height, h. By using this technique, a BW of 315.3431 MHz (i.e.; 5.734%) and a gain 

of +7.463715 dB have been achieved. Finally, a CPW-RPA, with the same resonant frequency 

and dielectric constant, has been designed. Then, from the simulation result a bandwidth of 

384.2327 MHz (i.e., 6.986%) and a gain of +2.665129 dB have been obtained.    

 

Key words: microstrip antenna; coplanar waveguide antenna; VSWR; return loss; Qt - factor;   

                    bandwidth; gain.  
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