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Abstract 

There are various technologies in the field of wireless communication that have 

emerged in the recent past for providing high data rates. However, it is very difficult to 

achieve these high data rates with very low power consumption. UWB systems provide 

a unique solution to this problem. This was made possible by the Federal 

Communication Commission (FCC) in 2002 when an unlicensed spectrum from 3.1-

10.6 GHz was allocated to Ultra-wideband (UWB) systems. These systems utilize 

extremely low power signals for transmission and provide high data rates over a short-

range. However, the major challenge in implementing these systems is the indoor and 

outdoor masks mentioned in FCC guidelines. These mask limits should be followed by 

UWB systems to avoid interference with other wireless systems lying in the UWB 

range. Otherwise, the overall signal transmission capacity of UWB systems as well as 

other wireless systems will be degraded. UWB antennas play an important role to tackle 

the aforementioned challenge of UWB systems. These antennas should possess band 

notch characteristics to achieve reliable signal transmission. Few other characteristics 

are also required in these antennas such as compact size, wide bandwidth, stable gain, 

and omnidirectional radiation pattern. Further, the time-domain performance of these 

systems should also be evaluated precisely since the signal transmission is done through 

narrow pulses.  

Multiple techniques can be employed in antenna structures to achieve UWB operation 

as well as band notch characteristics. Therefore, this thesis focuses on designing and 

fabrication of the UWB antenna with band-notch characteristics. Initially, various 

techniques for achieving band notch characteristics in UWB antennas have been 

analyzed and the research gaps have been identified. Secondly, the design process for 

achieving UWB and band notch operation has been accomplished.  Finally, on the basis 

of complete UWB system requirements and available research gaps in the design 

process of band-notched UWB antennas, novel designs have been presented and 

analyzed in this work. The results of the novel antenna designs presented in this work 

are compared with the state-of-the-art literature and validation of these designs has been 

accomplished through the fabrication and testing process. 
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Chapter 1 

Introduction  

 

1.1 Overview 

This chapter focuses on one of the vital technologies in the field of wireless 

communication i.e., Ultra-wideband (UWB) systems. These systems come under the 

unlicensed spectrum of the Federal Communications Commission (FCC) and provide 

a promising solution where very high data rates are required over a short-range. 

Therefore, the commercialization of products using this technology becomes very easy. 

Additionally, the signal power used for transmission in these systems is in microwatts, 

thus low power solutions with high data rates are possible [1-5]. These systems have 

numerous applications in the field of short-range wireless communication such as 

RADAR (e.g., Through wall RADAR, Ground-penetrating RADAR, Automotive 

RADAR), communication (e.g., wireless personal area networks (WPAN), Wireless 

body area networks (WBAN), Wireless universal serial bus (WUSB), Wireless high 

definition video), intelligent sensors (e.g., intelligent transport systems, position, and 

location tracking systems), and medical applications (medical imaging) [3-15]. 

This chapter is organized into seven sections. Section 1.1 describes the brief overview 

of the area under study. Section 1.2 and Section 1.3 give the introduction to UWB 

systems and the importance of antennas in UWB systems respectively. Further, Section 

1.4 provides the motivation of the research, and Section 1.5 represents the various 

research gaps. Finally, Section 1.6 and Section 1.7 hold the objectives and thesis 

organization of the work respectively.  

1.2 UWB Systems 

UWB systems are based on transmitting narrow pulses in the time domain at a very 

small repetition rate. This provides a spectrum that is spread over a very large 

bandwidth. This technology came into existence officially on 14th Feb. 2002 when the 

FCC allocated few unlicensed bands for UWB systems in Part 15 rules such as 3.1-10.6 
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GHz, 22-29 GHz, and below 900 MHz. However, due to the commercialization point 

of view, the band providing 7.5 GHz bandwidth in the range of 3.1-10.6 GHz has 

become most popular. According to the definition provided by FCC for the UWB 

devices, they need to have a bandwidth of more than 500 MHz, and the signal power 

radiated by the devices should be having a very low effective isotropic radiated power 

(EIRP) i.e., -41.3 dBm/MHz [1-6]. Hence, the total power over the UWB range is the 

only portion of a milliwatt. Fig. 1.1 presents the spectrum mask of the UWB signal as 

per the FCC guidelines. The spectrum of UWB systems is very large as compared to 

narrowband system. These systems provide a fractional bandwidth of approximately 

110% based on the center frequency (6.85 GHz) of the entire band [3-6]. Moreover, 

UWB systems have extremely low transmission power due to baseband transmission 

and very high sensitivity in comparison to the other radio communication systems. 

Therefore, this technology provides very high data rates for short-range indoor 

communication and the date rate significantly reduces for longer distances [2-8]. 

 

 

Fig. 1.1 FCC spectrum mask [3], [6] 
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There are many advantages of UWB systems as compared to other wireless 

technologies. Low power spectral density (PSD) limits the radiated UWB signal and it 

acts as noise to the other wireless systems. This results in higher security of 

transmission for UWB systems due to the low probability of detection. Besides, the 

UWB signal provides strong immunity to multipath fading because of wide bandwidth 

and baseband transmission. Furthermore, UWB technology provides a simplified 

architecture of transceivers [4]. Since the transmission and reception in UWB systems 

are done through limited power narrow pulses (Pico seconds to nanoseconds) of very 

low duty cycle (less than 0.5 %), this results in a considerable drop of power utilization 

by analog circuitry in a low-cost and low power complementary metal-oxide-

semiconductor (CMOS) technology [5]. Fig. 1.2 represents the comparison of UWB 

systems to the other wireless systems. 

 

            

          Fig. 1.2 Spectrum for various wireless systems [1-3], [14] 

UWB systems utilize short pulse characteristics for transmitting and receiving. Thus, 

they provide fast data acquisition, which is very helpful in positioning and medical 
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applications. Therefore, it is essential to evaluate the time-domain performance of these 

systems, and parameters such as dispersion, group delay, and fidelity factor, etc. should 

be analyzed precisely.  

1.3 Design Requirements of Antennas for UWB Systems 

Antennas play a major role in the implementation of UWB systems as in these systems 

the baseband transmission and reception are impossible without the use of a suitable 

UWB antenna. These antennas differ from other narrowband antennas as antennas used 

for narrowband systems are tuned to a particular center frequency and generally have 

narrow bandwidths. However, UWB antennas deliver wider bandwidths (>500 MHz), 

and resonant operation is not mandatory. UWB antennas, on the other hand, should 

possess characteristics such as stable gain, omnidirectional radiation pattern, and linear 

phase with a fixed phase center. The design methodologies to achieve UWB operation 

are different for these antennas as compared to other narrowband antennas. While 

performing the UWB transmission, there is a ringing effect that occurs at the receiving 

antennas. This effect is due to the type of antenna designs used for transmission and 

reception and significantly decreases the overall speed of operation. To evade this 

ringing effect, these antennas are designed with low values of the quality factor (Q). 

These resistive antennas cause undesirable signals to perish very quickly which in turn 

provides the received pulse closer to the transmitted pulse. The value of the Q is 

calculated using [6] 

                                              𝑄 =  
𝑓𝑜

𝑓𝐻 − 𝑓𝐿
                                          (1.1) 

Where 𝑓𝑜 represent center frequency and 𝑓𝐻 , 𝑓𝐿 are the higher and lower frequencies 

respectively. By reducing the value of 𝑄, the antenna bandwidth can also be enhanced 

but this lessens the efficiency of the designed antenna. Therefore, it is important to 

maintain the tradeoff between all these parameters. Table 1.1 illustrates the different 

parameters vital for designing a UWB antenna [1-7]. 
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Table 1.1 Design parameter requirements for UWB antennas 

Parameter Desired Value 

Impedance bandwidth >500 MHz (3.1 – 10.6 GHz) 

Radiation efficiency Higher (> 70 %) 

Phase response Almost linear 

Radiation pattern Omnidirectional 

Gain Low (1-5 dB) 

Half power beamwidth (HPBW) Wider (˃600) 

Physical size Compact 

 

There are different types of conformal and planar antenna designs that have been 

utilized by researchers to study and implement the UWB operation [1],[6]. Out of these 

designs, planar structures are more suitable for UWB applications because of their low 

profile and basic radiation properties [6],[14]. So, researchers have focused on planar 

antennas for various UWB applications. 

The UWB systems should have a good time-domain performance to work efficiently 

for various UWB applications. Therefore, the time-domain parameters should be 

considered while designing a UWB antenna. The selection of an appropriate pulse is 

the foremost requirement while designing a UWB antenna. Typically, a Gaussian pulse 

can be used for this purpose and it is given by [8,9]   

           𝑔(𝑡) =  
𝐴 

√2𝜋 𝜎
  𝑒

−
𝑡2

2𝜎2                                               (1.2) 

Where,  𝐴 and 𝜎  give the peak amplitude and pulse shaping factor respectively. As the 

UWB antennas are not effective for direct current (DC), it is desirable to utilize higher 

derivatives of Gaussian pulses that have smaller DC components. These pulses should 

meet the FCC mask regulation. Hence nth order derivative with an optimum value of 𝜎 

for each derivative is calculated for the spectrum as wide as possible. The PSD for the 

individual derivative is normalized and scaled to the maximum value of acceptable 

PSD. It has been observed for lower-order derivatives (𝑛 ≤ 4) for Gaussian pulse does 

not comply with the mentioned FCC mask as some part of the PSD for these pulses is 
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out of the range of desired value for UWB operation. The main cause of this constraint 

is that the peak frequency(𝑓𝑝)  or most of the energy lies in the lower frequency range. 

So, by the FCC guidelines, higher-order derivatives  (𝑛˃4) should be chosen as their 

peak frequency increases with the increase in the order of derivative as illustrated in 

Fig. 1.3. Subsequently, the 5th order derivative is recommended for UWB antennas as 

the amount of complexity is lesser as compared to the higher-order derivatives [8]. 

However, the 7th order derivative can be used for outdoor UWB systems.  

 

Fig. 1.3 PSD of the Gaussian pulse with higher-order derivatives [8] 

The general relation between the (𝑓𝑝), (𝜎), and the derivative order (𝑑𝑜) by seeing the 

Fourier transform of the 𝑑𝑜
𝑡ℎ  derivative is presented by [8,10]  

𝑓𝑝 =    √𝑑𝑜   
1

𝜎 √𝜋
                                         (1.3) 
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            Fig. 1.4 Pulse shaping factor vs peak frequency [8]  

Fig. 1.4 presents the variation of 𝑓𝑝 with 𝜎 for n = 1,2……7. It is observed from Fig. 

1.4 that the bandwidth of the signal upsurges as the value of 𝜎 decreases due to the 

inverse relation between bandwidth and time. The PSD of the signal is generally 

affected by the differentiation of the Gaussian pulse. Both, the bandwidth of the pulse 

and 𝑓𝑝 changes by an order of differentiation and 𝜎. Thus, with the increase in the 

derivative order, the pulse energy moves to higher frequency bands. Therefore, the 

spectrum is utilized efficiently [8]. 

System fidelity factor (SFF) is another time-domain parameter that needs to be 

addressed while designing the UWB antennas [11,12]. SFF is the cross-correlation 

between the input signal fed to the antenna and the signal measured at a certain distance 

transmitted by the antenna. It is used to measure the amount of distortion produced 

while transmitting the signal from the antenna. The cross-correlation between the 

transmitted signal at a distance and the input signal is calculated at every point and the 

maximum value the correlation gives the SFF. Its value varies from 0 to 1 where SFF 

= 0 means minimum correlation and SFF = 1 gives maximum correlation. UWB 
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antenna with SFF ≥ 0.8 is acceptable. This parameter is usually calculated in the face 

to face and side by side configuration of the antenna. However, in some designs, it has 

been computed in different directions by varying the value of the elevation angle (𝜃) 

[13]. Lastly, group delay response of the antenna has been also extensively analyzed in 

UWB antenna designs to evaluate the time-domain performance of the UWB antennas. 

It is the change in the total phase shift with respect to the angular frequency for a UWB 

antenna. Preferably, group delay should be constant for the UWB antenna, but it is only 

possible if the phase response for the antenna is strictly linear [12].   

1.4 Motivation 

Since the UWB spectrum is unlicensed, and its band lies in the range of other narrow-

band systems, so practically the UWB antenna radiations should not interfere with 

existing narrowband systems, which lie in the same bandwidth such as Wireless Local 

Area Network (WLAN), Institute of Electrical and Electronics Engineering (IEEE) 

802.11a standard working at 5.15-5.35 GHz, and 5.72-5.82 GHz, Worldwide 

interoperability for microwave access (Wi-MAX) working with a frequency band of 

3.3-3.6 GHz, High-performance local area network (HIPERLAN) working at 5.15-5.82 

GHz, C-Band applications in the range of 4-8 GHz, International Telecommunication 

Union Radiocommunication Sector (ITU-R) working in the range of 7.5-8.7 GHz, and 

X-band downlink satellite communication band working at 7.10-7.76 GHz. Therefore, 

UWB antennas need to notch the above-mentioned bands without affecting its desired 

characteristics. Accordingly, methods that provide enhanced solutions to accomplish 

band notching without affecting the overall performance of UWB antennas are 

required. Therefore, in the proposed work the design and investigation of the planar 

UWB antennas with band notch characteristics have been presented. 

1.5 Research Gaps 

Even though a lot of work has been done in designing of UWB antennas with band 

notch characteristics. There are still a few challenges that need to be addressed more 

precisely. The performance of UWB antennas should be analyzed in both the time and 

frequency domain. However, in numerous designs presented in the literature, the time-

domain analysis has not been addressed meticulously. Besides, only frequency-domain 
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results, e.g., return loss (S11), voltage standing wave ratio (VSWR), gain and radiation 

pattern has been presented. However, in UWB systems, the transmission is done 

through narrow pulses, which are severely affected by dispersion. Hence, parameters 

such as group delay, fidelity factor, transmitted pulse, etc., should be investigated 

appropriately. This analysis can also predict the distortion produced by the antenna. 

Furthermore, in the frequency-domain analysis, the magnitude and phase response of a 

transmission coefficient (S21) should be examined for achieving reliable UWB antenna 

designs with the band notch characteristics. 

In most of the UWB antenna designs, the band notches do not cover the complete 

bandwidth for the application. So, they do not provide effective rejection of the entire 

frequency band for a particular application. Hence, novel UWB antennas with 

rectangular notch can be designed as it will be useful for achieving wideband filtering 

for applications like 660 MHz for X-band downlink in satellite communication and 675 

MHz for WLAN. Hybrid techniques, deliberating upon the design constraints such as 

antenna size, accurate filtering structure, optimal biasing networks, stable gain, and 

radiation properties should be employed for optimizing the antenna design to meet the 

requirements of future UWB systems. 

1.6 Objectives 

The objectives of the thesis are as follows: 

1. To do a comparative analysis of planar antennas with band-notch 

characteristics for UWB applications. 

2. To design a planar antenna with band-notch characteristics for UWB 

applications  

3. To do fabrication of the proposed antenna.  

4. To perform testing and do a performance evaluation of the proposed antenna 

for validation of results. 

1.7 Thesis Organization 

This thesis is organized into six chapters as follows: 

Chapter 1 provides the introduction to the UWB systems and various regulations 

imposed by the FCC on these systems. Further, the importance of designing efficient 



10 
 

UWB antennas and their requirements have been presented. Based on this discussion, 

the motivation, research gaps, and objectives of the proposed work have been also 

given. 

Chapter 2 delivers an exhaustive literature review for the proposed work. In this review, 

different techniques for achieving band notch characteristics in UWB antennas are 

presented. Moreover, the challenges, simulated and measured results, distinct notched 

bands, and their applications are also discussed in this chapter. 

Chapter 3 gives the basic design process of planar UWB antennas and UWB antennas 

with band notch characteristics. Various popular techniques for achieving UWB and 

band notch operation (e.g., CPW feeding, monopole antenna structures, microstrip 

couple feeding, and slot-loading) are presented in Chapter 3.  

Chapter 4 presents a planar antenna with highly optimized WLAN (5.15 – 5.825 GHz) 

notch for UWB applications. Its thorough investigation based on the overall UWB 

system requirements is given. The time-domain performance of the proposed antenna 

is assessed using dispersion, group delay, and system fidelity factor. In addition, the 

excitation signal is chosen carefully based on the indoor mask for UWB systems. The 

filter synthesis of the notched band, equivalent circuit model, phase response of the 

proposed antenna is also presented. Finally, experimental results as well as comparison 

with state-of-the-art literature has been also presented in Chapter 4 for validation of the 

proposed design. 

Chapter 5 provides a novel planar UWB antenna with dual rectangular notch band 

characteristics (i.e., 5.94 – 7.50 GHz and 8.02 – 10.46 GHz). The parametric analysis 

for controlling both the notches has been also presented. Time-domain analysis, filter 

synthesis, and measured results have been demonstrated to show the suitability of this 

design for UWB systems. 

Chapter 6 discusses the conclusions and future scope for the proposed work. 
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Chapter 2  

Literature Survey 

 

UWB systems provide a distinctive solution for short-range wireless communication 

due to large bandwidth and low power consumption in transmission and reception. 

However, for these systems, designing an antenna with optimal characteristics is a 

major challenge because it needs to avoid interference with existing narrowband 

systems (e.g., WLAN, Wi-MAX, HIPERLAN, ITU-R, etc.) in the UWB spectrum. To 

design a suitable antenna for UWB systems, multiple techniques (e.g., Slot, parasitic 

element and stub loading, using fractals, metamaterials (MTMs), and electromagnetic 

bandgap (EBG) structures have been reported in the literature. This chapter provides a 

comprehensive review of the mentioned techniques for achieving band notch 

characteristics in UWB antennas. Moreover, the challenges, simulated and measured 

results, different notched bands, and their applications are also discussed. 

2.1 Introduction 

With the expeditious development of wireless communication systems, the 

technologies that provide unique solutions or add-on to the existing wireless 

technologies are an area of extensive research for decades, and UWB systems provide 

a similar solution [14]. UWB systems have plenty of research potential in different 

fields such as RADARS, communication, and medical applications as discussed in [15-

19]. However, in these systems, the designing of an efficient antenna is a major 

challenge, because it needs to possess stable gain, omnidirectional radiation pattern, 

and wide impedance bandwidth [16,17]. So, the preliminary work in the field of UWB 

antenna design with mentioned characteristics has been accomplished by employing 

different techniques [15-24]. 
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                                      (a)                                                                (b) 

          

                                        (c)                                                               (d) 

Fig. 2.1 Planar UWB antenna [19] (a) Antenna prototype (b) Vector network analyzer 

(VNA) setup for the measurement of the antenna (c) Simulated and measured S11 (d) 

Simulated and measured gain 

The popular technique to design a planar UWB antenna is to incorporate different 

shapes and sizes of slots in the radiator and ground plane. This basic technique enhances 

S11, gain, and an input impedance of the antenna. Furthermore, for achieving 

omnidirectional radiation pattern and wide impedance bandwidth, planar monopole 

structures, and co-planar waveguide (CPW) feeding technique has been extensively 

utilized in designing of UWB antennas [17-22]. Further, for attaining the optimal 
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characteristics, the combinations of these techniques have been utilized [19,24]. The 

design of a monopole planar UWB antenna with its measurement setup has been 

presented in Fig. 2.1 (a) and Fig. 2.1 (b) [19]. This antenna structure utilizes partial 

ground plane, feed gap, and slots. This reduces the size of the antenna without affecting 

its overall performance in terms of wide impedance bandwidth and stable gain, etc. This 

is visualized in Fig. 2.1 (c) and Fig. 2.1 (d). 

Other techniques like magnetic coupling, inserting slits and modifying ground plane, 

n-shaped feeding structure, optimized and broadband differential feed, etc. have been 

used in the antenna structures for achieving the required UWB operation [20-24]. For 

example, in [20], the magnetic coupling between the two symmetrically organized 

sectorial loops have been used for the designing of the UWB antenna. In this design, 

many Coupled Sectorial Loop Antennas (CSLA) with dissimilar geometrical 

configurations are used to achieve enhanced magnetic coupling to attain the desired 

UWB characteristics. 

The UWB spectrum is an unlicensed spectrum and its band lies in the range of other 

narrow-band systems. Therefore, UWB antenna radiations should not interfere with 

existing narrowband systems, which lie in the same bandwidth such as WLAN, IEEE 

802.11a standard, and Wi-MAX, HIPERLAN, ITU-R, C-Band applications, and X-

band downlink satellite communication band [25-33]. Thus, UWB antennas need to 

notch the above-mentioned bands without affecting its desired characteristics. Fig. 2.2 

(a) presents a planar UWB antenna with triple-band notch characteristics, i.e., Wi-

MAX, WLAN, and X-Band satellite communication. In this design, UWB operation 

has been accomplished by using two round slots in the beveled radiating patch. 

Furthermore, for achieving the band notch characteristics, three-round shape slots and 

two C shape slots have been etched in the radiating patch and the beveled ground plane 

respectively. Additionally, it has been observed that the overall performance of the 

UWB antenna has not been affected while achieving band notch characteristics in the 

UWB range as represented in Fig. 2.2 (b) and Fig. 2.2 (c) [25].  
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(a) 

 

                                       (b)                                                           (c) 

Fig.2.2 Planar UWB antenna with three-notch bands (a) Antenna prototype (b) 

Simulated and measured S11 (c) Simulated and measured gain [25] 
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Band notch characteristics in UWB antennas are comparable to the designing of filters 

at the very high frequency. To describe the band notch characteristics of UWB 

antennas, different equivalent circuits have been investigated in the literature [26-32]. 

Some of the popular equivalent circuits are Foster canonical forms [27], impedance 

model [28], macro model [29], and lumped equivalent circuit model or an equivalent 

LC model [30, 31] and are given in Fig. 2.3. 

            

                                (a)                                                                 (b) 

 

     

                                 (c)                                                                 (d) 
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                                (e)                                                                  (f) 

 

(g) 

Fig. 2.3 Equivalent circuits of UWB antennas (a) Foster canonical form for electrical 

antennas [27] (b)  Foster canonical form for  magnetic antennas [27] (c) Impedance 

model for radiating patch of UWB antenna [28] (d) Equivalent circuit of macro model 

[16] (e) Lumped equivalent circuit model of the antenna [30] (f) Equivalent LC circuit 

model of the antenna [31] (g) Equivalent circuit of band suppressed cone type 

monopole antenna [32]. 

These models do not provide the complete solution of the operational characteristics of 

the UWB antenna due to the approximations of the electromagnetic properties of the 

antenna. Out of these techniques, even the best technique gives at least a 30% variation 
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in the simulated results when matched with the numerical results of the equivalent 

circuit model for the rejection band [32]. So other methods, which provide enhanced 

solutions to accomplish band notching without affecting the overall performance of 

UWB antennas are also available in the literature. 

The chapter is organized into seven sections, and each section gives a comprehensive 

review of the different techniques used for achieving band notch characteristics in 

UWB antennas. Section 2.1 provides the introduction of the band-notched UWB 

antennas. Section 2.2 describes the role of slots, stubs, and parasitic elements. Section 

2.3 represents the different types of fractal techniques and Section 2.4 describes the use 

of MTMs. Section 2.5 gives the detail of EBG structures and Section 2.6 describes the 

different types of switching techniques. Furthermore, Section 2.7 holds the summary. 

Additionally, a table of referenced antennas providing details about different 

techniques, the frequency range of the notch band and their application are given.  The 

simulated and measured results are also provided for different techniques of antenna 

designs under study. 

2.2 Slot, Stub and Parasitic Element Loaded Band-Notched UWB Antennas 

UWB antennas require wide impedance bandwidth with band notch characteristics. The 

easiest way to accomplish this is by loading slots, stubs, and parasitic elements in the 

radiating patch and ground plane. Loading the slots in the radiating patch causes a 

reduction in patch size that changes the resonating frequency which leads to multi-band 

operation [33]. Similarly, it can also be utilized for calculating the notch frequency 

function in the UWB antennas.  

For filtering out the narrow frequency bands, various types of slots are used such as U-

slot, L-slot and ring slot, etc. Moreover; the loading of slots in the conducting patch 

element can cause meandering of the surface current distribution paths of the exciting 

patch and results in lowering the resonating frequency [34-36]. These antennas are 

extensively used because of their simple configuration and affordable planar 

technology. 
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Table 2.1 Notch frequency for different types of slot loaded antennas [30-38] 

Slot Type Notch frequency Parameters in notch frequency 

C slot 
Fn =

C

2L√ɛeff

 
Fn = Notch frequency 

L = Length of the slot L =
λg

2
 

λg = Guided wavelength 

C = Speed of light 

ɛeff = Effective dielectric constant 

                       ɛeff  =  
εr + 1

2
 

U-slot 
𝐹𝑛 =

𝐶

2(𝐿𝑠 + 𝑊𝑠)√ɛ𝑒𝑓𝑓

 
Ls = Length of U-slot 

Ws = Width of U-slot 

L-slot 
𝐹𝑛 =

𝐶

(𝐿1 +  𝐿2 +  ℎ𝑏)√ɛ𝑒𝑓𝑓

 
L1 = Horizontal length 

L2 = Vertical length 

hb = Substrate height 

Small strip 
 𝐹𝑛 =  

𝐶

(4𝐿𝑠 √𝑒𝑒𝑓𝑓)
 

Ls= Length of the strip 

 

Table 2.1 provides the expressions for calculating the notch frequency for different 

types of slot antennas [30-38]. The expressions of notch frequency in Table 2.1 are 

dependent on the length and width of the slot as well as the effective dielectric constant 

of the antenna substrate. Besides, the slot on the patch can be analyzed with the help 

duality principle of the dipole and slot antenna. The equivalent circuit of the slot-loaded 

patch is given in Fig. 2.4 [39] in which the values of R1, L1, and C1 depend upon the 

effective dielectric constant, 𝑄, and the thickness of the substrate. 

 

Fig. 2.4 An equivalent circuit of the slot-loaded patches [39] 
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From the equivalent circuit of Fig. 2.4, the input impedance of the slot is given by: 

                                               𝑍𝑠  =  𝑅𝑠  +  𝑗 𝑋𝑠                                         (2.1)                                                                              

Where 𝑅𝑠   and 𝑋𝑠 are the real part and the imaginary part of the input impedance (𝑍𝑠). 

The total input impedance (𝑍𝑖𝑛) of the slot-loaded patch is given by: 

     Zin =  [R1 − 1 +  j ω C1  +  (j ω L1) − 1 +  (j Xs) − 1] − 1           (2.2)              

                                 

     

                 (a)                            (b)                             (c)                               (d) 

   

                (e)                                (f)                              (g)                              (h) 

     

                 (i)                                    (j)                            (k)                             (l) 
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               (m)                                       (n)                                                  (o) 

Fig. 2.5 Different types of slot, stub and parasitic element loaded antennas (a) Arched 

slot antenna [34] (b) Hexagonal slot antenna [42] (c) Spiral slot antenna [43] (d) Ring 

slot antenna [40] (e) U-slot antenna [36] (f) H-slot Antenna [45] (g) C shaped slot 

antenna [38] (h) L-slot antenna [26] (i) Elliptical ring slot (ERS) antenna [47] (j) 

Parasitic element loaded antenna [53] (k) Trapezoidal stub antenna [54] (l) T shaped 

slot antenna [51] (m) Hybrid slot antenna [55] (n) W shaped slot antenna [44] (o) 

Circular slot antenna [50] 

 

    

                                (a)                                                                 (b) 
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                              (c)                                                                    (d) 

 

 

(e) 

Fig. 2.6 Different types of simulated and measured results in planar UWB band-

notched antennas using slots (a) Simulated and measured and VSWR [34] (b) 

Simulated and measured S11 [31] (c) Gain versus frequency graph [49] (d) 

Measurement of group delay [53] (e) E-plane and H-plane radiation pattern [55] 

Using these basic design equations, different UWB antennas have been designed with 

slots, parasitic elements, and stubs, as presented in Fig. 2.5, to provide the band 

notching characteristics with minimum interference [33-57]. Likewise, in Fig. 2.5 (a) 

the UWB antenna with an arched slot is presented. This design provides band notch for 

the WLAN band as depicted in Fig. 2.6 (a). In this design, the band notch function is 

controlled by the position of the slot. Furthermore, the notch frequency band can be 
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altered by changing the width and length of the slot [34]. Also, Fig. 2.5(d) represents 

the UWB antenna where  

Table 2.2 Different notched bands and their application using a slot, parasitic and 

stub loaded antennas 

Reference Type of slot Notch Band frequency 

(GHz) 

Notch band Application 

[26] L-Slot 3.5 Wi-MAX 

[34] Arched Slot 5.15-5.825 WLAN 

[36] U-slot 5.15-5.35 and   5.725-

5.825 

WLAN 

[38] C shaped slots 3.38-3.82 and 5.3-5.8 Wi-MAX and WLAN 

[42] Hexagonal 5-5.7 WLAN 

[43] Spiral 3.57, 5.12, and 8.21 Wi-MAX, WLAN, and 

Satellite downlink X-Band 

[44] W shaped Slot 5.08-6 WLAN 

[45] H Slot 3.3-3.6 and 5.1-5.9 Wi-MAX and WLAN 

[46] L shaped slits 5 WLAN 

[47] Elliptical ring slot 

(ERS) 

3.3-3.8, 5-6 and   7.1-7.9 Wi-MAX, WLAN, and 

Satellite downlink X band 

[48] Open-end slot 5.15-5.825 WLAN 

[49] Nonuniform width 

slot 

3.5, 5.5 and 8.1 Wi-MAX, WLAN, and 

Satellite downlink X-Band 

[50] Circular Slot 5.5 WLAN 

[51] T shaped slot 5.2 WLAN 

[52] C shaped annular ring 5.1–5.9 IEEE 802.11a and 

HIPERLAN/2 

[53] Parasitic Element 3.31–3.84 Wi-MAX 

[54] Trapezoid s and a C-

shaped slot 

3.5 and 5.2-5.8 Wi-MAX and WLAN 

[55] Hybrid Slots 8.01-8.55, 5.15-5.35, 5.75-

5.85, and 7.25-7.75 

ITU band, WLAN, and X-

Band satellite signals 

 

better impedance matching can be achieved between the free space and the transmission 

line over the wider bandwidth by gradually altering the width of the radiating slot [40]. 

The radiating antenna with a slotted plate providing the enhanced stopband 

characteristics with improved control using electromagnetic coupling is presented in 

[41]. The parasitic element and stub in this antenna design provide enhanced band notch 
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function in the desired band. Similarly, different types of slots (e.g., L-slot [26], arced 

slot [34, 35], U-slot [36], Ring slot [40], Hexagonal slot [42], spiral slot [43], W shape 

slot [44], H-slot [45], Elliptical ring slot (ERS) [47] and T shape slot [51]) have been 

presented in the literature. In addition to these designs, Fig. 2.5 (m) shows an antenna 

design using hybrid slots to achieve dual, triple, and quad-band notching in the UWB 

range. These slots enhance the notch frequency band and radiation characteristics of the 

antennas as compared to antenna structures possessing a similar type of hybrid slots as 

reported in [55-57]. Fig. 2.6 (e) represents the E and H plane radiation pattern of an 

antenna with hybrid slots, and it can be visualized that the antenna provides an 

omnidirectional radiation pattern in both planes. Table 2.2 represents the different types 

of notch bands using slot loaded, parasitic elements, and stub loaded antennas. 

2.3 Fractal Geometry-Based Band-Notched UWB Antennas 

The initial usage of the fractal geometry-based antenna was in the design of frequency 

selective surfaces (FSS) to provide multi-band operation and miniaturization in the 

antenna structure. Apart from it, they are also used to improve the bandwidth and 

impedance of the antenna [58]. These characteristics of fractal geometry prove to be 

useful in designing of UWB antenna with band notch characteristics. Even though a lot 

of fractal geometries have been reported in the literature, but Sierpinski gasket and 

carpet, Koch snowflakes/islands, Hilbert Curve, and fractal trees are the most popular 

fractal geometries. Fig. 2.7 represents some common fractal geometries of antennas, 

and the formation stages of different fractal structures are shown in and Fig.2.8. 

Mathematically, these structures can be created using the iterated function system (IFS) 

which is a flexible system for generating fractal structures, and Fig.2.9 represents the 

different stages of the fractal structure using IFS code. Furthermore, Fig.2.10 shows the 

final fractal structure using the IFS code of the Sierpinski gasket. 

Based on the literature, different planar antennas using fractal techniques have been 

discussed in this section, for example; Fig 2.11 (a) represents a Koch fractal slot, which 

is used to achieve frequency notch function in UWB antenna [59]. In this design, the 

band notching and wideband impedance matching have been accomplished by 

employing a half-  
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                    (a)                                                (b)                                       (c) 

Fig. 2.7 Common fractal geometries [58] (a) Koch snowflakes/islands (b) Sierpinski 

gasket and carpets (c) Fractal trees 

 

                                             

                (a)                                      (b)                                                (c) 

Fig. 2.8 Construction stages of different fractal structures [58] (a) Sierpinski gasket 

fractal (b) Koch snowflake fractal (c) Hilbert curve fractal 

 

Fig. 2.9 Four stages of construction of the Koch curve using IFS [58] 
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   Fig. 2.10 Sierpinski gasket final structure using IFS code [58] 

wave resonant structure. This structure is designed by embedding the Koch curve fractal 

in the conventional wide slot of this design. Additionally, the length of the structure can 

be changed to tune the central notch frequency. Whereas in [60], the Koch fractal 

geometry with C shape slots is used to achieve the band notching characteristics, 

desired miniaturization, and wideband operation. Moreover, the design achieves better 

isolation between the antenna monopoles using ground stubs. Similarly, the 

combination of the Koch curve fractal and T shaped stub has been used in [61] to 

achieve the dual-band notching characteristics in the UWB range. Also, the design in 

[61] achieves the additional notch bands due to the interaction between the Koch curve 

fractal and T stub. 

                     

                                   (a)                                                                  (b) 
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                                  (c)                                                                      (d) 

           
  

                             (e)                                                                     (f)     
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                             (g)                                                                       (h) 

Fig. 2.11 Different UWB band-notched designs with fractals (a) Koch curve [59] (b) 

Fractal binary tree slot [69] (c) 4 element Sierpinski knopp fractal [66] (d) Gosper 

fractal-shaped [70] (e) Cantor set fractal with T shaped stub [71] (f) Fractal radiating 

patch in which a folded T-shaped element (FTSE) is embedded [74] (g) Hybrid fractal 

Slot [76] (h) Modified crown-square shaped fractal slots in the ground plane with 

omega slot [75] 

 

      

                               (a)                                                                       (b) 
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                                    (c)                                                                          (d) 

 

 

 

 

 

               

                  

                                

 

 

(e) 

Fig. 2.12 Different types of simulated and measured results in the planar UWB band-

notched antennas using fractal structure (a) Simulated and measured VSWR 

characteristics [62] (b) Simulated and measured S11 [62] (c) Simulated and measured 

peak gain [67] (d) Measured group delay [67] (e) E and H plane radiation pattern [62] 

The Sierpinski gasket and carpet fractal slots are used to achieve the band notches in 

the UWB range with the miniaturization of the radiating patch as well as the ground 
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plane of the antenna [62-66]. Additionally, these fractal geometries can be used with or 

without slots for achieving the notch band operation. For example, a meandered slot 

[62] and Y shaped slots [63] have been used with the Sierpinski carpet fractal radiating 

element. From a meandered shape slot, the single band-notch characteristic in the 

frequency range of 5.15-5.825 GHz is achieved, and also the VSWR, S11, and radiation 

pattern results are acceptable, which are shown in Fig. 2.12 (a), Fig. 2.12 (b) and 

Fig.2.12 (e) respectively. Similarly, in [64] a reverse U-slot has been used with a 

modified Sierpinski square fractal (MSSF) in the antenna structure for realizing the 

band notching characteristics. In this antenna, a very simple configuration and a slot 

are used in the feed line to improve the radiation and band notching of the antenna. 

Whereas in [65], the Sierpinski gasket fractal loaded antenna using two different slots, 

i.e., U-slot and elliptical slot are used to achieve the dual-band notching in the UWB 

spectrum and also, fractal geometry has been used to provide the better impedance at 

lower frequencies. Likewise, Fig.2.11 (c) represents a novel dual notched multiple input 

and output (MIMO) antenna using Sierpinski Knopp fractal geometry [66], and this 

antenna possesses a very low mutual coupling in the entire UWB band. Moreover, it 

uses the complementary split-ring resonator (CSRR) to get the band notches.   

Hilbert curve slot is another fractal technique, which is used extensively for 

miniaturization of the antenna structures. Equally, it can be used to achieve band notch 

characteristics in the UWB antenna as reported in [67, 68]. In [67] Hilbert curve 

geometry with space-filling characteristics has been used in the radiating patch and 

ground plane of the design for miniaturization of UWB antenna structures without 

affecting characteristics such as gain and group delay, which are shown in Fig.2.12 (c) 

and Fig. 2.12 (d) respectively. These results show that gain reduces to a minimum value 

at the notch bands, i.e., 5.15-5.85 GHz and 7.9-8.4 GHz, as well as the group delay, is 

more than 1ns for mentioned bands as required for UWB systems. Similarly, in [68], 

Hilbert fractal geometry has been used with a parasitic resonator for achieving single 

band notch characteristics. In both designs, fractal geometry provides excellent 

miniaturization in antenna structure without any effect on the overall performance of 

the antenna.  
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The literature reveals that fractal binary tree slot is also very popular fractal geometry 

in UWB antennas [69-76]. So, this geometry of fractal binary tree slot has been used in 

the UWB antenna to attain the dual-band notching as displayed in Fig. 2.11 (c) which 

is given in [69]. In this design, the fractal slot having four iterations in a binary tree 

with branch splitting angles at 120o and the slot is subtracting from the radiating 

element which provides the dual-band notching in the UWB range. This band notching 

is achieved due to the change in the current distribution of the overall structure. Further, 

there are so many other fractal geometries used in radiating element and ground plane 

to achieve the band notching in UWB antennas such as Gosper fractal-shaped [70], 

Cantor Set fractal with T-shaped stub [71, 72], Circular Apollonian fractal shaped [73], 

a fractal radiating patch with a folded T-shaped element (FTSE) [74], Modified crown-

square shaped fractal slots with the omega slot [75], Hybrid fractal slots [76] and 

Modified fractal slot [77]. 

All these modified fractal slots provide certain advantages over the traditional fractal 

geometries. For example, Fig.2.11 (d) shows a Gosper fractal geometry that provides 

better sharpness factor and selectivity for the designed band-reject filter without 

affecting the size of the antenna [70], Fig. 2.11 (e) shows the use of the Cantor set 

fractal with a T shaped tuning stub [71], and Fig. 2.11 (f) shows the use of FTSE for 

providing the band notch function [74].  

Similarly, Fig. 2.11 (h) shows that a crown square-shaped fractal has been embedded 

in the ground plane of the antenna to provide enhanced impedance bandwidth [75]. In 

the same design, dual omega slots have been used in the radiating element to provide 

dual-band notching in the UWB range. Besides, this antenna possesses an 

omnidirectional radiation pattern and a stable gain. The hybrid fractal has also been 

utilized for achieving dual band notches in the UWB range [76] as shown in Fig. 2.11 

(g). This antenna uses the combination of the Euclidean curve and Moore curve to 

generate a hybrid fractal and this fractal geometry is etched from the radiating element 

as well as CPW feeding is used in the antenna to provide notch band at the frequencies 

of 5.5 GHz and 8.1 GHz. Table 2.3 represents the different fractal techniques, notch 

band frequencies, and their applications. 
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Table 2.3 Different notched bands and their applications using distinct fractal 

geometry 

Reference Type of fractal Notch Band frequency 

(GHz) 

Notch band Application 

[59] Koch fractal slot 4.65 to 6.40  WLAN and C Band 

[60] Koch Fractal with C shaped 

slot 

5.5 WLAN 

[61] Fractal Koch with T shaped 

stub 

        3.5 and 5.8  Wi-MAX and WLAN  

[62] SIERPINSKI CARPET 

Fractal 

5.15-5.825  IEEE802.11a and 

HIPERLAN/2 

[63] Sierpinski carpet fractal 5.15-5.825  IEEE802.11a and 

HIPERLAN/2 

[64] Modified Sierpinski square 

fractal antenna 

5 – 6 WLAN 

[65] Sierpinski fractal with an 

elliptical slot 

5.2 and 7  WLAN and RFID Band 

[66] 4 Element Sierpinski Knopp 

fractal 

3.5 and 5.4 Wi-MAX and WLAN 

[67] Hilbert curve slots 5.15-5.85 and 7.9-8.4  HIPERLAN/2 and X-Band 

uplink satellite 

communication systems 

[68] Modified Hilbert Fractal 

Parasitic Resonator 

7.89-8.83  X-band satellite 

communication 

[69] Fractal binary tree slot 5.65 and 9.9  WLAN and X Band 

[71] Cantor set fractal with T 

shaped stub 

5.0-6.3 and 5.1 -5.9  HIPERLAN/2 and IEEE 

802.11a 

[73] Circular Apollonian fractal 

shaped 

5.125-5.825  IEEE802.11a and 

HIPERLAN/2 

[74] Fractal radiating patch in 

which a folded T-shaped 

element (FTSE) is embedded 

3.3-4.2  Wi-MAX (IEEE 802.16) 

and C-band systems 

[75] Modified crown-square 

shaped fractal slots in the 

ground-plane with omega slot 

5.5 and 7.5  IEEE802.11a and 

HIPERLAN/2 and X-band 

for satellite communication 

[76] Hybrid Fractal Slots Moore 

and 

Euclidean boundary curve) 

5.5, 6.8, and 8.1 WLAN and X-Band 

satellite communication 

[77] Modified fractal slot 5.59 - 6.09  WLAN 

 

2.4 Metamaterials Based Band-Notched UWB Antennas 

From the last decade, a lot of work was done on MTMs for the enhancement of antenna 

parameters (i.e., radiation efficiency, impedance bandwidth, and gain, etc.) [78,79]. 

Similarly, MTMs can be utilized to achieve and enhance band notch characteristics in 

UWB antennas. The MTMs are the artificial periodic structures which are made up of 



32 
 

sub-wavelengths elements which bring the structures at negative permittivity and 

permeability of a certain resonant frequency, e.g. Split ring resonators (SRR) and 

complementary split-ring resonators (CSRR) are the most common MTM structures 

that have been described by the researchers for achieving band notches in UWB 

antennas [80-88]. Ring resonators are the structure in which coupling between the two 

resonators with different resonating frequency is done to achieve a new resonating 

frequency which depends upon the coupling values of the two rings [89]. The SRRs 

and CSRRs can have a square and circular shape as depicted in Fig. 2.13. Suppose if 

the resonating frequencies of the two loops in the split ring are 𝑓1 and 𝑓2 and a change 

in resonance values due to mutual coupling is represented by 𝑓𝑚. Then the resonant 

frequency of each loop is given by: 

 F1 =
c

2L1√ɛe

                                     (2.3) 

F2 =
c

2L2√ɛe

                                      (2.4) 

 

 

 

 

 

 

                                                                     

 

                 (a)                                           (b)                                                       (c) 

Fig. 2.13 Different types of commonly used ring resonators [79] (a) Rectangular split 

ring resonator (RSRR) (b) Circular split ring resonator (c) Split ring resonator (SRR) 

and Complementary split-ring resonator (CSRR) with its equivalent circuits 
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Here 𝐿1, 𝐿2 is the average loop lengths and similarly for SRR, 𝑟1and 𝑟2 represent the 

radius of the inner and the outer circular ring respectively. The resonance of each loop 

occurs at the half-wavelength (λ/2) and can be calculated as:  

For the square ring: 

                                                     𝐿1 = 4 × 𝑙1 − 𝑠 − 4 × 𝑤                                              

                                                      L2 = 4 × 𝑙2 − 𝑠 − 4 × 𝑤                                              

For the circular ring: 

                                                         𝐿1 = 2𝜋 × 𝑟1 − 𝑠                                                       

                                                         𝐿2 = 2𝜋 × 𝑟1 − 𝑠                                                       

These basic equations of SRRs and CSRRs are only used for the loops with single 

resonant frequency or resonant mode. It can be analyzed that SRRs behave like an LC 

circuit resonator that could be excited by the external magnetic field which exhibits a 

powerful diamagnetism beyond the first resonance and also, they have cross-

polarization effects so that the excitation with the polarized signal is possible [79]. 

Thus, SRRs can be considered as resonating magnetic dipole excited by an axial 

magnetic field. The CSRR’s intrinsic model circuit is derived from SRR, as shown in 

Fig. 2.13(c), and it is also called the dual complement of SRR. In the dual complement 

of SRR, the inductance is replaced by capacitance and a series combination of 

capacitances is replaced by the parallel combination of inductances. So, the duality 

principle is followed exactly in the absence of any dielectric substrate. Based on this 

analysis, various planar antennas with band notch characteristics have been presented 

in the literature [80-102]. 

In [80], the triple band notching is achieved with the combination of multiple slots and 

SRRs coupled with the feeding structure. This CPW fed antenna is analyzed with three 

novel structures of the antenna in three steps. The final structure also provides stable 

gain and good radiation characteristics in the UWB range. Besides this, the time-

domain performance of the antenna structure is also provided in [80]. Different designs 

using various metamaterial structures for achieving the band notching in the UWB 
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range and are shown in Fig. 2.14. Fig. 2.14 (a) presents a CPW fed circular patch dual 

band-notched antenna with the T-shaped strips and SRR [81]. In this design, the SRR 

exists at the bottom edge of the radiating patch which introduces a second notch 

frequency. For achieving band notch function at two frequencies, SRRs are embedded 

in the co-planar ground plane of the antenna, and the third band notch has been achieved 

by the U-slot in the feed structure. Furthermore, the proposed antenna achieves an 

omnidirectional radiation pattern throughout in the UWB range. Fig. 2.15 (c) displays 

the simulated peak gain of this antenna, which lies in the range of 2 to 4.8 dB. Likewise, 

the sharp triple-band notching in [82] has been achieved with the combination of SRR 

and U-slots in the antenna designing. Moreover, the antenna provided a flat group delay 

response, minimal variation in gain, and radiation efficiency in the passband.  

 

 

                              (a)                                                                 (b) 
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                         (c)                                                                           (d) 

 

 

 

                                  (e)                                                                  (f) 
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(g) 

Fig. 2.14 Different UWB designs using metamaterial structures for achieving band 

notch characteristics (a) Circular split ring resonator [81] (b) Rectangular split-ring 

resonator [84] (c) Complementary split ring resonator [86] (d) Square spiral slot 

resonator [90] (e) M shaped resonator [93] (f) SRR in the slot of ground plane(GSRR) 

[94] (g) Parasitic resonator [96] 

As discussed above, the antenna designs are having circular split-ring resonators. 

Similar to circular SRRs the rectangular split-ring resonators (RSRR) have been 

reported for achieving band- notch characteristics in UWB antennas [83], Fig. 2.14 (d) 

shows an RSRR etched at the radiating element for achieving the single band notching 

and also a spiral-shaped defected microstrip structure (SDMS) is introduced in the feed 

structure for achieving the second band notch [84]. Furthermore, the group delay of the 

proposed antenna delay lies in the limit of 1ns, except for the two notch bands as shown 

in Fig. 2.15 (d). Similarly, another UWB antenna with dual-band notching is proposed 

in [85]. In this design, two RSRRs are used in the radiating patch for achieving the dual-

band notching. Additionally, fractal geometry is used in this design, which provides the 

miniaturization and very large impedance bandwidth. 
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                              (a)                                                                  (b) 

 

           

                                 (c)                                                                    (d)        
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(e) 

Fig. 2.15 Different types of simulated and measured results of the planar UWB band-

notched antennas with MTMs (a) Simulated and measured VSWR [96] (b) Simulated 

and measured S11 [94] (c) Simulated and measured peak gain [81] (d) Measured group 

delay [84] (e) E and H plane radiation pattern [88] 

 

As discussed at the starting of the section, CSRRs have been also utilized by researchers 

in the UWB antennas for achieving the band notching. Similarly, in [86], a CPW fed 

UWB antenna with three notches, as depicted in Fig 2.14 (c), with CSRRs embedded 

on the radiating element is proposed and it provides very sharp band rejection 

capabilities with an omnidirectional radiation pattern for the entire UWB range. 

Likewise, UWB antenna with similar characteristics having the slotted CSRR and a 

circular radiating patch for single-band notch has been presented in [87]. In this design, 

thickness and the gap between the edges of the split creates band notching 

characteristics in the UWB range. Moreover, in [88], a monopole UWB antenna with 

the CSRR etched on the circular radiating patch, and a slot structure has been used 

within the feed line for achieving triple-band notching, and Fig.2.15 (e) is used to 

represent the omnidirectional radiation pattern of E and H plane for the passband.  

Furthermore, a novel CPW fed modified complementary split-ring resonator (MCSRR) 

UWB antenna with multiple notches is proposed in [89]. In this antenna, six slotted 
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MCSRR in the radiating patch and the ground plane have been incorporated for 

achieving five-band notch frequencies and miniaturization. 

Eventually, so many other types of metamaterial structures have been reported by 

researchers for achieving band notch characteristics in the UWB range [90-102]. 

Metamaterial structures embedded in all these antennas are derived from the above-

mentioned structures. For example, Fig. 2.14 (d) shows a square spiral-shaped 

resonator, which is etched on the radiating element and ground plane of the antenna 

[90]. Both resonators in the proposed design have different sizes and achieve five 

different notch bands in the UWB spectrum. In [91], the CPW fed planar antenna 

incorporating nested split ring resonator [NSRR], stepped impedance resonator [SIR], 

and two T- shaped stubs for achieving the dual-band notch characteristics with 

omnidirectional radiation pattern has been reported. In this antenna structure, the 

notched bands can be changed by varying the dimensions of SIR and NSRR. Likewise, 

in [92] another compact CPW fed UWB antenna with dual-band notching, having an 

omnidirectional radiation pattern is achieved using an arc-shaped stepped impedance 

resonator, which is inserted in the circular ring type radiating patch, and a spiral SIR 

etched in the feedline. Similarly, Fig. 2.14 (e) displays the five M-shaped resonators 

(MSRs) of one/half wavelengths are integrated on the radiating patch, feedline, and 

ground plane to achieve quintuple band rejection capabilities in the antenna structure 

which is presented in [93]. Another novel planar UWB antenna has been proposed in 

[94] with single-band notch function and the Fig. 2.14 (f) shows the antenna structure 

of a conventional fork-shaped radiating patch and an SRR in the slot of the ground 

plane (GSRR), where notch frequency is controlled by the coupling between GSRR and 

coupling line. For this antenna, the S11 plot has been represented in Fig.2.15 (b) which 

displays the single band notch characteristics in the range of 5-6 GHz. Moreover, Table 

2.4 is used to represent the notch band frequency and its application for these designs. 

In [95], the different type of UWB antenna with wide bandwidth has been presented, 

and also the performance evaluation has been discussed for portable devices. It is 

concluded from the paper that the size reduction in wideband and UWB antennas is an 

essential parameter. So, Fig. 2.14 (g) represents an antenna design employing a new 

technique using parasitic resonators on the radiating surface and ground plane for 
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achieving dual and triple-band notching in the UWB range [96], [97]. Fig. 2.15 (a) 

represents the simulated and measured results for VSWR of a triple band-notched 

antenna using parasitic resonators. By properly placing the parasitic resonator on the 

radiating surface the sharp cut-offs can be attained in the notched bands and also, it can 

decrease the total size of the antenna structure. In [98-100] researchers have achieved 

miniaturization in the planar antennas having a wide bandwidth. In [98], two 

miniaturized UWB antennas filled with composite right-/left-handed transmission line 

(CRLH-TL) metamaterial structures have been proposed with good radiation properties 

over a wide bandwidth. In [99] a novel miniaturized UWB antenna based on a similar 

metamaterial structure has been presented. In this antenna structure, the inductive and 

capacitive components with metal through-holes have been implemented and achieved 

good radiation properties. Moreover, L and T-shaped slits have been etched for the 

reduction of size and bandwidth improvement. In [100], another compact UWB antenna 

with a simplified composite right-/left-handed transmission line (SCRLH-TL) MTM 

structure has been proposed, and E shaped slits are used in the radiating patches for the 

enhancement of the antenna parameters. 

In [91] MIMO UWB planar antenna has been presented. This structure possesses two 

microstrip-fed antennas with triple band-notched characteristics and uses the radial stub 

loaded resonators (RSLR) and T shaped stubs for providing better isolation. The triple 

band notching in this antenna structure has been achieved by incorporating a defected 

microstrip structure (DMS) based band stop filter (BSF) and an inverted π shaped slot 

and also coupling between the two-antenna structure can be adjusted by changing the 

parameters of RSLR loaded T-shaped stub. Similarly, in [102] a compact UWB MIMO 

antenna with dual-band notching has been presented. This antenna utilizes CSRR to 

achieve enhanced band notching and also a novel SRR based isolator has been used to 

improve the isolation in the overall antenna structure. Finally, other types of MTMs and 

metasurfaces (e.g., gradient refractive index (GRIN) meta-surfaces, focusing 

metasurfaces, anisotropic metasurfaces, etc.) can be also utilized for achieving 

miniaturization and gain enhancement in UWB antennas [103-108].   
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Table 2.4 Different notched bands and their applications using metamaterial 

structures 

Reference Type of Metamaterial 

resonator 

Notch Band 

frequency (GHz) 

Notch band Application 

[81] Circular Split Ring Resonator 3.3 - 3.8 and 5.15 - 

5.825  

WLAN and Wi-MAX 

[82] The rectangular split-ring 

resonator 

3.3-3.8, 5.15-5.825 

and 7.25-8.395  

Wi-MAX, WLAN, and 

Satellite X-band  

[83] Circular and rectangular Split 

Ring Resonator 

3.3-3.8, 5.15-5.35, 

5.725 -5.825 and 

5.85-5.925  

Wi-MAX, WLAN and 

DSRC 

[84] The rectangular split-ring 

resonator 

3.3-3.7, 5.15-5.85  Wi-MAX and WLAN 

[85] Square spiral slot resonator 2.4-2.8, 3.2-3.7, 5.5-

6 and 6.5-7  

Wi-MAX, WLAN, and 

Satellite downlink X –Band  

[86] Complementary split-ring 

resonators 

3.9, 5.2, and 5.9 C Band, WLAN, and 

HIPERLAN/2 WLAN 

[87] The complementary split-ring 

resonator 

5.5 WLAN 

[88] The slotted Complementary 

split ring resonator 

5.5  WLAN 

[89] Modified complementary split 

ring resonator 

3.0, 4.0, 5.0, 6.0 and 

7.0  

Chipless RFID 

[93] M-shaped resonator 2.35 - 2.61, 3.16 - 

3.69, 5.0 - 6.1, 7.2 - 

7.7 and 8.1 - 8.74  

WLAN, Wi-MAX, Satellite 

downlink X-Band and ITU 8 

GHz band 

[94] Split ring resonator in the slot 

of the modified ground plane 

(GSRR) 

5-6  WLAN 

[96] Parasitic microstrip resonator 3.4-3.6, 5.15-5.39, 

and 5.75-5.96  

Wi-MAX and WLAN 

[97] Dual Parasitic microstrip 

resonators 

5 - 5.4 and 7.8 - 8.4  WLAN and ITU Band 

 

2.5 EBG Structures Based Band-Notched UWB Antennas 

In recent years, EBG structures have become very appealing in the field of antenna 

engineering due to its numerous advantages such as compactness [109], effective 

bandwidth control, and the minimum effect on antenna’s radiation pattern [110]. EBG 

structures are 3-D periodic entities that halt the propagation of electromagnetic (EM) 

waves in a particular band of frequency for all polarization states and angles. This 

terminology is taken from the photonic bandgap phenomena in optics realized by 

periodic structures. These structures have also been employed in UWB antennas to 
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achieve band notching characteristics and miniaturization. Practically, it is very 

difficult to realize EBG structures so the restricted band-gap structures are preferred 

[110]. The most common EBG structure utilized in antennas is a mushroom type 

because of its miniaturization properties, which are essential for antenna structures 

[100].  

 

 

Fig. 2.16 The mushroom type EBG structure [109] 

Fig. 2.16 demonstrates the mushroom type EBG structure. The mushroom type band-

gap structure has four parts, which are a dielectric substrate, a ground plane, radiating 

patches (metallic), and connecting vias. Furthermore, this structure also has different 

stop bands for surface wave propagation. The operation of this type of EBG can be 

explained by an LC filter array, where L and C are inductance and capacitance 

respectively, and these values are calculated from the current flow through the vias and 

gap between the patches which are adjacent to each other. The values of L and C can 

be calculated as [109] 

 

                                                             𝐿 = µ0 ℎ                                                 (2.5)    

                                                                   

                               𝐶 =
𝑊ɛ0(1 + ɛ𝑟)

𝜋
cosh−1 (

2𝑊 + 𝑔

𝑔
)                           (2.6) 
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where 𝑤 and 𝑔 represent the patch width and gap width, µ0, 𝜀𝑟 , and 𝜀0 represent 

permeability of free space, dielectric constant, and permittivity of free space 

respectively. The prediction of the bandgap can be done with the help of the following 

equation: 

                                                  𝑤 =  
1

√𝐿𝐶
                                                         (2.7) 

 

 

                                     𝐵𝑊 =
∆𝑤

𝑤
=

1

ɳ
√

𝐿

𝐶
                                                    (2.8) 

 

   
 

                          

                             (a)                                                                       (b) 
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(c) 

Fig. 2.17 UWB antennas with a different type of EBG structures for band notching (a) 

Band notched antennas with conventional mushroom-type electromagnetic bandgap 

structure (CMT-EBG) [113] (b) Modified mushroom-type EBG structure [116] (c) 

Periodic EBG structure [119] 

 

 

 

 

 

 

 

 

 

 

 

             

                                  (a)                                                                    (b) 
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                                    (c)                                                                      (d) 

      

 
(e) 

 

Fig. 2.18 Different types of simulated and measured results in planar UWB band-

notched antennas with EBG structures (a) Simulated and measured VSWR [114] (b) 

Simulated S11 [119] (c) Simulated and measured peak gain [116] (d) Measured group 

delay [114] (e) E and H Plane radiation pattern [116] 
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Many UWB planar antennas with band notch characteristics have been investigated 

using these equations and models [101-120]. In [111], a novel technique has been 

presented for multiple bands notching within the pass-band of the UWB monopole 

antenna. The antenna structure utilizes a mushroom-type EBG structure coupled with a 

microstrip line that has various advantages such as reject frequency tenability, efficient 

dual reject band design, reject bandwidth controllable capacity, and stable radiation 

patterns. Likewise, in [112], the mushroom-type EBG structure is implemented in the 

vicinity of the transmission line to achieve the band notching. Also, it does not affect 

the behavior of the radiating patch and the radiation characteristics of the antenna. 

Moreover, by adjusting the physical parameters of the EBG structure, the desired reject 

band characteristics can be achieved.  

 

 

Table 2.5 Different notched bands and their applications using EBG structures 
 

Reference Type of EBG structure Notch Band frequency (GHz) Notch band 

Application 

[111] Mushroom-type 

  

5.2- 5.8  WLAN 

[112] Mushroom-like  5.5  WLAN 

[113] Mushroom-like  5.36-6.34 WLAN 

[114] Mushroom-like EBG cells 3.6-3.9 and 5.6-5.8 Wi-MAX and 

WLAN 

[115] Dual mushroom-type  

 

5.150-5.825 and 7.10-7.76  WLAN and 

Satellite downlink 

X-band  
[116] Modified Inductance 

enhanced mushroom-type 

EBG structure 

3.3-3.8 and   5-6  Wi-MAX and 

WLAN 

[117] Modified electromagnetic-

band gap (M-EBG) 

structure 

3.5 and 5.5 Wi-MAX and 

WLAN 

[118] Two spirals 

 EBG structures 

5.2 and 5.8  WLAN 

[119] Periodic EBG structures 4.6  INSAT 

[120] Two mushroom-type  3.5 and 5.8 Wi-MAX and 

WLAN 

 

Fig. 2.17 (a) presents the UWB MIMO antenna with single-band rejection capabilities 

by employing a mushroom-like EBG structure. In this design, mutual coupling between 

the antenna elements has been decreased using a stub structure which acts as a band-
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reject filter to reduce the effect of the surface current between antenna elements [113]. 

In [114], the dual-band rejection capability with High-Q stopband characteristics is 

achieved using the two mushroom-like EBG cells along with the feed structure. In 

[114], the simulated and measured results of VSWR show the two notches, i.e., 3.6-3.9 

GHz and 5.6-5.8 GHz in the UWB range and shown in Fig. 2.18 (a). Similarly, group 

delay results for [114] are shown in Fig. 2.18 (d) which depicts the simulated and the 

measured value of group delay. One more design with the mushroom-like EBG 

structure is presented in [115], which possesses the single band-reject capabilities 

similar to the design presented in [113], but in this design, wide rectangular band notch 

characteristics are achieved by the tuning of resonant frequencies of two EBG structures 

and integrating them. Besides, this structure can tune the frequency and width of the 

rectangular notched band by changing the parameters of the EBG structure. 

2.6 Reconfigurable Band-Notched UWB Antennas 

The reconfigurable antennas have emerged as a distinctive solution to fulfill the demand 

of a single wireless platform. To fulfill this demand, different characteristics of the 

antenna such as frequency, radiation pattern, and polarization should be made 

reconfigurable. To achieve this, mechanical movable parts, phase shifters, attenuators, 

diodes, switches, active materials are used [121]. This mechanism has also been utilized 

in UWB antennas to achieve tunable band notch characteristics. There are a lot of 

parameters that need to be taken into consideration to achieve reconfigurability in an 

antenna, especially in RF switches. These parameters are bandwidth, characteristic 

impedance, isolation, insertion loss, switching speed, expected lifetime, and power 

handling. Additionally, under microwave frequencies, low-pass switches act like 

resistors (𝑅𝑜𝑛) when they are in on state, and act as capacitors (𝐶𝑜𝑓𝑓) when they are in 

the off state, but bandpass switches act as one capacitor when they are in on state, and 

behave like a different capacitor when they are in the off state. Moreover, at higher 

frequencies, factors like bond-wire inductance, ground inductance, and transmission 

line parameters make the circuit modeling complicated. Similarly, parasitic resistances 

limit the higher-frequency hop and the Figure-of-merit of the switch. 
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The cutoff frequency can be calculated as [122]: 

                               𝑓𝑐 =
1

2𝜋 𝐶𝑜𝑓𝑓 𝑅𝑜𝑛
                                          (2.9) 

The highest operating speed of the switch is approximately 
fc

10
, whereas the switching 

speeds of semiconductor switches and mechanical switches are in nanoseconds and 

milliseconds respectively. Due to this reason, in most of the designs, the semiconductor 

switches (PIN diodes, Field effect transistors (FETs), Varactor diodes, Micro-Electro -

Mechanical-Systems (MEMS) switches, etc.) are preferred rather than the mechanical 

switches. Fig. 2.19 presents a simple configuration of the reconfigurable antenna with 

switches and shorted slots, to switch between polarizations [121]. 

 
 

      Fig. 2.19 The configuration of the reconfigurable antenna [121] 

The ideal switches have been used for the reconfigurability of the single, dual, and triple 

notched band in UWB antennas [123-130]. In all these antenna structures, different 

techniques have been utilized by the researchers for achieving band-notched operation 

in the UWB antenna. In [123-124], the dual-band notching is attained by using stepped 

impedance stub (SIS), stepped impedance resonators (SIR), and hexagonal stepped 

impedance resonators (HSIR). Similarly, in [125, 130] the dual-band notching is 

achieved in a CPW fed planar UWB antenna by inserting a T-shaped stepped 

impedance resonator (T-SIR) on a circular patch and by engraving a parallel stub loaded 
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resonator (PSLR) in the feedline. Likewise, a combination of open-ended T-shaped 

stubs (OET-S) and inverted F stub loaded rectangular resonator (IFSLRR) has been 

used in [127] for achieving dual band notching. Furthermore, Fig. 2.20 (a) shows the 

design of the triple band-notched antenna by employing defected microstrip structure 

(DMS), BSF, and an inverted π shaped slot [126]. Its S11 results are represented in Fig. 

21 (b) in which the three-band notches of this antenna at 4.2-6.2 GHz, 6.6- 7 GHz, and 

12.2- 14 GHz can be observed. Moreover, Fig. 2.21 (a), Fig. 2.21 (c) and Fig. 2.21 (e) 

represents the different simulation and measurement results of a dual band-notched 

antenna (i.e., simulated and measured VSWR, gain plot, and radiation pattern) [130].  

In the above-mentioned antenna designs, the analysis of the reconfigurable behavior of 

the notched band in the UWB antenna has been done only at the simulation level. This 

is because the addition of switches in the antenna prototype requires an additional 

biasing network during SMT of switches on the prototype. It makes the antenna 

structure more complex due to which the simulated results do not match the measured 

results [127].  

 

        

                        (a)                                                                     (b) 
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                                  (c)                                                                  (d) 

 

                             (e)                                                                         (f) 

Fig. 2.20 Different reconfigurable UWB band-notched antenna designs (a) UWB 

antenna with ideal switches [126] (b) UWB antenna with PIN diodes [131] (c) UWB 

antenna with varactor diodes [134] (d) UWB antenna with optical switch [137] (e) 

UWB antenna with magneto-dielectric material [138] (f) UWB antenna with variable 

capacitors [140] 
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As per the discussions above, designing an efficient biasing circuit is very important 

for tunable band-notched UWB antennas. Nevertheless, various designs using PIN 

diodes and varactor diodes have been presented by the researchers to attain the 

reconfigurable behavior in the UWB band-notched antenna [131-136]. Fig. 2.20 (c) 

represents a UWB slot antenna with single and dual notched functions having 

switchable behavior, and the switching operation has been accomplished by introducing 

two PIN diodes in the slot of the radiating patch to achieve band-notched characteristics 

in UWB antenna [118]. Similarly, a single and dual notched antenna using PIN diodes 

is proposed in [119]. Another design using four PIN diodes for UWB bandwidth 

coverage with single and dual-band notches has been presented in [13]. This antenna 

utilizes parasitic elements to improve the frequency response in the simulation.   

Similar to PIN diodes, the varactor diodes are also used in the UWB band-notched 

antennas and are described in [134-135]. Varactor diodes are embedded on the 

resonating slot and provide tunable resonating behavior as presented in [134] as shown 

in Fig. 2.20 (c), Besides, it provides independent controlling of the notch band by 

effective electronic tuning by varying the bias voltage of the varactor diode [135]. 

Furthermore, in [136], both the PIN diodes and varactors are used in the antenna 

structure. In this design, PIN diodes can provide a switching action, whereas the 

varactor diode can be used for tuning 

 

 

   

 

 

 

 

 

 

                                         

   (a)                                                               (b) 
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      (c)                                                                    (d) 

         

 

(e) 

Fig. 2.21 Different types of simulated and measured results in the planar 

reconfigurable UWB band-notched antennas (a) Simulated and measured VSWR 

[119] (b) Simulated S11 [115] (c) Simulated and measured peak gain [119] (d) 

Measured group delay [118] (e) E and H plane radiation pattern [119] 
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Similarly, so many other techniques have been proposed in literature like using an 

optical switch (Fig. 2.20 (d)), magneto-dielectric (Fig. 2.20 (e)), and variable capacitors 

(Fig. 2.20 (f)) [137-140]. Moreover, other techniques incorporating different types of 

metasurfaces with the combination of PIN diodes and varactor diodes can be used for 

achieving tunable characteristics in UWB antennas [131-144] and Table 2.6 represents 

the notched band frequencies and their applications for different reconfigurable UWB 

antennas with band notch characteristics.   

 

Table 2.6 Different notched bands and their applications using antenna 

reconfiguration techniques 

Reference Type of switch for 

reconfiguration 

Notch Band frequency 

(GHz) 

Notch band Application 

[125] Ideal switches 3.8-5.9 and 7.7-9.2 C-band, WLAN, and X-

band 

[126] Ideal switches 4.2 - 6.2, 6.6 to 7.0 and 

12.2 

C-band and WLAN 

[127] Ideal switches 3.5 and 8.2  Wi-MAX and X-band 

[128] Ideal switch 3.3-3.6 and 5.15-5.35  Wi-MAX and WLAN 

[129] Ideal switches 3.3 - 3.6  Wi-MAX 

[131] PIN diodes 3.15-3.85 and 5.43-6.1  Wi-MAX, C-band and 

WLAN 

[132] PIN diodes 3.3-3.6, 5.15-5.35 and 

8.2 

Wi-MAX, WLAN, and 

8.2GHz 

[13] PIN diodes 5.1-5.7 and 7.2-7.8  WLAN and downlink X-

band 

[134] Varactor diodes 4.1 - 6.8  WLAN and C-band 

[135] Varactor diodes 5 - 6  WLAN 

[136] PIN Diodes-varactor diodes 4.2-4.8 and 5.8-6.5 C-band and WLAN 

[137] Optical switch 3.5-5 Wi-MAX and WLAN 

[138] magneto-dielectric materials 1.7-8  WLAN, Wi-MAX, and 

C-band 

[139] Variable capacitors 3-4 Wi-MAX 

[140] Variable capacitors 3.5 and 7 Wi-MAX and C-Band 
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2.7 Summary  

Due to the growing demand for devices with high data rates and low power 

consumption, researchers are looking for solutions, which provide optimum results for 

each application. UWB systems provide this solution for short-range wireless 

communication with very little power consumption.  

This chapter had addressed the challenges involved in designing of UWB antennas for 

notch band characteristics. Designing an optimal planar UWB antenna with band notch 

characteristics to provide minimum interference with other existing wireless 

technologies is the major challenge in the implementation of UWB systems. Therefore, 

different techniques for achieving the band notch characteristics in the UWB range with 

their advantages and disadvantages have been discussed in this study. The band notch 

characteristics in UWB antennas are a very strong function of the electrical size of the 

antenna. So, to achieve this, various parameters and techniques have been taken into 

consideration, such as loading slots and parasitic elements, inserting slits and fractal 

techniques, etc.  

The main advantage of using these techniques is to provide band notch characteristics 

with a simple structure of the antenna. Besides, these techniques have been used in 

combination with fractal, metamaterial, and EBG structures to achieve the sharp cutoff 

in-band notching with good radiation properties. Another, major challenge of the UWB 

band-notched antennas is the designing of an accurate filtering structure to reject the 

undesired bands from the UWB range. So, the researchers have used SRRs and CSRRs 

in the antenna structures to achieve sharp filtering of the undesired band, and also these 

planar metamaterial structures have been employed in combination with other 

techniques such as slot-loading, using stubs and fractals to achieve optimum 

performance. The EBG structures have been used to achieve miniaturization in UWB 

antennas with band notch characteristics. These structures also provide stable radiation 

characteristics as compared to the other techniques. Moreover, these structures are 

utilized in combination with other techniques to achieve band notching. The 

reconfigurable band-notched antennas with switches and tunable materials have also 

been proposed, but it requires an additional biasing network, which increases the 
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complexity and power requirements of the antenna structure. To conclude, all the 

mentioned techniques have a significant role in designing a band-notched UWB 

antenna and as stated above, each technique has certain design constraints, which 

should be addressed in future antenna designs. 
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Chapter 3 

Design Process of Planar UWB Antennas with Band-Notch  

Characteristics 

 

3.1 Introduction 

The main objective of this chapter is to study and describe the design procedure to 

design a UWB antenna with band notch characteristics. As discussed in Chapter 2, 

multiple techniques have been employed by the researchers to achieve the band notch 

characteristics in planar UWB antennas. However, first step in all these designs is to 

achieve the UWB operation.  

A UWB antenna needs to possess certain characteristics such as stable gain, 

omnidirectional radiation pattern, and decent time-domain performance. Therefore, in 

this chapter, the design procedure of UWB antenna designs possessing all these 

characteristics as well as band notches is presented. The design process of the UWB 

antenna design with band notch characteristics contains few steps in all the designs and 

those are given below: 

• Analyze the UWB antenna design requirements 

• Designing the preliminary UWB antenna based on the state of the art 

• Parametric study of the antenna for optimal results 

• Selection of notch band-structure  

• Parametric study of notch band-structure  

• Notch band realization without affecting the essential parameters for UWB 

operation  

• Fabricate the designed antenna and perform testing 

• Validate the operation of designed UWB antenna by comparing the simulation 

results with measured results  

Based on these steps Fig. 3.1 demonstrates the basic design methodology used to 

design the UWB antenna with notch band characteristics. This chapter lays the 
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groundwork in order to understand the simulation and fabrication process of UWB 

antennas with band-notched characteristics. For this task, three different antenna 

designs, similar to antenna designs available in the literature have been analyzed. 

The first two designs represent the UWB antennas while the third design represents 

a UWB antenna with band notch characteristics.  

 

Fig. 3.1 Design methodology for UWB antennas with band notch characteristics 
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This chapter is organized into five sections. Section 3.1 represents the introduction 

whereas Section 3.2 and Section 3.3 demonstrate the design process of planar UWB 

antenna. Further, Section 3.4 represents the design process of the UWB antenna with 

band notch characteristics. Finally, Section 3.5 holds a summary of the chapter.  

3.2 A CPW Fed Planar UWB Antenna  

The UWB antenna design needs to satisfy some of the key characteristics like 

𝑅𝑒𝑡𝑢𝑟𝑛 𝑙𝑜𝑠𝑠 ˂ − 10𝑑𝐵 𝑎𝑛𝑑 𝑉𝑆𝑊𝑅˂ 2 throughout the UWB range. Further, the 

bandwidth achieved from the UWB antenna should be greater than 500 MHz. In 

addition, the FCC guidelines for the UWB systems should be strictly followed. CPW 

feeding technique has been extensively used in UWB antennas for achieving higher 

bandwidth as compared to other conventional feeding techniques. In this technique, the 

ground plane and radiating patch are in same plane and due to lesser coupling between 

the elements wider bandwidth is possible. The design also comprises of a U-shaped 

stub and rectangular slots in the radiating patch. The final analyzed design provides an 

impedance bandwidth of 8.12 GHz from 2.71 – 10.83 GHz. 

3.2.1 Antenna Structure 

The antenna is having a compact size of 27×21×1.6 mm3. Fig. 3.2 represents the top 

view and dimensions for the final design. The CPW feeding with a characteristic 

impedance of 50𝛺, an FR4 substrate with a dielectric constant of 4.3, and a tangent loss 

of 0.025 has been utilized in the design. The ground plane structure has been modified 

to achieve the desired gain and radiation properties. Table 3.1 presents the final 

dimensions of the proposed antenna. 

Table 3.1 Design parameters of the antenna in mm 

WS 21 WF 3.2 GW 1 

LS 27 LF 6.27 GW1 5.5 

GL1 1.31 GL3 2.1 GL5 5.3 

GW2 1.31 GW4 7.5 GL2 2.1 

GW3 2.6 GW5 4.4 GL4 12.9 

LP 8.4 HS 1.6 WP 12 
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Fig. 3.2 Design structure of the antenna 

3.2.2 Parametric Study  

In this section, the parametric study of the designed antenna is presented. The main 

focus of this study is to achieve the desired bandwidth for UWB operation i.e., 3.1-10.6 

GHz. Also, the stable gain and radiation properties of the antenna are evaluated while 

achieving this operation. All the parameters mentioned in Table 3.1 have been analyzed 

in the simulation.  

• Effect of WF 

The parameter WF changes the bandwidth of the designed antenna as the value of 𝑓ℎ 

varies from 10 GHz to 11.07 GHz with a variation of WF from 2.6 mm to 3.4 mm. 

However, this parameter has a negligible impact on the  𝑓𝑙 as it varies in the range of 

2.69-2.78 GHz. The maximum bandwidth is attained with WF = 3.4 mm and it provides 

a bandwidth of 8.38 GHz i.e., 2.69-11.07 GHz. However, WF = 3.2 mm has been 

selected as the final value of WF as it also gives good performance related to other 

essential parameters for UWB operation. Fig. 3.3 and Table 3.2 demonstrates the 

bandwidth as well as the various values of   𝑓ℎ and  𝑓𝑙 with a variation of WF. 
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                                                                     (a) 

 

(b) 

Fig. 3.3 (a) S11 with variation in WF (b) VSWR with variation in WF 

Table 3.2 Bandwidth of the antenna with variation in WF 

Value of WF 

(mm) 

Lower Frequency 

(GHz) ( 𝒇𝒍 )  

Higher Frequency 

(GHz) ( 𝒇𝒉)  

Bandwidth (GHz) 

 (𝒇𝒉 −  𝒇𝒍) 

2.6 2.76 10.2 7.44 

2.8 2.73 10.47 7.74 

3 2.7 10.73 8.03 

3.2 2.71 10.83 8.12 

3.4 2.69 11.07 8.38 
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• Effect of GW 

Similar to WF, the parameter GW also varies the bandwidth of the antenna. However, 

GW affects the lower frequency  𝑓𝑙 unlike WF which mainly has an impact on the higher 

frequency  𝑓ℎ.The values of GW are varied from 0.5 mm to 2 mm and bandwidth 

fluctuates between 7.4 GHz – 8.83 GHz in the UWB range. Fig. 3.4 reveals the impact 

of GW on S11 (dB) and VSWR of the antenna. Table 3.2 presents different values of  𝑓ℎ 

and  𝑓𝑙 along with bandwidths. Finally, GW = 1mm is selected as it provides good 

agreement with other antenna parameters. 

 

(a) 

 

(b) 

Fig. 3.4 (a) S11 with variation in GW (b) VSWR with variation in GW 
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Table 3.3 Bandwidth of the antenna with variation in GW 

Value of GW (mm) Lower Frequency 

(GHz) ( 𝒇𝒍 )  

Higher Frequency 

(GHz) ( 𝒇𝒉)  

Bandwidth (GHz) 

 (𝒇𝒉 −  𝒇𝒍) 

0.5 2.46 10.8 8.34 

1 2.71 10.83 8.12 

1.5 2.91 11.15 8.24 

2 3.29 11.31 8.02 

 

Table 3.4 Bandwidth of the antenna with variation in WP 

Value of WP (mm) Lower Frequency 

(GHz) ( 𝒇𝒍 )  

Higher Frequency 

(GHz) ( 𝒇𝒉)  

Bandwidth (GHz) 

 (𝒇𝒉 −  𝒇𝒍) 

10 2.67 10.86 8.19 

11 2.69 10.92 8.23 

12 2.71 10.83 8.12 

13 2.73 10.70 7.97 

14 2.77 10.53 7.8 

 

Table 3.5 Bandwidth of the antenna with variation in GL3 

Value of GL3 (mm) Lower Frequency 

(GHz) ( 𝒇𝒍 )  

Higher Frequency 

(GHz) ( 𝒇𝒉)  

Bandwidth (GHz) 

 (𝒇𝒉 −  𝒇𝒍) 

0.6 2.69 8.24 5.55 

1.1 2.7 10.40 7.7 

1.6 2.71 10.68 7.97 

2.1 2.71 10.83 8.12 

2.6 2.72 10.94 8.22 

3.1 2.73 11.03 8.3 

 

Similarly, the effect of WP and GL3 on antenna bandwidth can be observed in Table 

3.4 and Table 3.5 respectively which represent the variation in the bandwidth of the 

antenna with WP and GL3. 
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3.2.3 Surface Current Distribution 

 

                            (a)                                                                              (b) 

 

                            (c)                                                                               (d) 

Fig. 3.5 Surface current distribution of the antenna at (a) 4 GHz (b) 6 GHz (c) 8 GHz 

(d) 10 GHz 
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Fig. 3.5 represents the surface current distribution of the antenna for different 

frequencies in the UWB range. It can be observed that most of the current concentration 

is near the feedline and the side arms of the ground plane. This distribution is almost 

uniform throughout the UWB range except at a few higher frequencies where the 

volume of the current increases slightly. Due to this, the radiation characteristics of 

antenna get effected at these frequencies. However, the overall UWB performance 

remains unaffected at these frequencies. 

3.3 Modified L-Slot UWB Antenna with Microstrip Coupled Feed 

In this section, A UWB antenna with an L-shaped slot and a coupled microstrip feedline 

is analysed. To realize the L-shaped slot antenna for the UWB operation, a stub is added 

to a rectangular shaped slot of the ground plane. Further, the position of the feed-line is 

optimized to attain the desired bandwidth. The size of the proposed antenna is very 

small i.e., 25×25×1.6 mm3, and is designed and fabricated on the FR4 substrate. This 

antenna provides the impedance bandwidth (S11 ˂ -10 dB) of 8.19 GHz (2.8-10.99 

GHz). Moreover, the antenna offers a stable radiation pattern and a gain of more than 

2.8 dB over the UWB range. 

3.3.1 Antenna Design and Parameters 

The antenna design is given in Fig. 3.6 and parameter dimensions of the design are 

given in Table 3.6. The antenna is designed on a commercially cheap FR4 substrate 

having a thickness of 1.6 mm, dielectric constant (ɛ𝑟) of 4.4, and a loss tangent of 

0.025. Initially, a rectangular slot of 16×21.7 mm2 is made on the ground plane of the 

antenna. Then, in order to achieve the enhanced impedance bandwidth, a stub of size 

10.75 mm is added from the right side of the ground plane toward its center. This forms 

the L-shape slot in the ground plane of the antenna. Furthermore, to overcome the 

coupling between the ground plane and feedline, a small slot of width W2 is made at 

the bottom of the ground plane as shown in Fig. 3.6. The position of the microstrip line 

is optimized to realize efficient UWB operation.  
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                                               (a)                                            (b) 

Fig. 3.6 Configuration of the antenna. (a)Top view (b) Bottom view 

Table 3.6 Parameters with size in mm 

W1 25 W8 13.5 

W2 3 L1 25 

W3 4.3 L2 4.8 

W4 10 L3 5.25 

W 3 h 1.6 

W7 3 L6 9.75 

W6 1 L5 15 

W5 9.5 L4 10.75 

 

3.3.2 Parametric Analysis 

Fig. 3.7 shows the modifications in the antenna design which resulted in the improved 

bandwidth of the design. The first design in Fig. 3.7 (a) is antenna A1 with a rectangular 

slot and a centered positioned microstrip feedline on either side of the substrate. In order 

to, then to enhance the impedance BW, a stub is added from the right side of the ground 

plane toward its center which results in antenna design A2 of Fig. 3.7 (b). The enhanced 

BW can be visualized in Fig. 3.8. Furthermore, to optimize the UWB operation, the 

feedline is shifted towards the right edge from the center of Antenna 2 which resulted 

in antenna design A3 shown in Fig. 3.7 (c).  
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                                      (a)                            (b)                          (c) 

Fig. 3.7 Enhancement of antenna design (a) A1 (b) A2 (c) A3 

 

   Fig. 3.8 Reflection coefficient (S11) of A1, A2, and A3 

 

For the mathematical analysis of the antenna design, the perimeter of the overall slot 

( Sp) is calculated from Fig. 3.6 and represented as 

            𝑆𝑝 = 𝐿5 + 𝑊4 + 𝐿4 + 𝑊5 + 𝐿3 + 𝑊7 + 2𝐿2 + 𝑊2 + 𝑊8        (3.1)                                  

Now, the resonance frequency can be calculated using 𝑆𝑝 as [31], [33] 

 

                                                 𝑓𝑟 =
𝑐

𝑆𝑝 √∈𝑒𝑓𝑓

                                               (3.2) 
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where, 𝑓𝑟 is the resonance frequency, c represents the velocity of light and 𝜀𝑒𝑓𝑓 is the 

effective dielectric constant. The 𝜀𝑒𝑓𝑓 is calculated using [31], [33] 

                         𝜀𝑒𝑓𝑓 =
∈𝑟+1

2
+

∈𝑟−1 

2
[1 +  

12ℎ

𝑤
]

−1/2

                                         (3.3)                                                          

where the second part of Eq. (3.3) is very small and is neglected. therefore, Eq. (3) can 

be approximately written as 𝜀𝑟 + 1/2. 

3.3.3 Simulated Results 

The simulated result of S11 parameter is shown in Fig. 3.9. It can be visualized from 

Fig. 3.9 that the lower frequency (𝑓𝐿) and higher frequency (𝑓𝐻) of operation for the 

final design are 2.8 GHz and 10.99 GHz respectively. Thus, the antenna design provides 

an overall bandwidth of 8.1 GHz. The surface current distribution of the final design is 

illustrated in Fig. 3.10. It can be observed from Fig. 3.10 that the overall current 

distribution does not change much throughout the UWB range i.e., across the feedline 

and L-slot. 

 

 

Fig. 3.9 Simulated S11 of the antenna design 
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                                           (a)                                                (b) 

 

                                           (c)                                                (d) 

Fig. 3.10 Surface current distribution of the antenna at (a) 4 GHz (b) 6 GHz (c) 7 GHz 

(d) 9 GHz 

3.3.4 Measured results 

 

   

(a)                                     (b) 

 

Fig. 3.11 Fabricated antenna (a) Top view (b) Bottom view 
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Fig. 3.12 Measurement of the antenna with MS46322A VNA 

 

 

Fig.3.13 Simulated and measured S11 of the antenna 

Fig. 3.11 and Fig. 3.12 presents the fabricated prototype and measurement setup. For 

the experimental verification of the design, the prototype of A3 has been fabricated and 

measured results are obtained with VNA (MS46322A). The simulated and measured 

results show good agreement with each other as illustrated in Fig. 3.13. However, the 
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values of 𝑓𝐻 and 𝑓𝐿 are slightly different in the measured results. This discrepancy in 

the measured results is possibly due to the fabrication and connector losses. In measured 

results the values of 𝑓𝐻 and 𝑓𝐿 are 10.55 GHz and 2.69 GHz respectively providing a 

bandwidth of 7.86 GHz as compared to the 8.1 GHz bandwidth obtained by simulated 

results. To summarize, the overall performance of the designed antenna is as per the 

requirements of UWB systems.  

3.4 Circular Monopole UWB Antenna with a Band Notch 

In this section, a circular monopole UWB antenna with notch band characteristics at 

5.8 GHz is presented. The antenna is having a compact size of 30×30×1.6 mm3 and is 

etched on a low-cost FR4 substrate with a loss tangent of 0.025. The monopole structure 

is used to achieve a large bandwidth and an omnidirectional radiation pattern. The band 

notch characteristics in the design have been achieved by engraving a modified U-slot 

in the circular patch. The designed antenna provides stable gain except for notch band 

and good time-domain characteristics which are essential for the UWB antenna. The 

measured, as well as simulated results, show good agreement with each other.  

 

3.4.1 Design Outline 

As mentioned in the literature [19], [26], [38], the monopole antenna structures provide 

higher bandwidth as compared to the traditional antenna structures. Hence, a compact 

planar monopole antenna has been designed as represented in Fig. 3.14. The radiation 

properties of the structure have been further enhanced by using a circular radiator and 

modifying the ground. The radius of the circular patch has been adjusted to attain the 

desired bandwidth and also the ground has been modified to achieve enhanced radiation 

properties. The antenna is engraved on the FR4 substrate with a loss tangent of 0.025 

and the overall volume of the structure is 30×30×1.6 mm3. Further, the thickness of the 

substrate is chosen as 1.6 mm which is easily available commercially. For achieving 

the required notch band, a modified U-shape slot is engraved on the radiator. The 

positioning, as well as the dimensions of the slot, have been altered for achieving the 

desired notched band. Table 3.7 presents the various design parameters for the proposed 

design. 
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Fig. 3.14 Design outline of the UWB band-notched antenna 

 

Table 3.7 Design parameters of the antenna in mm 

R 9 Wf 1.6 Gw1 12.5 W 30 Ls 6 L 30 GL2 2 

Gs 2 Ws1 11 GL1 9 Ws2 3.5 Lf 9 Gw2 5 h 1.6 

 

3.4.2 UWB Operation 

Initially, a circular shaped radiating patch with parameter R = 10 mm and a simple 

ground plane for monopole operation is selected. This simple structure provides a 

bandwidth of 4.50 GHz from 3.60 GHz to 8.10 GHz. However, the radiation properties 

were not as per the UWB antenna requirement. Hence, parameter R value of the radiator 

is altered as well as a rectangular stub is engraved on the ground plane for achieving 

the optimal operation. Finally, as shown in Fig. 3.15 the final selected value of R= 9 

mm and the modified ground structure has a rectangular stub with optimized 

dimensions of GL2 = 2 mm and Gw2 = 5 mm. 
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Fig. 3.15 Modified antenna structure for UWB operation 

 

 

 

Fig. 3.16 VSWR plot for the modified antenna structure 
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                                  (a)                                                           (b) 

 

 

 

(c) 

Fig. 3.17 Surface current concentration for the modified antenna at a different 

frequency (a) 3.7 GHz (b) 5.8 GHz (c) 7.5 GHz 

After the parametric analysis, the modified antenna structure provides the bandwidth of 

6.74 GHz i.e., 3.62 GHz to 10.36 GHz. A bandwidth improvement of 2.24 GHz is 

achieved from the initial antenna structure. Further, this structure provides good 
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radiation properties and stable gain which is essential for UWB antennas. Fig. 3.16 

presents the VSWR plot for the modified antenna structure for the UWB operation. The 

surface current for the antenna also remains same throughout the bandwidth for UWB 

operation which is portrayed in Fig. 3.17. 

 

3.4.3 Band-Notch Operation 

As discussed in Section 3.4.2, the band notch operation in the proposed design is 

implemented using a modified U-slot. Firstly, a traditional U-shaped slot is chosen and 

the dimensions are chosen based on the design equation for U-slot which is given by 

[36,37] 

 

  Fn =
C

2(Ln + Wn) √𝜀𝑒𝑓𝑓

                                                        (3.4)   

 

where, Ln is the slot length, Wn is the slot width, Fn is the center notch frequency which 

is at 5.8 GHz,  𝜀𝑒𝑓𝑓 is the effective dielectric constant of the substrate and C is the 

velocity of light = 3𝑋10 8𝑚/𝑠𝑒𝑐. By using Eq. (3.4), the slot dimensions are calculated. 

However, the notch frequency in the simulated results is observed at 5.21 GHz that is 

different from the desired notch band center frequency. Therefore, the dimensions, as 

well as the structure of the U-slot are modified to achieve the precise center notch 

frequency. Further, the positioning of the U-slot is also done precisely to achieve the 

desired results. 

 

3.4.4 Simulated Results 

The presented UWB antenna achieves a bandwidth of 7.19 GHz from 3.43 GHz to 

10.62 GHz as visualized in Fig. 3.18. The notch band from 5.07 GHz to 6.54 GHz with 

a center notch frequency of 5.78 GHz and a small variation of 0.02 GHz is observed in 

the simulated results. The radius of the circular radiator, along with the dimensions of 

ground structure, are accustomed to achieve the mentioned results. While modifying 

the antenna structure for notch operation, to get the best results, the other required 

parameters for UWB operation are also observed precisely. 
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Fig. 3.18 VSWR plot of the band-notched antenna 

 

 

 

 

(a)                                                                 (b) 
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(c) 

Fig. 3.19 Surface current concentration for the final antenna design at different 

frequency (a) 3.70 GHz (b) 5.78 GHz (c) 7.50 GHz 

 

The surface current of the given antenna at different frequencies is presented in Fig. 

3.19. This can be visualized from Fig. 3.19 that the current concentration is maximum 

at the modified U-shape slot intended for the center notch frequency i.e., 5.78 GHz. 

Due to this, the mentioned notch frequency is completely suppressed by the engraved 

notch band structure. However, for other two frequencies, the U-shaped slot is not 

resonating and thus antenna provides the UWB operation. 

 

3.4.5 Measured Results   

The prototype of the antenna, as well as its measurement setup, is presented in Fig. 

3.20. MS46322A (Anritsu) VNA having a range of 1 MHz to 20 GHz is used for the 

measurement of group delay and VSWR. For measurement of the gain as well as 

radiation pattern, the antenna was positioned in the anechoic chamber with a distance 

which is more than the minimum far-field distance from the reference antenna. For the 

measurement of the group delay, two similar antennas were placed in face to face 

configuration with a distance greater than the aforementioned far-field distance. 
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Fig. 3.20 Fabricated prototype antenna and its measurement setup  

 

 

Fig. 3.21 Measured vs Simulated VSWR 
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                                     (a)                                                                   (b) 

 

 

                              

(c)                                                                   (d) 

 

                               

 

Fig. 3.22 Measured vs simulated radiation pattern at different frequency (a) 3.6 GHz 

(b) 5.07 GHz (c) 4.80 GHz (d) 6.54 GHz 
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The measured and simulated VSWR show suitable agreement with each other as 

depicted in Fig. 3.21. The lower and higher frequency for UWB operation is slightly 

shifted to 3.96 GHz and 10.7 GHz respectively. For notch band operation the center 

frequency is 5.72 GHz and a small difference of 0.06 GHz is calculated between the 

simulated and measured results. The measured bandwidth for the notch is a tad higher 

than the simulated notch bandwidth i.e., 1.76 GHz ranging from 4.88 GHz to 6.64 GHz. 

The E-Plane and H-plane normalized radiation patterns at a different frequency in the 

UWB band are presented in Fig. 3.22. The radiation pattern at all mentioned frequencies 

is omnidirectional in H-plane which is as per the requirement of UWB systems. Further, 

the E-plane radiation pattern is following the desired radiation pattern except for slight 

variation at frequencies greater than 6 GHz in the UWB band as portrayed in Fig. 3.22 

(d). The gain and radiation efficiency are presented in Fig. 3.23 and Fig. 3.24 

respectively. it can be visualized from Fig. 3.23 that the gain is almost stable for the 

UWB range with a variation of 4 dB and 3 dB except for the notched band where the 

gain reduces to -3.13 dB and 0.82 dB for measured and simulated results respectively. 

Similarly, the simulated radiation efficiency is in the range of 73% to 88% except for 

the notch band where it is reduced to 32% approximately. 

 

Fig. 3.23 Measured vs simulated gain 
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    Fig. 3.24 Radiation efficiency 

 

Fig. 3.25 Simulated group delay of the band-notched antenna 

Finally, to estimate the time-domain performance of the designed antenna, the group 

delay of the antenna is presented in Fig. 3.25. It gives the information about the amount 

of distortion available in the radiated signal via the UWB antenna at a distance. 
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Flat group delay in the UWB range depicts minimum distortion in the radiated signal 

and as depicted by Fig. 3.17 linear group delay is observed i.e., in the range of 0 ns to 

1 ns except for the notch band where the value is -3.64 ns. 

3.5 Summary 

In this chapter, three UWB antenna designs have been presented to demonstrate the 

basic design process for achieving UWB and band notch operation in the planar antenna 

structures. These designs have been analyzed during the simulation process and 

different techniques to achieve UWB operation have been employed such as CPW 

feeding, monopole antenna structure, coupled microstrip feeding, and slot-loading. The 

most common technique to achieve band notch characteristics i.e., slot-loading has been 

also demonstrated. To validate the results, antenna designs 2 and 3 have been fabricated 

and tested. However, while analyzing the design process some other important aspects 

mentioned in Chapter 1 and Chapter 2 related to UWB antenna design with band notch 

characteristics have not been discussed thoroughly such as time-domain performance 

(fidelity factor, dispersion analysis), selection of excitation signal and filter synthesis 

for band notch operation. These parameters have been discussed thoroughly in the final 

proposed antenna designs of the thesis in Chapter 4 and Chapter 5. 
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Chapter 4  

Design and Efficient Analysis of a CPW Fed Beveled Patch 

UWB Antenna with Highly Optimized WLAN (5.15 – 5.825 

GHz) Notch Band 

  

In this chapter, a planar antenna with highly optimized WLAN (5.15 – 5.825 GHz) 

notch for UWB applications is thoroughly investigated based on the overall UWB 

system requirements. The time-domain performance of the proposed antenna is 

assessed using dispersion, group delay, and system fidelity factor. Also, the excitation 

signal is chosen carefully based on the indoor mask for UWB systems. Finally, the filter 

synthesis of the notched band, equivalent circuit model, phase response, and 

experimental results have been also presented to validate the results. 

4.1 Introduction 

In the past decade, the world has seen the proliferation of UWB antenna designs and 

out of these, the planar antennas have gained popularity amongst researchers due to 

their small size, cost-effectiveness, near omnidirectional radiation pattern and 

wideband operation. Therefore, extensive work has been done to elevate the 

performance of planar UWB antennas by optimizing their shape. For this purpose, 

various techniques and methods have been developed like to control impedance 

bandwidth, the use of beveled shape is preferred instead of conventional circular or 

rectangular shapes or augmenting the shape and size of the ground plane [9], [25], [145-

152]. 

The major challenge in designing a UWB antenna to optimize its radiating and notching 

characteristics simultaneously. A straightforward and effective way of achieving UWB 

operation with band notch characteristics is the usage of the additional band-stop filter. 

On the other hand, similar filtering characteristics can be achieved by introducing a slot 

in the antenna. This results in the reduction of interference among the UWB system and 

other existing wireless systems without the need for any extra hardware. Various 
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techniques such as loading slots and parasitic elements, embedding Split ring resonator 

structures, EBG structures, and switches have been employed for this task [148]. 

In [152], a compact resonant cell engraved on the CPW feed is employed as a BSF. In 

[153], band notching is acquired by inserting L-shaped and ring resonators into the 

ground plane. To further enhance the notch band performance, two stubs and slits of 

half-wavelength are designed in the circular patches and tapered slot, respectively in 

[154]. Also, to illustrate the performance of the notch band, a measure in terms of roll-

off criterion (ROC) has presented by evaluating the ratio of the -3 dB bandwidth to the 

-10 dB bandwidth of the rejected band in [155].  

It is a challenge to etch the UWB radiating patch directly without using any parasitic 

structures or additional filters [156-158]. So, one should find a more suitable form of 

the fragment and its location of engraving on the patch or ground plane to attain the 

desired band notch characteristics. Recently, due to the flexibility provided by these 

structures, they have found applications in several UWB antenna designs 

[111],[159],[160]. Another important parameter is to select an appropriate impulse 

signal to excite the UWB antenna that satisfies the FCC indoor mask with good power 

efficiency. But very few antenna designs have addressed the use of pulse design 

techniques for UWB systems [9],[11], [169-171].  

In UWB systems, as the transmission is done through narrow pulses in the time domain, 

therefore it is also essential to investigate the UWB antenna performance in the time 

domain. So, parameters such as dispersion, group delay, fidelity factors should be 

analyzed meticulously [12], [46], [149], [157], [165], [167]. 

Various designs for achieving single, dual, triple, and quad-band notch characteristics 

have been proposed in [25], [146], and [148]. However, only a few designs have used 

optimization techniques for achieving desired notch band characteristics i.e., Artificial 

Bee Colony (ABC) and differential evolution (DE) [149], Binary particle swarm 

optimization (BPSO) [154], Particle swarm optimization (PSO) [160], genetic 

algorithms [172]. But, while realizing optimum notch band characteristics using 

mentioned algorithms, the key point to note is that the analysis of other desired UWB 
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antenna parameters such as gain, radiation pattern, and group delay is not included in 

the optimization process.  

 

Table 4.1: Comparison of the proposed antenna and reference antenna designs with 

WLAN notch band characteristics 

Ref. 

 

Antenna 

size 

(mm2) 

Max. 

gain over 

passband 

(dB) 

Peak 

gain at 

rejected 

center 

freq. 

(dB) 

Notched 

band 

Structure 

used for 

notch band 

Notch band 

optimization 

Time-

domain 

analysis 

[34] 45 × 36 7 -2 5 - 6 Arched Slot ---- ---- 

[46] 30 × 30 9 -2 5 – 6 Two 

symmetrical 

L-shaped 

slits 

---- Yes 

[51] 33 × 26 6 -0.7 4.7 – 5.5 T-shaped 

open slot 

---- ---- 

[52] 18.17 × 

17.16 

6.7 - 6 5.1 - 5.9 C- shaped 

annular ring 

---- ---- 

[111] 38 × 40 6 -2.5 5.2 - 5.8 EBG 

Structure 

---- ---- 

[149] 29 × 29 3.3 -4 5.1 - 5.9 Inverted U 

slit and C 

strips 

Yes ---- 

[150] 30 × 24 ---- ---- 5.15 - 

5.85 

Inserting 

slits 

Yes ---- 

[151] ---- ---- -3.3   

and 4 

5.05 - 

5.35 and 

5.66 -

5.83 

Open loop 

resonator 

Yes ---- 

[152] 30.72 × 

26.82 

---- ---- 5.2 - 5.8 L shaped 

parasitic 

stubs 

---- ---- 

[153] 

 

 

32 × 28 6 -1 5 - 5.6 Dual Y 

shaped slot 

---- ---- 

[154] 10 × 16 ---- ---- 4.88 - 

5.36 and 

5.64 -

6.04 

------ Yes ---- 

[155] 35 × 35 6 -1.5 4.8 - 5.7 C-shaped 

slots 

---- ---- 

[156] 40 × 31 6.2 -7 5.24 Open loop 

resonator 

---- ---- 
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Ref. 

 

Antenna 

size 

(mm2) 

Max. 

gain over 

passband 

(dB) 

Peak 

gain at 

rejected 

center 

freq. 

(dB) 

Notched 

band 

Structure 

used for 

notch band 

Notch band 

optimization 

Time-

domain 

analysis 

[157] 29 × 30 3.5 -20 5.2 – 

5.95 

Square 

Ring 

resonator 

 

 

---- Yes 

[158] 34 × 34 3.97 -21 5.35 - 

5.75 

Folded 

Strips 

---- ---- 

[160] 32 × 28 ---- ---- 5.138 -

5.945 

Trapezoidal 

slot and 

rectangular 

slot 

Yes ---- 

[161] 35 × 30 5 -35 5.24 - 

6.46 

Open Loop 

resonator 

---- ---- 

[162] 22 × 8.5 ---- -4 5.15 - 

5.85 

Open ended 

slot and 

short end 

ring ended 

slot 

Yes ---- 

[163] 35 × 24 5 -34 5 – 6 Elliptical 

Slot and 

pair of T-

shaped 

stubs 

Yes ---- 

[164] 20.1 × 61 6 -17 4.844 – 

6.190 

Inverted L 

slots 

Yes ---- 

[165] ---- 7 - 10 5.17 - 

6.14 

Quarter 

wavelength 

slot 

resonator 

---- Yes 

[166] 30 × 28 7 -4 5.2 - 6 half-

wavelength 

stubs and 

slits 

---- ---- 

[167] 32 × 26 5.2 -5.3 5- 6 EBG 

Structure 

---- Yes 

[168] 25 × 25 2 -10 5 – 6 U-shaped 

Slot 

---- ---- 

Proposed 

work 

25 × 25 5.83 -4.65 5.133 – 

5.833 

C Shaped 

slot 

Yes Yes 

 

Since, by including these parameters, the design complexity of the algorithms increases 

drastically and the steady-state condition is difficult to obtain. Therefore, in the 

proposed design the above-mentioned research gap has been addressed. A compact 
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planar CPW fed beveled patch UWB antenna with highly optimized WLAN notch band 

characteristic is presented in this work.  

The notch optimization in the design has been accomplished by analyzing a C-shape 

slot and its dimensions have been divided into multiple fragments. Each fragment has 

been analyzed and optimized based on the desired notch band (5.15-5.825 GHz) and its 

center frequency i.e., 5.487 GHz. Also, other UWB antenna parameters such as stable 

gain, omnidirectional radiation pattern, flat group delay response, and fidelity factor 

have been thoroughly studied. Moreover, the selection of excitation signal based on the 

FCC indoor mask, filter synthesis, phase response, and measured results are also 

presented. The comparison of the proposed antenna with other antenna designs with 

WLAN notch band characteristics is presented in Table 4.1. 

This chapter is organized into six sections. Section 4.1 provides the introduction of the 

chapter. Section 4.2 and Section 4.3 give the design configuration and parametric 

analysis of the proposed antenna respectively. Further, Section 4.4 presents the time 

domain analysis and phase response of S21 for the designed antenna. Finally, Section 

4.5 and 4.6 hold the measurement results of the proposed antenna and summary of the 

chapter respectively. 

4.2. Design Configuration of the Proposed Antenna 

As discussed in Section 4.1, the common procedure for designing the UWB antenna is 

to incorporate the CPW feeding and to use monopole antenna structures. This improves 

the impedance bandwidth and supports in achieving an omnidirectional radiation 

pattern which is essential for UWB operation. Hence, CPW feeding is used in the 

proposed design. Along with the aforesaid procedure, the band notch characteristics in 

the design are achieved by etching an enhanced C-shaped slot from the radiating patch.  

The dimensions of the slot are carefully chosen for attaining improved WLAN notch 

(5.15 GHz-5.825 GHz). This structure is engraved on the FR4 substrate having a 

dielectric constant of 4.3 and loss tangent of 0.025. The height of the substrate is kept 

constant i.e., 1.6 mm which is one of the standards for PCB thickness. The geometry of 

the proposed antenna structure is given in Fig. 4.1 and t can be visualized from Fig. 4.1 
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that the antenna comprises of the beveled patch, CPW feed, and an enhanced C shaped 

slot. The final dimensions of the proposed antenna design are listed in Table 4.2. 

 

Fig. 4.1 Geometry of the proposed design 

Table 4.2 Dimensions of the proposed antenna in mm 

LS 25 LP1 1.83 WS 25 LP2 5.5 GL1 8 

WP1 10.35 GL2 11 WP2 2.62 GL3 5 FL 9 

GW1 9.6 FW 3.8 GW2 6 SW1 9.6 SP 1 

GW3 11 SW2 3.8 SL 3 GP 2 h 1.6 
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4.3 Parametric Analysis  

In this section, the parametric analysis of the proposed antenna has been presented. 

These parameters include the selection of the excitation signal, design process, notch 

band optimization, bandwidth enhancement, filter synthesis, and equivalent circuit 

model.  

4.3.1 Selection of the Excitation Signal  

UWB systems need to operate within the indoor mask provided by the FCC, (EIRP< 

41.3 dBm/MHz), for the entire band of operation (3.1-10.6 GHz). Therefore, the 

excitation signal for the UWB antenna should be chosen such that its spectrum lies 

within the FCC mask in the frequency domain. Ignoring this fact, most of the antenna 

designs available in the literature have used first-order Gaussian pulse as an excitation 

signal in the UWB design [34], [51], [147], 148], [151-154]. Hence one of the essential 

requirements of the UWB systems has been compromised and the practical 

performance of the antenna is affected. However, keeping this fact into consideration, 

a 5th order Gaussian pulse is used for the excitation of the antenna in the proposed 

design and its spectrum lies in the FCC indoor mask [9],[11], [169-172]. The Gaussian 

pulse in the time domain is represented as [170] 

 𝑔(𝑡) =
𝐴 

√2𝜋𝜎 
  𝑒

−
𝑡2

2𝜎2                                                                                                   (4.1)                                                                             

where 𝐴 denotes the peak amplitude of Gaussian pulse and 𝜎 represents the pulse 

shaping factor or time constant. The first and fifth-order derivative for the Gaussian 

pulse is given as: 

𝑔(1)(𝑡) −
𝐴  𝑡

√2𝜋 𝜎3
   𝑒

−
𝑡2

2𝜎2                                                                                           (4.2)                                                           

𝑔(5)(t) = A ∙  (−
t5

√2π ∙σ11
+

10t3

√2π ∙σ9
−  

15t

√2π ∙σ7
)  ∙   e−

t2

2σ2                                    (4.3)                 

where n represents the nth derivative. The Fourier transform of the nth order derivative 

can be calculated as 

𝑋(𝑓) = 𝐴(𝑗2𝜋𝑓)2𝑛 𝑒−
(2𝜋𝑓𝜎)2

2
                                                                                  (4.4)                                                                  
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Finally, the PSD can be calculated from (4) as: 

𝑃(𝐹) =  𝐴2(2𝜋𝑓)2𝑛 𝑒−(2𝜋𝑓𝜎)2
                                                                             (4.5)                                                              

The Power Spectral Density (PSD) of the excitation signal for the proposed design is 

shown in Fig. 4.2. The peak frequency and bandwidth of the excitation signal have been 

optimized by varying the values of 𝜎 so as to meet the FCC indoor mask.  

 

Fig. 4.2 PSD of the selected excitation signal 

The calculated impedance bandwidth for the Gaussian Pulse and 5th order Gaussian 

pulse is 59.18 % and 92.37 % respectively. An important point to note here is that even 

though higher bandwidth is achieved using a Gaussian pulse but 5th order Gaussian 

pulse has been used for excitation of the proposed antenna to comply with FCC indoor 

mask.  
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4.3.2 Design Process  

An antenna configuration with CPW feeding is used for achieving the UWB operation. 

The initial dimensions for the radiating patch and shape of the ground plane are taken 

from similar designs available in the literature [25], [145-147]. Fig. 4.3 presents the 

evolution of the initial design with variation in the ground aperture for achieving UWB 

operation.  

        

                  (a)                                         (b)                                        (c) 

Fig. 4.3 Evolution of the initial design with variation in ground aperture (a) Ground 1 

(b) Ground 2 (c) Ground 3 

After taking the initial dimensions, in the first step, the ground aperture is modified by 

taking the length and width of the radiating element as λf/4, where λf  is the guided 

wavelength of the microstrip feed line. The length and width of the ground aperture 

affect the bandwidth of the proposed antenna. Thus, factors associated with it are altered 

and studied to not only enhance the bandwidth but also for other antenna parameters 

i.e., gain, radiation pattern, group delay, etc. Fig. 4.4 shows the VSWR plot of the initial 

design with variations in the ground aperture. In the process of selecting the ground 

plane, the length and width of the radiating element are also modified i.e., 8 mm and 

15 mm respectively. The bandwidth of the initial design is calculated to be 3.496 GHz. 

Apart from this, other parameters like gain, radiation pattern, and group delay, etc. of 

the design are befitting for UWB operation. 
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Fig. 4.4 VSWR plot of the initial design with variation in the ground plane 

 

 

                             (a)                     (b) 

Fig. 4.5 Current distribution of the initial design (a) Ground structure (b) Radiating 

patch  
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The current distribution at center frequency is shown in Fig. 4.5. It can be observed 

from Fig. 4.5 that the current concentration is maximum at the lower and side edges of 

the ground plane. Further, the current concentration is maximum at the lower center 

and lower edges of the radiating patch, which in turn provides UWB operation. 

4.3.3 Notch Band Optimization 

For effective implementation of optimized WLAN (5.15-5.825 GHz) notch band 

characteristics in the UWB antenna, a C-shaped slot is used in the radiating element. 

This slot acts as a BSF in the antenna structure. The dimensions of the slot are optimized 

in such a way that the other parameters of the UWB antenna are not affected. Hence, a 

parametric study for the positioning and dimensions of the antenna is done 

comprehensively. The initial dimensions of the C shape slot are chosen from the 

expression [146]: 

                                𝑓𝑛𝑜𝑡𝑐ℎ =
𝑐

2 𝐿𝑠𝑙𝑜𝑡  √∈𝑒𝑓𝑓  
                                                     (4.6) 

Where C indicates the speed of light,  Lslot represents the total length of the C-shaped 

slot,  ∈eff  is the effective dielectric constant i.e.,  ∈r+ 1/2. Here ∈r  is the dielectric 

constant of the substrate.  

The overall length of the slot is given by Lslot = 𝑆𝑊1 + 2𝑆𝐿 + 2𝑆𝑊2 .The center 

rejection frequency for the WLAN band is 5.487 GHz. Hence, the calculated length for 

the slot is 16.4 mm. However, in simulation results, the center notch frequency is 

observed at 5.843 GHz which is having a percentage error of 6.48 % from the desired 

notch band center frequency. Ideally, for the UWB antenna, notch band (WLAN) of 

675 MHz from 5.15 GHz to 5.825 GHz is desired. Therefore, in this work, the 

optimization of the different slot parameters is done without affecting the other essential 

parameters for achieving the ideal UWB operation. The methodology used to optimize 

the notch for WLAN is presented using a flow chart given in Fig. 4.6. 
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Fig. 4.6 Design methodology used for achieving desired notch band  

• Effect of SW1 and SW2  

Fig. 4.7 and Fig.4.8 show the designs with different SW1 values and different values 

of center notch frequency in the VSWR plot respectively. For clarity, only three values 

have been used to show the variation in the notch band frequency. However, the actual 
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values are changed from 7 mm to 13 mm and the notch band center frequency varies 

from 4.099 GHz to 7.338 GHz approximately. Table 4.3 is used to represent the 

complete variation in notch band center frequency with the change of SW1 values. 

        

                    (a)                                          (b)                                           (c) 

Fig. 4.7 Initial design with different values of SW1 (a) 8 mm (b) 11 mm (c) 13 mm 

 

Fig. 4.8 Effect of SW1 on the center notch frequency 
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Table 4.3 Different values of notch band with variation in SW1 

Value of SW1 

(mm) 

Center Frequency 

(GHz) 

Notch Band (GHz) Bandwidth 

(GHz) 

7 7.338 7.039 – 8.047 1.008  

8 6.503 6.258 - 6.775 0.517 

9 5.809 5.564 - 6.095 0.531 

10 5.273 5.031 - 5.554 0.523 

11 4.829 4.571 – 5.129 0.558 

12 4.445 4.191 – 4.840 0.649 

13 4.099 3.801 - 4.651 0.850 

 

 

Fig. 4.9 VSWR plot with an optimum value of SW1 at 9.6 mm 
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Fig. 4.10 S parameters with optimum values of SW1 at 9.6 mm 

 

 

  (a)                            (b) 
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                                                                     (c) 

Fig. 4.11 Current distribution at a different frequency for SW1 value of 9.6 mm (a) 

4.585 GHz (b) 5.486 GHz (c) 8.458 GHz 

From Table 4.3, it has been observed that the SW1 values, i.e., 9 mm and 10 mm, are 

providing the best result till now corresponding to the ideal desired notch band (5.15 - 

5.825 GHz) with the center frequency of 5.487 GHz and bandwidth of 675 MHz. 

Hence, the value between 9 mm to 10 mm is selected for the optimum result.  

The values of the SW1 are changed from the range of 9 mm to 10 mm with a sample 

size of 0.1 mm and it has been found that 9.6 mm is the optimum value for the desired 

results which can be visualized in Fig. 4.9 and Fig. 4.10. Furthermore, the current 

distribution at the notch band center frequency and two passband frequencies are 

presented in Fig. 4.11. It can be visibly observed from Fig. 4.11(b) that the current 

distribution of the antenna is more concentrated near the edges of the slot at center notch 

frequency, which in turn induces notch band and also, the current distribution is having 

less concentration at the slot for passband frequencies which is depicted by Fig.4.11(a) 

and Fig.4.11 (c). 

Similarly, the effect of SW2 is portrayed by the VSWR and S11 plot in Fig. 4.12 and 

Fig. 4.13 respectively. The value of SW2 is varied from 2.8 mm to 4.6 mm with a 
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sample size of 0.2 mm. Five different notch bands are achieved with five different 

values of SW2. The center notch frequency varies from 4.949 GHz to 5.871 GHz. The 

lower frequency of the notch band changes from 4.717 GHz to 5.459 GHz whereas the 

upper frequency of the notch band changes from 5.181 GHz to 6.301 GHz. Table 4.4 is 

used to demonstrate the complete variation in notch band and center frequency. 

 

Fig. 4.12 Effect of SW2 on the center notch frequency in VSWR plot 

 

Fig. 4.13 Effect of SW2 on the center notch frequency on S11 parameter 
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Table 4.4 Different values of notch band with variation in the values of SW2 

Value of SW2 (mm)  Center Frequency 

(GHz) 

Notch Band (GHz) Bandwidth (GHz) 

2.8 5.573 5.242 - 5.952 0.710 

3 5.871 5.459 – 6.301 0.842  

3.2 5.770 5.407 – 6.181 0.774 

3.4 5.637 5.275 - 6.106 0.831 

3.6 5.573 5.242 - 5.952 0.710 

3.8 5.486 5.154 – 5.834 0.680 

4 5.369 5.076 – 5.691 0.615 

4.2 5.237 4.943- 5.530 0.587 

4.4 5.111 4.854 – 5.382 0.528 

4.6 4.949 4.717- 5.207 0.490 

 

• Effect of SL and SP  

SL is also part of the length which contributes to the total length of the  Lslot.Therefore, 

analysis of the deviations in SL also plays a vital role similar to SW1 and SW2. Here 

the range of SL is altered from 2.5 mm to 3.5 mm with a sample size of 0.1 mm 

 

Fig. 4.14 Effect of SL on the center notch frequency in VSWR plot 
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Fig. 4.15 Effect of SL on the center notch frequency on S11 parameters 

Table 4.5 Different values of notch band with variation in SL 

Value of SL (mm) Notch Band Center 

Frequency (GHz) 

Notch Band (GHz) Bandwidth 

(GHz) 

2.5 6.031 5.685 – 6.456 0.771  

2.6 5.883 5.562 – 6.306 0.744 

2.7 5.794 5.461 - 6.190 0.729 

2.8 5.685 5.377 – 6.051 0.674 

2.9 5.579 5.247 – 5.944 0.697 

3 5.486 5.154 – 5.834 0.680 

3.1 5.370 5.063 – 5.707 0.644 

3.2 5.264 4.948 – 5.596 0.648 

3.3 5.159 4.852 -5.481 0.629 

3.4 5.042 4.750 – 5.364 0.614 

3.5 4.929 4.640 – 5.244 0.604 
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Fig. 4.16 Effect of SP on the center notch frequency in VSWR plot 

 

Fig. 4.17 Effect of SL on the center notch frequency in S11 parameters 

During this variation, the value of the SW1 and SW2 remains constant. Fig. 4.14 and 

Fig. 4.15 are used to present the effect of SL on the notch band. Table 4.5 is used to 

present the complete variation in center notch frequency and well as the lower and 

upper frequency of the notched band. The center frequency varies from 4.929 GHz to 
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6.031 GHz and the lower and upper frequency of the notched band changes from 4.640 

GHz to 5.685 GHz and 5.244 GHz to 6.456 GHz respectively. Hence, it has been 

observed from Table 4.5 that the optimum value of SL is taken as 3 mm. 

The effect of SP can be observed in Fig. 4.16 and Fig. 4.17. This parameter doesn’t 

have much effect on the notch band as compared to other dimensions of Lslot. Here the 

parametric variation is done from 0.2 mm to 1.6 mm with a sample size of 0.2 mm. 

When the thickness of the slot is changed, the current distribution does not change 

drastically. However, as given in Table 4.6, a small difference in the center notch 

frequency and notch band is observed. Finally, after the complete optimization process 

of the slot dimensions, (i.e. SW1= 9.6 mm, SW2 = 3.8 mm, SL= 3 mm and SP= 1 mm), 

the percentage error of the center notch frequency has been reduced from 6.48% to 

0.02%. Hence, a notched band (WLAN) of 5.154 GHz to 5.834 GHz with a center 

frequency of 5.486 GHz and bandwidth of 680 MHz is achieved with the percentage 

error of only 0.02 %. from the center frequency. 

Table 4.6 Different values of notch band with variation in SP 

Value of SP (mm) Notch Band Center 

Frequency (GHz) 

Notch Band (GHz) Bandwidth 

(GHz) 

0.2 5.234 5.015 – 5.480 0.771  

0.4 5.210 4.966 – 5.496 0.744 

0.6 5.240 4.963 – 5.562 0.729 

0.8 5.350 5.062 – 5.678 0.674 

1.0 5.486 5.154 – 5.834 0.697 

1.2 5.651 5.303 – 6.047 0.744 

1.4 5.811 5.488 – 6.315 0.827 

1.6 6.068 5.641- 6.649 1.008 

 

• Bandwidth enhancement  

The presented UWB antenna structure is having an impedance bandwidth of 5.360 GHz 

i.e., from 3.920 GHz to 9.280 GHz. As depicted in Fig. 4.18, the beveling technique is 

used on the radiating element for achieving higher bandwidth [25]. Both the upper and 
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lower edges of the patch have been beveled with different beveling angle and the 

optimized values of beveling angle, LP1, and WP2 have been chosen. 

 

                

Fig. 4.18 Stages of the beveled patch for bandwidth enhancement (a) Lower edge 

beveled (b) Lower and Upper edge beveled 

 

Fig. 4.19 VSWR plot with the beveled patch for bandwidth enhancement 
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Fig. 4.20 S11 plot with the beveled patch for bandwidth enhancement 

As presented in Fig. 4.19 and Fig. 4.20, the lower frequency of the UWB range is 

slightly shifted towards the higher end of the range i.e., from 3.920 GHz to 4.003 GHz. 

Similarly, notch band frequency has been changed to 5.133 GHz to 5.833 GHz with a 

center frequency of 5.483 GHz, but a higher Impedance bandwidth of 6.673 GHz is 

achieved. Also, the upper frequency is lying near to the upper cut off frequency of UWB 

systems i.e., 10.681 GHz. Finally, the overall bandwidth enhancement of 1.313 GHz is 

achieved without affecting the other parameters related to the UWB operation.  

• Filter synthesis and equivalent circuit model  

The C-Shaped slot is working as a BSF in this design. Therefore, the Ideal WLAN notch 

filter is synthesized to find the optimum values of the circuit elements for the equivalent 

circuit design of the proposed antenna. For the ideal WLAN notch filter, the notch 

frequency range should vary from 5.150 GHz to 5.825 GHz (675 MHz) with a center 

notch frequency of 5.487 GHz. However, the designed notch band filter of the proposed 
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design is having a small variation in the notch band and center notch frequency i.e., 

5.133 GHz to 5.833 GHz (700 MHz) and 5.483 GHz respectively. 

 

(a)                     (b) 

Fig. 4.21 Equivalent circuit of the notch filter (a) Ideal WLAN notch filter (b) 

Designed notch filter. 

 

Fig. 4.22 S11 response of the ideal and designed WLAN notch band filter  
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Fig. 4.21(a) and 4.21(b) represent the equivalent circuit of the ideal WLAN notch filter 

and designed a notch filter for the proposed antenna respectively. Here the values of 

L1and C1 are calculated using the center notch frequency and bandwidth of the notched 

band using filter synthesis tool available in CST Microwave Studio. Also, the simulated 

S11 response for equivalent circuits is presented in Fig. 4.22. 

 

Fig. 4.23 Equivalent circuit model of the proposed antenna 

The equivalent circuit model of the proposed antenna can be divided into three parts 

i.e., CPW Feeding, notch filter, and UWB antenna. Theoretically, the CPW feed in the 

antenna is considered as a transmission line with a characteristic impedance of Z0 and 

impedance model of the UWB antenna can be approximately represented by several 

RLC parallel circuits in series as it is a combination of multiple resonances to achieve 

matching bandwidth for UWB operation [146]. Hence, the equivalent circuit model of 

the proposed antenna is given in Fig. 4.23. 

In this model, the input impedance of the UWB antenna can be expressed as [146] 

                            Zin =  ∑
jw ∙ Ri ∙Li

Ri ∙ (1−ω2 ∙ Li ∙ Ci)+jw ∙Li

n
i=1                                     (4.7)                        
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Equ. (4.7) can be utilized to compute the values of R, L, and C components. Moreover, 

the real part can also be considered to find the value of the lumped component using 

the following equation [146] 

                           Rin =  ∑
 Ri 

 1+Ri ∙ (
1

Li∙2πf
− Ci∙2πf)

2                                        (4.8)n
i=1                                 

Multiple impedance data about frequencies from the real part of the radiator’s input 

impedance can be obtained by simulation. By putting this data into equation curve 

fitting and an iterative method, the values of  Ri , Li and Ci can be calculated [146]. 

4.4. Time-Domain Analysis and Phase Response of S21 

The time-domain analysis is an important parameter in the UWB antenna design. 

Hence, this section provides the parameter wise time-domain analysis of the proposed 

UWB antenna. Also, the phase response to evaluate the phase linearity has been 

presented.  

4.4.1 Dispersion Analysis 

In UWB systems, the time domain analysis is vital in predicting the amount of distortion 

produced by the UWB antenna. Hence, the dispersion analysis of the transmitted and 

received pulse of the proposed antenna has been carried out. As discussed in Section 

4.3, the fifth-order Gaussian pulse is used to excite the antenna. The radiated signal 

from the antenna is observed at a distance of 600 mm with face to face and side by side 

direction [13].  

It can be viewed from Fig. 4.24 that the normalized transmitted and received signal at 

the mentioned distance with the face to face and side by side direction is almost 

identical. Though, some ringing phenomenon is detected in the received signal in both 

of the designs with C shaped Slot i.e., with and without the beveled patch. This 

phenomenon is due to the energy storage effect of the used substrate and filtering 

structure of the proposed antenna. However, this phenomenon is negligible in the initial 

design without the C-shape slot. 
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                                    (a)                                                             (b) 

’’                                 (c)            (d) 
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                                    (e)                                                                   (f) 

Fig. 4.24 Normalized input and radiated signal of the different stages of the notched 

band antenna with face to face and side by side configuration (a) and (b) Initial UWB 

antenna, (c) and (d) WLAN notch band antenna without the beveled patch, (e) and (f) 

WLAN notch band antenna with beveled patch 

4.4.2 System Fidelity Factor 

One another important factor for the time-domain analysis of the UWB antenna is the 

system fidelity factor. It is based on the cross-correlation between input excitation 

signal 𝑖(𝑡) fed to the antenna and corresponding signal 𝑟(𝑡) radiated by the antenna 

which is measured at a distance. For this task, the input excitation signal and radiated 

signal are usually normalized as [13]  

 

𝑖̂(𝑡) =  
𝑖(𝑡)

     [∫ |𝑖(𝑡)|2 𝑑𝑡
+∞

−∞
]

1
2⁄      

                            (4.9) 
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and 

�̂�(𝑡) =  
𝑟(𝑡)

     [∫ |𝑟(𝑡)|2 𝑑𝑡
+∞

−∞
]

1
2⁄   

                              (4.10) 

Then the cross-correlation between the two signals is calculated at each point in time 

and the peak value of correlation is taken as system fidelity factor which is computed 

using  

SFF =  𝑚𝑎𝑥𝜏   ∫ 𝑖̂(𝑡)
+∞

−∞
�̂�(𝑡 + 𝜏) 𝑑𝑡                  (4.11)                 

The minimum and maximum values of correlation correspond to system fidelity factor 

values are 0 and 1 respectively. In UWB antennas, the minimum acceptable value for 

the system fidelity factor is greater than 0.80. For the proposed antenna, the values of 

the system fidelity factor have been calculated for different configurations as given in 

Table 4.7. It can be observed from Table 4.7 that all the measured values of the final 

designs are above 0.80 value which confirms that a very low distortion is observed in 

the radiated signal at a distance of 600 mm. Moreover, for the final design, the 

maximum value of fidelity factors is 0.9495 (face to face) and 0.9338 (side to side), 

which is very near to one.  

Table 4.7 SFF values for different stages of the proposed antenna in the face to face 

and side by side directions 

Design configuration Face to Face   Side by Side  

Initial UWB antenna  

with no notch 

0.9843 0.9761 

WLAN notched UWB antenna 

without beveled patch 

0.8993 0.8721 

WLAN notched UWB antenna 

with beveled patch 

0.9495 0.9338 
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4.4.3 Group Delay 

Group delay is used to assess the degree of distortion produced by the radiated signal 

of the UWB antenna. Usually, the flat group delay indicates minimal distortion. Fig. 

4.25 shows the simulated and measured group delay of the proposed antenna. CST 

Microwave Studio has been used for simulation of group delay by placing two antennas 

face to face at more than far-field distance. Similarly, two identical proposed WLAN 

band-notched antennas were placed in the aforementioned configuration and 

MS46322A (Anritsu) VNA has been used for measurement which has a range of 1 MHz 

to 20 GHz. 

 

Fig. 4.25 The simulated and measured group delay of the proposed antenna 

The simulated and measured results show constant group delay between 0 ns to 1 ns in 

the UWB range which depicts minimum pulse distortion. Further, the maximum group 

delay value of 0.738 ns at 5.534 GHz and 1.316 ns at 5.367 GHz are observed in 
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simulated and measured results respectively, which lies in the desired range of notch 

band. 

4.4.4 Phase Response of S21 

Fig. 4.26 shows the simulated transmission coefficient (S21) for face to face and side by 

side configurations. As observed from Fig 4.26, the magnitude of S21 is almost constant, 

(except for the notched band), with the variation of -14 dB for face to face and -13 dB 

for side by side configuration. As expected, the phase response is linear throughout the 

UWB range except for the notch band. The reason for more variation in S21 or non-

linearity in phase response at the notched band is due to a sudden change in resonance 

of the proposed antenna.  

 

 

(a) 
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(b) 

Fig 4.26 Magnitude and phase response of S21 for the proposed antenna (a) Face to 

face (b) Side by side 

 

4.5 Measurement Results  

Fig. 4.27 (a) and (b) shows the prototype and the measurement setup of the proposed 

antenna respectively. MS46322A (Anritsu) VNA with a range of 1 MHz to 20 GHz is 

used for the measurement of 1D results i.e., VSWR, group delay, S11, etc. Similarly, for 

measurement of the gain and radiation pattern, the proposed antenna was placed in an 

anechoic chamber with more than Far-field distance from the reference antenna. 

However, for group delay measurement the two identical antennas were placed in face 

to face orientation with a distance of 600 mm. The simulated and measured results show 

good agreement with each other as depicted in Fig. 4.28 (VSWR and S11). The center 

notch frequency is shifted from 5.5483 GHz to 5.628 GHz and the notch band is 

changed from 5.088 GHz to 6.012 GHz in the measured result. This change could be 
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due to the practical limitation of generating 5th order Gaussian signal and fabrication, 

connector, and cable losses. 

 

(a) 

 

(b) 

Fig. 4.27. Fabricated antenna and measurement setup (a) Photograph of the prototype 

of the designed antenna (b) Photograph of the measurement setup of the proposed 

antenna 



115 
 

 

(a) 

 

(b) 

Fig. 4.28 Simulated and measurement Results (a) VSWR (b) S11 parameters 
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Table 4.8 Cross polarization level in y-z and x-z plane 

Frequency 

(GHz) 

 

Simulated cross-

polarization level 

E-Plane (y-z 

Plane) 

(dB 

Measured cross-

polarization level 

E-Plane (y-z 

Plane) 

(dB) 

 

Simulated cross-

polarization level 

H-Plane (x-z 

Plane) 

(dB) 

Measured cross-

polarization level 

H-Plane (x-z 

Plane) 

(dB) 

4 -41.86 -47.57 -13.46 -8.32  

4.63 -44.84 -50.31 -18.48 -7.11  

5.13 -42.01 -43.35 -18 -6.3 

5.83 -38.91 -31.31 -13.6 -6.22 

6.5 36.90 -38.28 13.25 -5.09 

7 35.45 -39.74 -15.66 -6.39 

7.5 33.17 -33.44 -10.69 -13.23 

8.3 30.46 -33.48 -6.47 -8.72 

9.3 -24.1 33.36 -5.52 8.18 

10.6 33.37 29.79 6.50 7.17 

 

 

Fig. 4.29 Simulated and measured gain of the proposed antenna 
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(a)                                                              (b) 

 

                                (c)                                                               (d) 

                            

Fig. 4.30. Simulated and measured radiation pattern at different frequency (a) 4.63 

GHz (b) 5.133 GHz (c) 6.5 GHz (d) 7.5 GHz  

Similarly, the normalized E-Plane (y-z plane) and H-plane (x-z plane) radiation patterns 

at 4.63 GHz, 5.133 GHz, 6.5 GHz, and 7.5 GHz are given in Fig. 4.30. As observed in 

Fig. 4.29 of the x-z plane, the radiation pattern is relatively omnidirectional, which is 

useful for the UWB operation. Further, the simulated and measured results depict that 
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the antenna is the linearly polarized in the y-z direction as the cross-polarization level 

is observed below -20 dB in theta direction and the x-z plane, the level of cross-

polarization is observed more than -10 dB (apart from the perpendicular direction to 

the antenna). Table 4.8 has been used to show the cross-polarization level at a different 

frequency. Similarly, the normalized E-Plane (y-z plane) and H-plane (x-z plane) 

radiation patterns at 4.63 GHz, 5.133 GHz, 6.5 GHz, and 7.5 GHz are given in Fig. 

4.30. As observed in Fig. 4.29 of the x-z plane, the radiation pattern is relatively 

omnidirectional, which is useful for the UWB operation. Further, the simulated and 

measured results depict that the antenna is the linearly polarized in the y-z direction as 

the cross-polarization level is observed below -20 dB in theta direction and the x-z 

plane, the level of cross-polarization is observed more than -10 dB (apart from the 

perpendicular direction to the antenna). Table 4.8 shows the cross-polarization level at 

a different frequency 

Table 4.9 Comparison between gain and radiation efficiency for the proposed antenna 

Frequency 

(GHz) 

 

Simulated Efficiency 

(%) 

Measured Efficiency 

(%) 

Simulated 

Gain 

(dB) 

Measured 

Gain 

(dB) 

4 87.53 80.7 3.84 2.23 

4.63 90.66 82.37 3.06 2.59 

5.13 84.59 81.78 2.79 2.85 

5.48 16.53 77.47 -4.65 2.19 

5.62 43.09 16.91 -0.14 -3.38 

5.83 87.82 76.81 2.79 1.9 

6.5 85.69 81.78 3.3 3.2 

7 86.08 82.65 3.55 3.46 

7.5 90.26 85.95 3.63 2.56 

8.3 88.31 83.19 3.44 3.92 

9.3 91.28 88.47 4.7 3.94 

10.6 91.04 84.58 5.83 4.21 
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As depicted in Fig. 4.29, the simulated and measured gain varies from 2.79 dB to 5.83 

dB and 1.89 dB to 4.21 dB respectively in the UWB range except for the band notch. 

However, at notch frequency, the simulated and measured gain is -4.65 dB and -3.38 

dB respectively. Furthermore, the simulated gain of the initial aforementioned design 

is also presented in Fig.4.29. The radiation efficiency also radically falls to a minimal 

value at the center notch frequency. Table 4.9 is used to represent the comparison 

between the gain and radiation efficiency at different frequencies in the UWB range for 

simulated and measured results. 

 

4.6. Summary 

A comprehensive analysis of a WLAN notch band antenna for UWB applications has 

been presented in this chapter. The proposed antenna has a notch band characteristic 

from 5.133 – 5.833 GHz with a center frequency of 5.483 GHz. The traditional 

optimization technique has been utilized on the C-shaped notch structure for achieving 

the desired notch band characteristics. Also, the essential parameters required for UWB 

operation have been precisely monitored while achieving notch band optimization. The 

percentage error of only 0.07%. has been observed as compared to the ideal center 

frequency for the WLAN notch band. Furthermore, the time-domain analysis for the 

proposed antenna has been done meticulously and it meets the requirements for the 

practical UWB systems. In the future, this process approach can be used to design and 

analyze the higher-order notch band filters by embedding MTMs and EBG structures. 
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Chapter 5  

A Planar CPW Fed UWB Antenna with Dual Rectangular 

Notch Band Characteristics Incorporating U-slot, SRRs, and 

EBGs   

 

In this chapter, a planar UWB antenna with dual rectangular notch band characteristics 

(i.e., 5.94 – 7.50 GHz and 8.02 – 10.46 GHz) is presented. The size of the antenna is 

very compact (25×25×1.6 mm3) and is designed on a low-cost FR4 substrate. Co-planar 

waveguide (CPW) feed and beveling techniques have been utilized for achieving the 

UWB operation. In order to yield the first rectangular notch, a U-slot and a pair of split-

ring resonators (SRRs) have been embedded into the radiating patch and the backside 

of the design respectively. The coupling between these two structures has been adjusted 

so as to achieve rectangular band notch operation. Further, the second rectangular notch 

has been achieved by introducing the two mushroom type electromagnetic band-gap 

(EBG) structures on the opposite side of the CPW feed. Also, the parametric analysis 

for controlling both the notches has been presented. Finally, time-domain analysis, filter 

synthesis, and measured results have been demonstrated to show the suitability of this 

design for UWB systems. 

5.1. Introduction 

Ultra-wideband (UWB) technology provides a unique solution in the field of high speed 

short-range indoor communication [145-148], [173-174]. However, it is still a major 

challenge to avoid interference with already existing bands in the aforementioned 

spectrum such as WLAN, Wi-MAX, X-Band downlink, and uplink for satellite 

communication, C- Band uplink and downlink for satellite communication, and ITU-R 

[148], [174], etc. One effective way to resolve this issue is to reject these bands at the 

front end of UWB systems. Hence, UWB antennas should possess band notch 

characteristics [145],[147], [175],[177]. 
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Multiple design techniques have been provided in the literature for achieving band-

notch characteristics in the UWB antennas i.e., slot and parasitic element loading, using 

fractals, embedding split-ring resonators (SRRs) and electromagnetic bandgap (EBG) 

structures [146], [148], [178-180]. Further, Varactor diodes, PIN diodes, and Micro-

Electro-Mechanical Systems (MEMS) have been also used to achieve reconfigurable 

operation in UWB antennas with band-notch characteristics [148] [181]. 

The aforementioned designs have a common drawback that has not been assessed 

meticulously i.e., all these designs have a spiculate curve for notch band characteristics 

[46], [115]. These characteristics can be compared with the stopband characteristics of 

a first-order band stop filter where maximum rejection is provided to only a small range 

of frequencies [46], [115], [182]. However, the various notch bands have a higher range 

of frequencies that needs to be suppressed. Therefore, the notch band characteristics in 

the UWB antenna designs should have a flat notch band response. This is similar to 

increasing the order of the band-stop filter for improving the band-reject characteristics 

[46],[115], [182-186]. This problem has been addressed only in a few designs [115]. 

These designs have used the concept of merging the resonance of two notch structures 

and inducing higher-order or rectangular notch band characteristics.  

In [185], the pair of SRRs has been utilized on the backside of the CPW feedline of the 

monopole design. The inductive coupling between the pairs of SRRs and radiator yields 

higher-order notch band characteristics. Likewise, in [186], a UWB antenna with the 

differential stepped slot is presented with two rectangular notches. In this letter, a 

common mode and differential mode suppression technique have been employed to 

achieve the desired UWB operation and quarter-wavelength slits are engraved in the 

ground plane of the antenna for achieving dual rectangular notches. Further, half-

wavelength stubs have been used alongside the microstrip line for sharp selectivity. 

However, the structure utilized in [186] was very complex, which leads to lower 

efficiency in achieving other UWB antenna characteristics [115]. Hence in [115], a 

rectangular notch band was realized by employing two mushroom type EBG structures 

on the backside of the CPW feed line of a circular monopole antenna design.  
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Table 5.1 Comparison of the proposed antenna with existing work 

 

In this design, the CPW feed works as the ground plane for both of the EBG structures. 

The rectangular notches can be tuned by changing the length and width of EBG 

structures and merging their resonances. A similar process has been followed in [46] to 

produce rectangular notch band characteristics. Also, few other techniques have been 

employed in other designs to provide higher-order notch bands such as double open-

Ref 

Ant. 

Antenna 

size 

(mm2) 

Notch band 

controllability 

Structure or 

Technique 

used 

Notched 

band 

Time-

domain 

analysis 

No. of 

rectangular 

notches 

[46] 25 × 16 Yes Dual EBG 

structures 

5.1 – 5.9 

GHz 

No 1 

[115] 48 × 50 Yes Dual EBG 

structures 

5.15- 5.825 

GHz and 

7.1 -7.76 

GHz 

No 1 

[162] 22 × 8.5 No Open and short 

ended half-

wavelength 

split-ring slot 

5.15 – 5.85 

GHz 

No 1 

[183] 44 × 44.4 No Dual open-

circuited stubs 

5.25 -5.775 

GHz 

Limited 1 

[184] 38 × 42 No Inductive 

coupling and 

folded strips 

5.075 – 

5.375 GHz 

No 1 

[185] 50 × 50 No Pairs of SRR 6.2 -7.02 

GHz 

No 1 

[186] 28 × 18 Yes Common mode 

and differential 

mode operation 

5.1 – 6 

GHz, 7.83 

– 8.47 

No 2 

This 

work 

25 × 25 Yes U- slot, SRRs 

pair, and dual 

EBG structures 

5.94-7.5 

GHz and 

8.02 – 

10.46 GHz 

Yes 2 
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circuited stubs [183], folded strips, and inductive coupling [184], and half wavelength 

short ended split-ring slot [162]. 

One important observation is that in all the designs [46],[115], [182-186] the only focus 

was on achieving higher-order notch band characteristics with sharp selectivity. 

However, the performance of these designs has been not been evaluated based on UWB 

system requirements i.e., selection of excitation signal based on indoor FCC mask, 

time-domain analysis (dispersion, group delay, fidelity factor), filter synthesis of notch 

notched bands, etc. Further, the dual rectangular notches (i.e., 5.1 – 6 GHz and 7.83 – 

8.47 GHz) have been only achieved in a single design [186] with limited performance 

evaluation based on the desired UWB system requirements. Therefore, in the proposed 

UWB antenna the dual rectangular notches (i.e., 5.94 – 7.50 GHz and 8.02 – 10.46 

GHz) are achieved with the desired UWB system requirements. Table 5.1 is used to 

compare the proposed work with the designs available in the literature. 

The initial design approach used in the proposed antenna is based on CPW feeding and 

beveling techniques to achieve the UWB operation. For achieving the first rectangular 

notch band characteristics, a U-slot and a pair of SRRs have been used in the radiating 

patch and the backside of the design respectively. Here the U-slot provides the initial 

spiculate notch and then the resonance of the pair of SRRs is merged to achieve the 

higher-order notch. Further, for achieving the second rectangular notch, two mushroom 

type EBG structures have been utilized in the backside of the CPW feed line. The 

dimensions of these two EBG structures have been chosen carefully to achieve the 

optimized rectangular notch. Also, the equivalent circuit model, time-domain analysis, 

and measured results of the proposed design have been presented to validate the results. 

This chapter is divided into seven sections. Section 5.1 represents the introduction and 

Section 5.2 presents the design configuration of the antenna. Further, the design process 

and a parametric study are presented in Section 5.3 and Section 5.4 respectively. 

Section 5.5 and Section 5.6 provides the time domain analysis and measured results. 

Finally, Section 5.7 holds a summary of the proposed work.   
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5.2. Design Configuration of the Antenna 

The design configuration of the proposed antenna is shown in Fig. 5.1. The proposed 

design has a U-slot slot etched on the beveled radiating patch to achieve the initial notch 

band operation. Further, a pair of split-ring resonators (SRRs) is loaded on the backside 

of the radiating patch for achieving the first rectangular notch by inductive coupling. 

Additionally, two EBG structures are embedded on the backside to achieve the second 

rectangular notch. The antenna is having an overall size of 25×25×1.6 mm3 and is 

designed and fabricated on an FR4 substrate (𝜀𝑟 = 4.3) with a loss tangent of 0.025. 

 

Fig..5.1 Design configuration of the proposed antenna 

Firstly, the modified ground plane, CPW feeding, and beveling techniques have been 

utilized to achieve the desired UWB operation in the proposed design. The positioning 

of the U-slot, SRRs, and EBG structures has been done carefully and also the 

dimensions of these structures have been carefully chosen after multiple iterations on 

the CST Microwave Studio. The different parameters such as current distribution, 
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radiation pattern, gain, and group delay have been studied extensively for UWB 

operation in all iterations and the dimensions which provide the optimal results have 

been selected in the final design. Table 5.2 has been utilized to represent the final 

dimensions of the proposed design 

Table 5.2. Dimensions of the proposed antenna in mm 

SB 25 SL1 3 SL2 16 G 0.28 

SL3 8 SW 25 SW1 2.6 WF 3 

SW2 3 SW3 10.6 PW 10 GR 0.14 

PL1 3.54 PL2 3 UL 4 GP 0.24 

UW 6 GS 0.5 EL1 3.5 M4 0.48 

EL2 3.9 ER 0.6 GE 0.5 M5 1.24 

M1 2 M2 2 M3 0.86 RS 1 

 

5.3. Design Process 

The overall design process of the proposed antenna is divided into three steps i.e., the 

design of the UWB antenna, the realization of the first rectangular notch in the UWB 

antenna, and realization of second rectangular notch UWB antenna.  

5.3.1 Step 1: Design of the UWB Antenna 

Initially, for achieving the UWB operation, CPW feeding and beveling technique has 

been utilized in the proposed design. As given in the literature, these techniques have 

been frequently employed in various designs for achieving wider bandwidth and 

omnidirectional radiation pattern, which is essential for UWB antennas [115], [146], 

[173],[176]. A 50 Ω transmission line having a width of 3 mm has been used to feed 

the radiating patch to transfer maximum power to the antenna. Furthermore, the 

excitation signal is also chosen based on the given FCC indoor mask of UWB systems.  

As shown in Fig. 5.2, the S11 of the initially designed antenna is below -10 dB for the 

entire UWB range (3.1 GHz – 10.6 GHz) and bandwidth of the antenna is 9.24 GHz 

from 2.63 GHz to 11.87 GHz. The simulated radiation pattern of the antenna is 

omnidirectional in the UWB range except at some higher frequencies. Hence, to 

improve the radiation characteristics of the antenna, the dimensions of the ground plane 



126 
 

are optimized. It was observed that the two square-shaped arms of the ground plane 

have a drastic effect on the gain and radiation characteristics of the antenna. Moreover, 

the equivalent impedance model of the UWB antenna and its response has been also 

presented in Fig. 5.2 

 

Fig. 5.2. S11 of the initial UWB antenna 

5.3.2 Step 2: First Rectangular Notch Band Realization 

One of the major challenges in notch band realization for UWB antennas is to find the 

suitable notch band structures and their placement in UWB antennas. Since these 

structures also affect the other desired UWB antenna parameters such as gain, radiation 

pattern, bandwidth, group delay, etc. In the proposed design, for achieving the first 

rectangular notch a pair of SRRs and a U-Slot have been utilized. Initially, the U-slot 

dimensions have been chosen to achieve the spiculate notch with a center frequency of 

6.5 GHz. The basic design equation of U-slot for achieving notch band characteristics 

is given by 
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𝐹𝑛 =
𝐶

2(𝐿𝑠 + 𝑊𝑠)√𝜀𝑒𝑓𝑓

                                                                      (5.1) 

where C presents the speed of light, 𝜀𝑟 is the dielectric constant of the substrate and   

Fn denotes the notch frequency. Further, Ls  and Ws represent the length and width of 

the U-slot.  

 

Fig. 5.3. S11 with U-slot  

Initially, based on the Eq.1 the calculated value of "2𝐿𝑠 + 𝑊𝑠" was 14.2 mm 

approximately. However, in simulated results, the center frequency was observed at 

6.31 GHz. So, the positioning of the slot and the final value of "2𝐿𝑠 + 𝑊𝑠" is optimized 

to 10 mm for optimal results. The variation in Fn was more predominant when the 

dimensions of  𝐿𝑠 are changed as compared to 𝑊𝑠.Therefore the value of 𝑊𝑠 is kept 

same while optimizing the notch frequency.  After optimization of the U-slot, the center 

notch frequency is achieved at 6.46 GHz i.e., from 5.91 GHz to 7.45 GHz as shown in 

Fig.5.3. Moreover, the equivalent circuit model of the design is also represented in Fig. 

5.3. The circuit diagram and values of the lumped components for the spiculate notch 
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filter are calculated based on the filter synthesis tool available in CST Microwave 

Studio. 

To achieve the first rectangular notch for the proposed design the resonances of U-slot 

and a pair of SRRs have been merged. The initial dimensions of SRR for the resonating 

frequency (fc) i.e., given by 

                                           𝑓𝑐 =  
1

2𝜋
√

1

𝐿𝑆𝐶𝑠
                                                              (5.2)          

Where,  𝐶𝑠 presents the total equivalent capacitance of the SRR and it can be estimated 

by calculating the distributive capacitance amongst the two SRR rings  and the 

capacitance due to the gap as 

                             𝐶𝑠 =  (2 𝑟𝑎 −  
𝐺

2
) 𝐶𝑝 +  

𝜀0  𝑊1 𝑇1

2𝐺
                                             (5.3)          

Where 𝑇1 and 𝑊1 are the thickness and width of the rings respectively and 𝜀0  presents 

the free space permittivity. The split opening are having same dimensions i.e., G. 

Further the average dimension of the ring is given by 

𝑟𝑎 = 𝑅𝑆 − 𝑇1 −
𝐺𝑃

2
                                                                     (5.4) 

The parameter 𝐶𝑝  gives the capacitance per unit length and can be calculated as  

𝐶𝑝 =
√𝜀𝑒  

𝑐𝑍𝑐
                                                                                     (5.5) 

wherein Equ. (5.5), c is the speed of light, 𝑍𝑐  is the characteristic impedance and 

𝜀𝑒  effective permittivity of the medium. The total equivalent inductance for a wire with 

fixed length 𝑆𝐿 and thickness of 𝑀𝑡 is given as 

𝐿𝑠 = 0.0002 𝑆𝐿  (2.303𝑙𝑜𝑔10  
4𝑆𝐿

𝑀𝑡
 –  Ω)  µH                         (5.6)   

where Ω is constant with a value of 2.853 for a loop wire having square geometry. Also, 

for the calculation of 𝑆𝐿 the following equation  is used 

𝑆𝐿 =  8𝑅𝑆 −  𝐺                                                                            (5.7) 
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As shown in Fig. 5.1, the SRRs are positioned symmetrically on the backside of the 

CPW feed and their axis overlaps with the slot between radiating patch and ground 

plane. Thus input EM signal excites the SRRs pair and prevents radiations around the 

SRRs which yields the notch frequency. The resonance frequency of the SRR is 

determined using Eq (5.2)-(5.7). The parameters such as 𝑅𝑆, 𝑊1, 𝑇1, 𝐷, and 𝐺 play a 

vital role in calculating the desired resonance. The initial values of the 𝐿𝑠 and 𝐶𝑝  are 

calculated as 9.84 nH and 19.45 pF for a notch frequency at 6.8 GHz. For these values, 

the SRRs pair is having 𝑟𝑎 = 2.45 𝑚𝑚, 𝑊1 = 0.36 𝑚𝑚, 𝑇1 = 33 µ𝑚 , 𝐺𝑝 =

0.58 𝑚𝑚, 𝐺 = 0.67 𝑚𝑚.   However, in simulated results, the notch frequency was 

observed at 6.15 GHz. Therefore the SRRs pair dimensions were optimized to final 

values of proposed antenna after many iterations. The major observation during these 

iterations is the effect of  𝑅𝑆 and GR on the notch frequency.  

 

’Fig. 5.4 S11 with U-slot and SRRs pair 

The variation in the dimensions of these two parameters has a maximum impact on the 

notch frequency. Fig.5.4 presents the first rectangular notch band characteristics in the 

proposed antenna. The SRRs pair is coupled with the beveled radiating patch and U-
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slot to achieve the first rectangular notch. The response of the higher-order notched 

filter and the rectangular notch is also compared and suitable values of the circuit 

elements have been chosen. In the S11 response for the rectangular notch, the bandwidth 

of 1.67 GHz is achieved from 5.96 - 7.63 GHz with a center frequency of 6.795 GHz. 

5.3.3 Step 3: Second Rectangular Notch Band Realization 

The weakness of spiculate band notch is that it is not able to seamlessly reject the 

frequencies from lower to a higher value ( 𝑓𝐿  and 𝑓𝐻  ) in the notched band. Hence, to 

overcome this drawback rectangular notches have been designed in the proposed 

antenna. There are many types of EBG structures that have been used in UWB antennas 

for achieving band notch characteristics. As mentioned in Section 5.3.2, the concept of 

merging resonances of two EBG structures have been employed.  However, the 

mushroom type EBG structure is most popular and is used in the proposed design for 

achieving the second rectangular notch. The operation of the mushroom type EBG 

structure can be described as an array of LC filters. Their values can be calculated from 

the movement of current through their vias and also the gap between the adjacent 

patches. The values of L and C can be calculated as [148] 

                                          𝐿 = µ0 ℎ                                                       (5.8)     

and   

                                𝐶 =
𝑊ɛ0(1+ɛ𝑟)

𝜋
cosh−1 (

2𝑊+𝑔

𝑔
)                           (5.9)        

In Eq. 5.8 and Eq. 5.9 ℎ and W represent the height and width of the patch and g 

represents the gap width. Further, 𝜀𝑜, 𝜀𝑟 and µ𝑜  represents the permittivity of free 

space, dielectric constant, and free space permeability respectively. The bandgap is 

calculated as [148] 

                          𝑤 =  
1

√𝐿𝐶
                                (5.10) 

         𝐵𝑊 =
∆𝑤

𝑤
=

1

ɳ
√

𝐿

𝐶
                                 (5.11) 

where ɳ  is the free space impedance with a value of 120 𝜋.  



131 
 

 

Fig. 5.5 S11 with U-slot, SRRs pair, and EBG structures 

Fig. 5.5, represents the S11 plot for the proposed antenna with a dual rectangular notch 

and the equivalent circuit model with the calculated values of the lumped components 

has been presented. In this plot, it can be observed from Fig. 5.5 that the first rectangular 

notch is not affected while achieving the second rectangular notch. Furthermore, the 

UWB operation is also not affected and the plot ranges from 2.72 GHz to 11.72 GHz. 

Also, the two notched bands range from 5.94 GHz to7.5 GHz and 8.02 GHz to 10.46 

GHz respectively. 

5.4 Parametric Study 

A thorough parametric study of the proposed antenna has been carried out to evaluate 

the performance of the antenna and to identify the control parameters for both the notch 

bands. While determining the control parameters for notch bands their impact on the 

other essential parameters for UWB operation has been analyzed.  
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5.4.1 Controlling the First Rectangular Notch  

Fig. 5.6 represents the notch band controllability of the first rectangular notch by 

changing the values of GS and GR. The coupling between the U-slot and pair of SRR 

is responsible for the first rectangular notch and by changing the thickness of both 

structures the variation in the notch band has been analyzed. The values of GS  and GR 

have been varied from 0.1 mm to 1 mm and 0.07 mm to 0.28 mm respectively. By doing 

this, the values of 𝑓𝐻 and 𝑓𝐿 varies from 5.89 GHz to 7.91 GHz and the values i.e., GS 

= 0.5 mm and GR = 0.14 mm are selected. The chosen values provided a bandwidth of 

1.67 GHz with a center frequency of 6.795 GHz. 

 

Fig. 5.6 Controllable rectangular notch by varying GS (mm) and GR (mm) 

5.4.2 Controlling the Second Rectangular Notch 

Similar to the control parameters for the first rectangular notch, EL1 and EL2 are the 

control parameters for the second rectangular notch. For both parameters, the values 

have been varied as shown in Fig. 5.7 and Fig. 5.8. For controlling the notch,  EL1 
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values are changed in the range from 3.1 mm to 3.9 mm and correspondingly, the values 

of 𝑓𝐻 and 𝑓𝐿 varies from 7.92 GHz to 10.91 GHz.  

 

Fig. 5.7 Controllable rectangular notch by varying EL1 

 

The optimal value of EL1 is chosen as 3.5 mm as it provided results that are consistent 

with the other UWB system requirements. Similarly, EL2 values are changed from 3.5 

mm to 4.1 mm and  𝑓𝐻 and 𝑓𝐿 from 7.87 GHz to 11.51 GHz. The final selected value 

os EL2 is 3.9 mm which provides a bandwidth of 2.44 GHz i.e., from 8.02 to 10.46 

GHz. While varying the values of EL1 and EL2 there was no significant effect on the 

first rectangular notch. 
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Fig. 5.8 Controllable rectangular notch by varying EL2 

5.4.3 Surface Current Distribution 

Notch frequency bands are created in the proposed design by embedding three notch 

structures i.e., U-slot, SRRs pair, and two mushroom type EBG structures. It has been 

also observed that by using these notch structures there is no major re-tuning of the 

overall dimensions of the antenna is required. The basic design concept of the notch 

function is to fine-tune the total length of the notch structure to approximately half-

wavelength of the required notched frequency. However, for other frequencies, the 

addition of notch structure has only a few effects. Based on this idea, the surface current 

distribution of the design at different frequencies has been presented by Fig. 5.9 and  

Fig. 5.9 (a) presents the surface current concentration of the antenna at 4 GHz (i.e., 

passband of the antenna).  
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                              (a)                                                                       (b) 

 

                                 (c)                                                                      (d) 

Fig. 5.9 Surface current distribution at (a) 4 GHz (b) 6.46 GHz (c) 6.795 GHz (d) 9.24 

GHz 
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It can be noticed that the surface current is mainly flowing along the feedline as well as 

the side arms of the ground plane and the current concentration is negligible around the 

notch structures. However, in Fig. 5.9 (b), the maximum current concentration 

simulated at 6.46 GHz is around the U-slot (i.e., the initial spiculate notch center 

frequency). Hence, for the excited surface currents, destructive interference occurs in 

the antenna, which causes the antenna to be non-responsive at this notch frequency. 

Similarly in Fig. 5.9 (c), the maximum surface current at 6.795 GHz is concentrated 

around the U-slot and the pair of SRRs (i.e., the center frequency of the first rectangular 

notch). Thus, these two-notch structures are responsible for making the antenna non-

responsive at the first rectangular notch. Lastly, the second rectangular notch i.e., 8.02 

GHz to 10.46 GHz is achieved by the combination of two EBG structures. Because, as 

depicted in Fig. 5.9 (d) most of the surface current concentration is around the two EBG 

structures which are simulated at a frequency of 9.24 GHz (i.e., the center frequency 

for the second rectangular notch). 

5.5 Time-Domain Analysis 

In UWB systems the signal transmission is done through narrow pulses. Hence, it is 

essential to evaluate the performance of the antenna in the time domain. Three 

important factors to evaluate this are dispersion analysis, SFF, and group delay. To 

calculate the dispersion analysis and SFF, two identical antennas are placed in face to 

face and side by side configuration at a distance greater than far-field distance i.e., 200 

mm for this design. Similarly, for group delay measurement the antennas were placed 

at a distance greater than far-field distance. Fig. 5.9 presents the dispersion analysis of 

the proposed antenna for both configurations i.e., face to face and side by side. The 

normalized amplitude of the input signal and radiated at distance is identical. However, 

some ringing phenomenon is detected in both configurations due to the notch band 

structures embedded in the design. This phenomenon is negligible in the initial design 

i.e., without any notch band structure. The PSD of the input as well as the radiated 

signal can be visualized in Fig. 5.11. It depicts that the PSD of the input signal used to 

excite the proposed antenna is following the FCC indoor mark limit. Moreover, the 

spectrum of the radiated signal is also maintaining the limit provided by the FCC for 

UWB signal transmission. 
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                                     (a)                                                                 (b) 

Fig. 5.10 Normalized input and radiated signal for the proposed antenna (a) Face to 

face (b) Side by side 

   

Fig. 5.11 PSD of the input and radiated signal of the proposed antenna (a) Face to 

Face (b) Side by side 
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Fig. 5.12 Simulated and measured group delay of the proposed antenna 

As discussed in Chapter 4, Another important parameter to assess the time-domain 

performance of the UWB antenna is SFF. The values of fidelity factor in both 

configurations i.e., face to face and side by side are 0.938 and 0.941 respectively which 

is well above the acceptable value of 0.80 in UWB systems.  

Finally, group delay parameter which measures the amount of distortion produced in 

the signal radiated from the antenna at a distance is presented in Fig. 5.12. It can be 

observed from Fig. 5.12 that the group delay is flat throughout the UWB range except 

at frequencies in the two notched band. Hence, it can be concluded that very low 

distortion is produced between the transmitting and receiving antenna for the passband. 

5.6. Measured Results 

The fabricated prototype and its measurement setup are shown in Fig. 5.13. The 

measurement of the S11 was performed on the Microwave network analyzer (N5247A 

PNA-X) with a range of 10 MHz to 67 GHz. Similarly, to measure the gain and 

radiation pattern the antenna was placed in an anechoic chamber. As illustrated in Fig 

5.14 and Fig. 5.15 the overall simulated and measured results for S11 and gain show 
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very good agreement with each other. The variations in the notch bands, as well as the 

lower and higher frequency, could be due to the fabrication, connector, and cable losses.  

          

                                 (a)                                                                   (b) 

Fig. 5.13 Antenna fabrication and measurement (a) Fabricated prototype of the 

antenna (b) Measurement setup of the proposed antenna 

 

Fig. 5.14 Simulated and measured S11 of the antenna 
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Fig. 5.15 Simulated and measured gain of the antenna 

 

 

                                       (a)                                                            (b) 
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                                       (c)                                                           (d) 

                                             

Fig. 5.16 Radiation pattern of the proposed antenna at (a) 3.48 GHz (b) 5.62 GHz (c) 

7.68 GHz (d) 10.5 GHz 

Finally, the simulated and measured radiation pattern is presented in Fig. 5.16. it can 

be observed that the radiation pattern is omnidirectional in H-plane and bi-directional 

in E-plane. This solves the purpose of the UWB operation of the antenna.  

5.7 Summary 

A planar CPW fed beveled patch antenna with dual rectangular notch band 

characteristics is presented in this chapter. Also, the importance of achieving higher-

order notch has been discussed. The proposed antenna provides good radiation 

characteristics as well as stable gain throughout the UWB range except for the two 

rectangular notches where it decreases to negative values. The time-domain 

performance is as per the requirements of UWB systems and other simulated as well as 

measured results also show good agreement with each other. All this makes the 

proposed antenna a good candidate for UWB systems.  
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Chapter 6 

Conclusions and Future Scope 

 

In this chapter, the conclusions of the thesis work based on the study carried out in the 

field of planar UWB antenna design with band notch characteristics have been 

presented. The prime objective of the study was to evaluate the performance of these 

antennas and identify the existing research gaps. On the basis of these gaps, new UWB 

antennas designs with band notch characteristics have been presented in this work.  

6.1 Conclusions 

In Chapter 1, a brief introduction to UWB systems and the various guidelines imposed 

by FCC on these systems have been presented. The applications and advantages of these 

systems have been also discussed. Further, this chapter also gives the importance of 

UWB antennas is the aforementioned systems. The need for band notch characteristics 

in these antennas. Based on this, an exhaustive literature survey of the various 

techniques employed by the researchers to achieve band notch characteristics in planar 

UWB antennas has been presented in Chapter 2. 

In Chapter 3, the techniques studied in literature have been analyzed and simulated on 

planar antennas to achieve UWB and band notch operation. Also, the fabrication and 

testing of these simulated designs have been carried out to validate the simulated 

results.  

A new planar UWB antenna with band notch characteristics based on the complete 

UWB system requirements have been presented in Chapter 4. This design has been 

thoroughly analyzed in the time domain to fulfill the time domain requirements of UWB 

systems. Further, the excitation signal of the designed antenna has been chosen based 

on FCC indoor mask for UWB systems. The notch band in this antenna has been highly 

optimized without affecting the other essential characteristics of UWB antennas.  

Lastly, Chapter 5 gives a novel planar UWB antenna with dual rectangular notch band 

characteristics. In this design, two higher-order notches have been realized. The filter 
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synthesis of these notches has been carried out to compare the rectangular and spiculate 

notch band. Moreover, other simulated as well as measured results have been presented 

to validate the design for UWB systems. 

The main contributions of this thesis work are summarized as: 

• Comparative analysis of UWB antennas with band notch characteristics 

• Design and fabrication of a planar UWB antenna with band notch characteristics 

based on complete UWB system requirements  

• Design and fabrication of planar UWB antenna with rectangular notch band 

characteristics 

• Performance validation of the proposed work with the existing state of the art  

 

6.2 Future Works 

The proposed work is focused on the design and fabrication of planar UWB antennas 

with band notch characteristics. The work has been carried out extensively based on the 

research gaps identified in the literature. However, there are a few dimensions of this 

work that need to be touched in the future. Hence, here are a few issues that can be 

addressed in future work: 

• Design and development of UWB MIMO antennas with optimized band notch 

characteristics  

• Design and performance evaluation of UWB MIMO antennas with rectangular 

notch band characteristics  

• Performance Evaluation UWB antennas in Future Wireless Applications 
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