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ABSTRACT 

KEYWORDS:  Multiband antenna; UWB antenna; Fractal; Slotted monopole; Spiral 

monopole. 

Over the past decade, there is a great demand for permission to transmit large bandwidth 

concurrent with existing narrowband signals. In 2002, the federal communications 

commission (FCC) decided to permit use of ultrawideband (UWB) systems. 

UWB systems are unique in their large instantaneous bandwidth and potential for low-

cost digital design that enables a single system to operate in different modes as a 

communication device, radar etc. UWB systems aim at covering the frequency band of 

3.1-10.6 GHz defined by the FCC. The addition of more and more features in each new 

generation communication system demands universal antennas suitable for operation in 

multiple bands. In this regard, designing a multiband antenna which also covers the 

UWB range without deteriorating the UWB performance is of great interest. Also, a 

significant issue in communication systems is to miniaturize the antenna size while 

providing good performance over the operation bands.  

The thesis presents three different designs of CPW-fed multiband antennas. The first 

design uses a fractal concept to achieve multiband operation. In the second and third 

designs, a slotted circular monopole and a spiral monopole are used respectively for 

multiband operation with UWB applications. For both these cases, variations from the 

basic antenna geometry are also proposed in which the frequency of operation is 

lowered without increase in overall antenna size. Design guidelines are developed for 

all antennas to facilitate design on substrates of different permittivity and thickness. The 

antennas are analyzed in both frequency and time domain for complete characterization. 
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Chapter 1  

INTRODUCTION 

The desire for mobility and communication is deeply ingrained in human nature and in 

any wireless communication system the antenna is a critical component. An antenna is 

used to either transmit or receive electromagnetic waves. It serves as a transducer for 

converting guided waves into free-space waves in the transmitting mode or vice versa 

in the receiving mode. All antennas operate on the same basic principles of 

electromagnetic theory formulated by James Clerk Maxwell. With the advent of the 

information era, numerous advanced communication technologies have arisen during 

the past two decades which have greatly influenced and benefited every field of our 

society. The addition of more and more features in each new generation communication 

system demands universal antennas suitable for operation in multiple bands. In addition 

to multiband operation, it is necessary that the antenna is small, light weight, low profile 

and can be easily integrated with other microwave components. In order to accomplish 

this, the antenna can be fabricated onto a printed circuit board (PCB) and embedded 

into the casing of devices.  

1.1 MULTIBAND AND BROADBAND ANTENNAS 

In many applications such as global system for mobile (GSM) 900/1800 and wireless 

local area network (WLAN) 2.4/5.2GHz, operation in two or more discrete bands with 

an arbitrary separation between the bands is desired. Dual-band antennas are good 

candidates for these applications as two separate modes can be excited with two 

different current paths. Several designs using uni-planar structures with slots or 
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additional strips have been reported in which the various dimensions of the slots or 

strips create the individual bands. Dual-band antennas can also be implemented by 

combining a monopole antenna and a slot antenna to generate respective frequency 

bands. To meet the growing requirements of modern communication systems triple-

band antennas have overtaken dual-band antennas gradually. Double-layered triple-

band antenna designs using the above mentioned methods (e.g., employing multi-strip 

radiators or slots to increase operation bands) have been proposed, however the 

fabrication process is complicated. Furthermore, multiple slots can be used for 

developing quad-band antennas.  

While multiband antennas can offer integration of multiple services, it would be 

extremely difficult to accurately achieve the frequency requirements of all future 

communication systems. Alternately, a single antenna that covers a wide range of 

frequencies with same polarization would be an ideal candidate not only for present 

multi-band applications but also for future communication systems. This has led to the 

development of broadband antennas which usually require structures that do not 

emphasize abrupt changes in the physical dimensions involved but instead have smooth 

boundaries. Such a physical structure tends to produce patterns and input impedances 

that changes smoothly with frequencies. 

1.2 ULTRAWIDEBAND (UWB) TECHNOLOGY 

In the past few years, wireless personal area network (WPAN) have been attracting 

considerable interest and is undergoing rapid development worldwide. A WPAN is a 

network for interconnecting devices around an individual person’s workspace in which 
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the connections are wireless. The maximum available data rate, or capacity, for the 

ideal band-limited additive white Gaussian noise (AWGN) channel is given by 

Shannon's theorem 

� =  � × �����1 + 	
�                  (1.1) 

Where C is the channel capacity, B is the bandwidth and S/N is the signal to noise ratio 

(SNR). Equation (1.1) illustrates that the transmission data rate can be raised by 

enlarging the bandwidth or amplifying the transmission power. Nevertheless, the signal 

power cannot be easily increased as many portable devices are powered by battery and 

the potential interference with other radio systems should also be suppressed. 

Therefore, a huge frequency bandwidth will be the solution to realize a high data rate. 

Range of operation of such systems are determined by the Friis formula, 

� ∝ �����                                         (1.2) 

where R is the distance between transmitter and receiver, Pt the transmitter power and 

Pr the receiver power. Equations (1.1) and (1.2) together suggest that it is more efficient 

to achieve higher capacity by increasing bandwidth instead of power, while it is equally 

difficult to achieve a longer range. 

UWB technology has received considerable attention ever since the federal 

communications commission (FCC) authorized the unlicensed use of the frequency 

spectrum ranging from 3.1 GHz to 10.6 GHz in 2002 (FCC, 2012). This technology 
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opens new doors for wireless communication systems in commercial and military 

domains.  

In a UWB system, the spectrum occupies more than 20 % of the center frequency or a 

minimum of 500 MHz. Most narrowband systems occupy less than 10 % of the center 

frequency bandwidth, and are transmitted at far greater power levels. The FCC restricts 

the power for UWB systems to –41.3 dBm/MHz (75 nanowatts/ MHz), (Porcino, 2003) 

which puts them in the category of unintentional radiators, such as TVs and computer 

monitors. Such power restriction allows UWB systems to reside below the noise floor 

of a typical narrowband receiver and enables UWB signals to coexist with current radio 

services with minimal or no interference as illustrated in Fig. 1.1. 

 

Fig. 1.1 Coexistence of UWB with narrowband and wideband     

signals in the RF spectrum 

Traditional narrowband communications systems modulate continuous waveform 

(CW) radio frequency signals with a specific carrier frequency to transmit and receive 
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information. A continuous waveform has well-defined signal energy in a narrow 

frequency band that makes it very vulnerable to detection and interception. 

 UWB systems use carrier-less, short-duration pulses with a very low duty cycle for 

transmission and reception of the information. Low duty cycle offers a very low 

average transmission power (in the order of microwatts), which directly translates to 

longer battery life for handheld equipment. The equivalence of a narrow pulse in the 

time domain to a signal of very wide bandwidth in the frequency domain and vice versa 

is illustrated in Fig. 1.2. 

 

Fig. 1.2 Representation of narrowband and wideband signals in (a) 

time domain and (b) frequency domain 

There are two general ways to use the available UWB spectrum. The original approach 

involves the use of very short-duration baseband pulses that occupy bandwidth of 
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several gigahertz. This is known as single band UWB system and impulse radio falls 

in this category. The pulse width is very narrow, typically in nanoseconds. The high 

instantaneous power during the brief interval of the pulse helps to overcome 

interference to UWB systems, but increases the possibility of interference from UWB 

to narrow band systems. Since UWB can be any technique that generates signals 

occupying at least 500 MHz of bandwidth within the spectrum mask placed by FCC, 

the UWB systems can also be classified as multiband based. This is a recent approach, 

where the available band is divided into several sub bands. Such a scheme is the multi-

band orthogonal frequency division multiplexing (MB-OFDM) UWB system in which 

the UWB range is divided into 14 subintervals each with a bandwidth of 528 MHz as 

depicted in Fig. 1.3.  

 

Fig. 1.3   Multi band scheme of UWB systems 

UWB technology is a derivative of the time hopping spread spectrum (THSS) 

technique, a multiple access technology particularly suited for the transmission of 

extremely narrow pulses. It has been standardized in IEEE 802.15.3a as a technology 

for WPANs and offers many advantages as listed in Table 1.1. 
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Table 1.1 Advantages and benefits of UWB communications 

Advantage Benefit 

Large channel capacity 
High bandwidth can support 

real-time high definition 

video streaming. 

Ability to work with low SNRs Offers high performance in noisy 

environments. 

Low transmit power Provides high degree of security with 

low probability of interception. 

Simple transceiver architecture 
Enables ultra-low power, smaller 

form factor and better mean time 

between failures, all at a reduced cost. 

A major step in the development of UWB technology for wireless communications is 

the antenna. However, there are more challenges and difficulties in designing a UWB 

antenna than its narrow band counterparts. Unlike the antennas used for narrowband 

systems, the antenna in a UWB system should have wider bandwidth and smaller 

dimensions than is conventionally possible. It should be capable of handling high speed 

pulse trains and this makes its design difficult. 

1.3 PRINTED UWB ANTENNAS 

Theoretically, frequency-independent antennas, which have a constant performance at 

all frequencies, can be used for broadband design (Balanis, 1982). Typical designs are 

the self-complementary log periodic structures such as planar log-periodic slot 

antennas, bidirectional log-periodic antennas, log-periodic dipole arrays, two/four-arm 

log spiral antennas and conical log-spiral antennas. However, for the log-periodic 

antennas, frequency-dependent changes in their phase centers severely distort the 

waveforms of radiated pulses. Biconical antennas are the earliest antennas constructed 
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for UWB wireless communication system by Sir Oliver Lodge in 1897 (Schantz, 2003) 

as shown in Fig. 1.4 (a). 

 

(a) (b) 

Fig. 1.4 (a) Biconical antenna by Lodge (b) Biconical antenna with 

tapered feed by Carter 

It can be regarded as a uniformly tapered transmission line excited by transverse 

electromagnetic (TEM) mode so as to possess wideband input impedance properties. 

Thicker biconical antennas are more suitable for wide band applications. This is 

because a ‘fatter’ structure will lead to a broader bandwidth since the current area and 

hence the radiation resistance is increased. After that, several types of UWB antennas 

were developed in the following years and a significant improvement was introduced 

by P. S. Carter in 1939 by incorporating a tapered feed with Lodge’s biconical cone 

design as shown in Fig. 1.4 (b). This was one of the key steps towards the design of 

broadband antennas. These antennas featured relatively stable phase centers with broad 

well-matched bandwidths due to the excitation of TEM modes. Following that, many 

diverse variations of biconical antennas such as finite biconical antennas, discone 

antennas and single-cone with resistive loadings were formed and optimized for broad 

Tapered 

feed 

Transmission Line 

Transmitter Receiver 
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impedance bandwidths. However, the antennas mentioned above are seldom used in 

portable devices due to their bulky size or directional radiation. 

Alternatively, planar dipoles have been proposed because of their broad bandwidths 

and small size (Zhong et al., 2008). The earliest planar dipole may be the Brown-

Woodward bowtie antenna, which is a simple and planar version of a conical antenna. 

Similarly, one of the poles can be replaced with an electrically large conducting plate 

acting as a ground plane to form a monopole antenna as shown in Fig. 1.5. 

.  

Fig. 1.5   Evolution of the planar monopole antenna 

They can be excited by a vertically hoisted coaxial cable. The radiators of the planar 

monopole antennas can be of any shape for broad operating bandwidth.  

A monopole antenna usually consists of a vertical cylindrical wire mounted over the 

ground plane. Bandwidth increases with increase in diameter of the monopole (Chen 

and Luk, 2009). A planar monopole antenna can be equated to a cylindrical monopole 
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antenna with large effective diameter and they can have different geometries as 

shown in Fig. 1.6.

Fig. 1.6   Various configurations of planar monopole antennas 

�����	
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��

���������������������������������t do not have 

abrupt changes in the physical dimensions involved but instead have smooth 

boundaries since they tend to produce patterns and input impedances that change 

smoothly with frequencies. 

A bandwidth comparison of several planar monopoles with various geometries, such 

as circular, elliptical, rectangular, and trapezoidal monopoles was carried out in 

Bataller et al. (2006) and Agrawall et al. (1998). The results show that the circular 

and elliptical monopoles exhibit much wider bandwidth performance than those of 

others, and both can obtain an impedance bandwidth ratio greater than 10:1. A 

circular monopole antenna yields a broader impedance bandwidth as compared to a 

rectangular monopole antenna with similar dimensions because the circular planar 

monopole is more gradually bent away from the ground plane. 

Circular
monopole

Square 
monopole Elliptical

monopole

Elliptical
monopole
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To integrate the antenna into other radio frequency (RF) circuits, the antennas can be 

readily printed onto a printed circuit board (PCB). In this form, the antenna can be 

embedded into the casing of devices. To date, printed monopoles with various radiator 

shapes have been proposed and investigated as shown in Fig. 1.7. They are typically 

designed for applications in mobile systems (such as 900/1800 MHz bands), WLANs 

(such as 2.4/5.2/5.8 GHz bands) and UWB (3.1-10.6 GHz band) communications.  

 

Fig. 1.7   Various configurations of printed monopole antennas 

A review of some of the proposed multiband antennas incorporating UWB applications 

is presented here. 

A study on microstrip fed circular monopole antenna is carried out by Liang et al. 

(2005a). It is shown that frequency domain characteristics are determined by ground 

plane dimensions and the diameter of the disc. The current is mainly distributed along 

the edge of the disc, which indicates that the first resonant frequency depends on the 

disc dimension. The antenna’s suitability for UWB applications is also proved by 

carrying out a time domain analysis using a first order Gaussian pulse.  
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A rectangular monopole is proposed by Choi et al. (2004) for UWB applications. 

Impedance matching is achieved by introducing steps at the bottom of the patch, a slot 

in the patch and a partial ground plane. The antenna has compact dimensions of 

15×14.5 mm2 and is printed on a substrate of thickness 1.6 mm and relative permittivity 

4.4. The measured group delay variation is found to be less than 0.5 ns. 

A square patch for UWB operation is presented by Azim et al. (2010). A slot is 

introduced in the ground plane to achieve an impedance bandwidth of 2.95-15.44 GHz. 

The antenna is fabricated on a substrate of permittivity 4.6 and has an overall size of 

14.5×14.5 mm2. Vector current distributions on the antenna show that four 

characteristic current modes exist over the bandwidth from 3 to 16 GHz. 

Lin et al. (2005) presented a paper on a printed planar triangular monopole antenna by 

using a fire resistant grade 4 (FR-4) printed circuit board substrate. The measured 

voltage standing wave ratio (VSWR) is less than 3 in the range 4-10 GHz. In the UWB 

communication frequency range, the measured phase distribution of the input 

impedance is quite linear and the H-plane patterns are almost omni-directional. 

Rambabu et al. (2006) have presented a microstrip line fed printed antenna for UWB 

by using a stepped-patch in combination with multiple resonating elements. The 

antenna is fabricated on a substrate of permittivity 4.4 and thickness 1.58 mm with 

overall dimensions of 48×31 mm2. The antenna exhibits voltage standing wave ratio 

less than 2 for over 150 % bandwidth from 6-42.8 GHz with gain greater than 1 dBi.  
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A planar triangular monopole with ridged ground plane is introduced by Lin and 

Chuang (2008) for impedance matching between 3 and 10 GHz. Triangular-ridged and 

trapezoid-ridged ground planes are compared and both techniques show increase in 

impedance bandwidth of the triangular monopole. With the ridged ground plane, a 

bandwidth improvement from approximately 40 % (for monopole without ridged 

ground plane) to about 4:1 ultrawideband operating frequency range (3 to 12 GHz) has 

been demonstrated. 

Chen et al. (2007) proposed a compact planar antenna in which a notch is introduced 

in the radiator to reduce ground plane effects. The overall antenna size is 25×25 mm2 

and impedance matching is obtained from 2.9-11.6 GHz. The ground plane effect on 

impedance performance is greatly reduced by cutting the notch from the radiator 

because the electric currents on the ground plane are significantly suppressed at the 

lower edge operating frequencies. 

A microstrip line fed antenna for Bluetooth and UWB fabricated on FR-4 substrate 

with size 42×46 mm2 is presented by Yildirim et al. (2009). The antenna exhibits a 

dual-band operation covering 2.4-2.484 GHz and 3.1-10.6 GHz frequency bands with 

an average group delay of 0.2 ns in the UWB range. To minimize the mutual interaction 

between the two resonances, a strategy based on placing the Bluetooth element in a 

low-UWB-mode current point is adopted. 

A fork-shaped monopole for Bluetooth and UWB operation is developed by Mishra et 

al. (2011). The structure is fabricated on a low-cost FR-4 substrate having dimensions 
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of 50×24 mm2. Band notching at WLAN frequency is also achieved by using a pair of 

L-shaped slots and a pair of symmetrical step slots in the ground plane.  

Reddy et al. (2013) used two co-planar semicircular dual band-notched monopole 

antennas to realize a diversity antenna. Dual band notch function is introduced by using 

two sets of spirals that are capacitance coupled with the feed line of the antenna. The 

diversity performance of the proposed antenna is analyzed through envelope 

correlation coefficient, channel capacity loss and antenna radiation pattern. 

A microstrip line-fed printed monopole for Bluetooth and UWB operation is proposed 

by Xiong and Gao (2012). By etching a slot on the current route and placing two 

symmetrical split rectangular ring resonators to couple with microstrip feed line, band 

notch is realized at WLAN and worldwide interoperability for microwave access 

(WiMAX) frequencies. The omni-directional radiation patterns are very stable across 

the Bluetooth and UWB band and the group delay is less than 1 ns in the working band. 

A planar dual-band antenna for Bluetooth and ultrawideband is presented by Shaker et 

al. (2011) with multiple band notches. Notches are introduced for WiMAX, WLAN 

and C-band frequencies. Two different types of slots, a U-shaped slot and an H-shaped 

slot etched on the radiating patch plus a U-shaped slot in the ground plane, are used to 

obtain two and three notched bands respectively. 

A compact asymmetric coplanar strip-fed UWB monopole antenna with Bluetooth 

band is proposed by Liu et al. (2014). A staircase shaped patch is used for UWB 

operation while a snake shaped slot inserted in the patch is used to realize the Bluetooth 
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band. The antenna has a compact size of 32.1×10 mm2 and has nearly omni-directional 

radiation characteristics. 

Bod et al. (2012) proposed an octagonal-shaped slot fed by a beveled and stepped 

rectangular patch for covering the UWB band. By attaching three inverted U-shaped 

strips at the upper part of the slot in the ground, additional triple linear polarized bands 

are realized. The antenna is suitable for global positioning system (GPS), part of GSM 

and Bluetooth. 

A diamond-shaped quad-band antenna for global positioning system (GPS), GSM, 

WLAN and UWB applications is presented by Foudazi et al. (2012). The diamond-

shaped patch covers UWB range and multiband operation is achieved by introducing 

resonant strips using center feed method within the patch without disturbing UWB 

operation. The antenna has a compact size of 16×22 mm2 on a substrate of permittivity 

4.4. 

From the literature review carried out on printed UWB antennas it is seen that while it 

is necessary that the antenna covers the frequency band 3.1-10.6 GHz, time domain 

characterization is also important. Particularly, the group delay variation should be 

minimal. Also, focus has shifted to incorporating UWB application with lower 

frequency bands in multiband antennas. 

1.4 CPW-FEED 

Planar antennas with coplanar waveguide (CPW) feed have received much attention 

recently due to their ease of integration with monolithic microwave integrated circuits 
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(MMICs). More importantly, it can provide extremely broad frequency response (100 

GHz or more) since connecting to CPW does not entail any parasitic discontinuities in 

the ground plane. The CPW was proposed by C. P. Wen in 1969, and the transmission-

line structure of this sort is realized by imprinting metal on a single side of a dielectric 

substrate as shown in Fig. 1.8.  

 

Fig. 1.8 Side view of CPW-feed layout 

The metallic layer comprises three metallic sections (center conductor strip and two 

ground planes). The two ground planes are located on either side of the center strip 

with a narrow gap. CPWs can be classified into three categories. In a conventional 

CPW, the ground planes are of semi-infinite extent on either side. However, in a 

practical circuit the ground planes are made of finite extent. The conductor-backed 

CPW has an additional ground plane at the bottom surface of the substrate. This lower 

ground plane provides mechanical support to the substrate and acts as a heat sink for 

circuits with active devices. Another variation is the micro-machined CPW which is of 

two types, namely, the micro-shield line (Weller et al., 1995) and the CPW suspended 

by a silicon dioxide membrane above a micro-machined groove (Milanovic et al., 

1997). 

h 
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The characteristic impedance and effective dielectric constant of coplanar waveguide 

are determined by the dimensions of the center strip, gap width, the thickness and 

permittivity of the dielectric substrate. This structure supports a quasi-TEM mode. In 

the ideal case, the thickness of the dielectric is infinite; in practice, it is thick enough 

so that EM fields die out before they get out of the substrate. The advantage of coplanar 

waveguide is that active devices can be mounted on top of the circuit, like on 

microstrip. More importantly, it can provide extremely high frequency response since 

connecting to CPW does not entail any parasitic discontinuities in the ground plane. 

Nowadays monopole antennas with CPW feed are more popular for narrow band and 

wideband applications due to their attractive features such as low radiation loss, less 

dispersion, wide bandwidth, uni-planar structure and easy integration with active 

devices without via holes. A few of the widely used CPW-fed monopole antennas are 

shown in Fig. 1.9.  A review on some of the work carried out on CPW-fed multiband 

and UWB antennas is presented here.  

 

Fig. 1.9 Various configurations of printed CPW-fed narrow band 

and wideband antennas 

Jacob et al. (2010) presented a CPW fed monopole slot antenna for UWB wireless 

communication. Impedance matching is achieved by inserting slits in the surrounding 

ground plane and introducing bevels in the ground plane near the feeding point.  
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A CPW-fed pentagon antenna for UWB applications is proposed by Touhami et al. 

(2014). Two techniques are adopted to achieve ultrawideband performance. The first 

technique is to remove a small fan angle on both sides of the ground plane. In the 

second technique, the corners of the monopole are beveled to obtain the pentagon 

shaped monopole. The antenna has an overall size of 22×19 mm2 on a substrate of 

permittivity 4.3 and thickness 1.6 mm with operating bandwidth 4.46-21.14 GHz. 

Liang et al. (2005a) presented a paper on CPW-fed circular disc monopole antenna for 

UWB applications. A detailed study on effect of ground plane dimensions on antenna 

reflection characteristics is also carried out. The studies show that a circular disc 

monopole printed on a dielectric substrate and fed by a 50 Ω CPW can yield UWB 

characteristics with satisfactory radiation patterns.  

Lam and Bornemann (2007) presented a CPW-fed UWB antenna in which stepped 

transitions are introduced in both the center conductor and ground plane for good 

impedance matching. The antenna has a size 30×40 mm2 on a substrate of relative 

permittivity 4.7. 

William and Nakkeeran (2010) proposed a CPW-fed UWB slot antenna. The antenna 

consists of a cross-shaped structure at the anterior portion of the feed line that acts like 

a tuning stub. Time domain analysis is also carried out to prove the suitability of the 

antenna in UWB frequencies. The antenna has an overall size of 20×19 mm2 on a 

substrate of relative permittivity 4.4. 
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Gautam et al. (2013) have proposed a CPW-fed UWB microstrip antenna loaded with 

an inverted L-strip extended from the ground plane over the patch to lower the height 

of the antenna. The overall size of the antenna is 25×25 mm2 on a substrate of thickness 

1.6 mm and relative permittivity 4.4 and impedance bandwidth is from 2.6-13.04 GHz. 

Kim and Jee (2007) used a CPW-fed L-shaped monopole and an I-shaped open stub 

monopole to form three different surface current paths for UWB operation. The antenna 

has overall dimensions of 30×25 mm2 and provides impedance matching from 3-11 

GHz with a gain variation of 1.4-4.6 dBi. 

The working principles of CPW-fed UWB printed antennas are investigated by Tanyer-

Tigrek et al. (2010). Using a quasi-magnetic antenna the analysis demonstrates that the 

most important aspect for achieving UWB characteristics is to ensure current 

distributions that display traveling-wave characteristics. 

Choi et al. (2009) have proposed a CPW-fed triangular patch antenna with a pair of 

wide stubs on the lower side of the patch and linearly tapered coplanar ground plane 

for achieving wide bandwidth. The antenna has S11 ≤ -10 dB from 2.9-13.2 GHz and 

group delay is less than 0.94 ns over the entire UWB band.  

A CPW-fed UWB antenna with modified ground is presented by Shameena et al. 

(2011). The antenna exhibits a 2:1 VSWR bandwidth from 3.1-12 GHz with a peak 

gain of 5 dBi and group delay variation less than 2 ns. The antenna has an overall size 

of 30×22 mm2 on a substrate of permittivity 4.4 and thickness 1.6 mm. 
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A new CPW-fed super wideband printed antenna is introduced by Gorai et al. (2013). 

A conventional disc monopole is modified to resemble a propeller shape to produce an 

extremely wide bandwidth from 3-35 GHz. The antenna has an overall size of 55×38 

mm2 and is fabricated on a substrate of permittivity 4.4. 

Yang et al. (2009) presented a novel ultrawideband antenna with three pairs of multi-

resonant split-ring loops and a CPW feed. Dual concentric microstrip split-ring loops 

with different geometrical ground planes are analyzed and compared. The proposed 

antennas have a wide bandwidth from 2-20 GHz. 

A compact CPW-fed multi-frequency circular slot antenna design loaded with arc-

shaped metallic strips is investigated by Chiang et al. (2012). The antenna has an 

overall size of 40×40 mm2 on a substrate of thickness 0.8 mm and relative permittivity 

4.4. The compact size of the slot antenna is determined by the upper resonant frequency 

unlike lower resonant frequency as in conventional antennas. 

Soni et al. (2013) presented a compact integrated Bluetooth and UWB CPW-fed 

antenna by using modified rectangular tuning stub with notched corner and tapered 

shape near the feed line. The antenna is fabricated on a substrate of permittivity 4.4 and 

has a compact size of 26×20 mm2. Dual frequency band characteristics of the antenna 

are achieved by creating quarter wavelength C-shaped Bluetooth element near the 

radiating plane. 

A multiband monopole antenna with inverted trapezoidal CPW-feeding is presented by 

Zhang et al. (2014). The antenna has a size of 15x50 mm2 on a substrate of permittivity 
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4.4 and thickness 1.6 mm with ground plane dimensions of 100×50 mm2. Impedance 

bandwidth from 770-1100 MHz and 1690-2950 MHz are obtained with gain in the 

range 1.8-2.3 dBi and 3.5-5 dBi respectively. 

A CPW-fed meander resonator is combined with a folded resonator and integrated into 

a single monopole to produce a multiband antenna for GSM, GPS, PCS and wideband 

code division multiple access (W-CDMA) by Baek and Jee (2011). The antenna is 

fabricated on a substrate of relative permittivity 7.3 and has a compact size.  

A fork-shaped CPW-fed monopole antenna is presented by Darvish and Hassani 

(2012).  The multi-band antenna is obtained by adding an inverted U-shaped strip on 

it.  The proposed antenna covers frequency bands including universal mobile 

telecommunication service (UMTS), Bluetooth, WLAN and WiMAX application. Two 

such antenna elements are placed in orthogonal configuration and studied for multiple 

input multiple output (MIMO) applications. 

Lee et al. (2011) proposed a multi-band CPW-fed metamaterial antenna. A meander 

monopole and two open-ended stubs attached parallel to the meander are used to create 

the metamaterial structure. The antenna has an overall size of 25×20 mm2 and its lowest 

frequency of operation is 740 MHz. 

A CPW-fed antenna for multi-band operation covering the digital video broadcasting 

signal reception in the UHF band, GSM band and the 2.4 GHz 802.11g/n band is 

introduced by Lee et al. (2012). The size of the antenna is 114×60 mm2 on a substrate 

of permittivity 4.4 and lowest frequency of operation is 470 MHz.  
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A CPW-fed planar quasi-Yagi antenna with CPW-to-coplanar strip (CPS) transition for 

multiband operation with directional radiation pattern is proposed by Ding et al. (2011). 

This structure can transform even-mode electrical field at the CPW line to odd-mode 

electrical field at the CPS line to enable multiband operation. 

Chen et al. (2014) studied the use of stepped impedance resonators in CPW-fed 

multiband and broadband slot antennas. The antenna is fabricated on a substrate of 

permittivity 4.4 and in comparison to the conventional uniform-impedance resonator; 

the proposed resonator shows a better control over spurious response. 

1.5 MOTIVATION AND OBJECTIVE 

The motivation for integrating multiple applications in one antenna is due to the current 

trend for short-range wireless systems of beyond 3G, which are envisioned to enable 

wireless connectivity for “everybody and everything at any place and any time”. This 

ambitious goal requires a comprehensive integration of existing and future wireless 

systems that link devices as diverse as portable and fixed appliances, personal 

computers (PCs) and entertainment equipment. Consumer electronics like wireless 

universal serial bus (USB) and Bluetooth applications require narrow planar antennas 

with a width of only a few centimeters. However, with the reduction of antenna size, 

impedance bandwidth degrades. The trade off in integrating UWB and lower frequency 

standards into a single antenna geometry is the geometrical asymmetry introduced by 

the lower band element. Also, since compact antennas show significant ground plane 

length/shape effects on its performance, it is important to design antennas resistant to 
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such effects. The conflicting requirements of good performance and compact size make 

the design of such antennas challenging.  

The objective is to explore properties of fractal, slotted and spiral monopole structures 

to develop novel compact CPW-fed multiband antennas incorporating UWB 

applications. Radiation characteristics of the antennas are studied in both frequency 

and time domains. The designs proposed are CPW-fed fractal multiband antenna, 

CPW-fed slotted multiband antennas and CPW-fed spiral multiband antennas. The 

antennas are built on a low-cost substrate that enables the integration of different 

operation bands onto a compact and light weight substrate suitable for mass production. 

1.6 THESIS ORGANIZATION 

The thesis presents a study on the radiation characteristics of CPW-fed multiband 

antennas incorporating UWB applications. In all the antennas, lower band operation is 

introduced without increase in overall size of the UWB antenna which makes the design 

compact. 

Chapter 1 of the thesis presents an overall introduction to UWB technology and 

discusses the evolution of printed UWB antennas. The significance of CPW-feed 

technique is also highlighted followed by the motivation and objective of the thesis. 

Chapter 2 presents the experimental and simulation methodology utilized for the 

analysis of antennas described in the thesis. The electromagnetic simulation tool high 

frequency structure simulator (HFSS™) which is used for simulation studies is 

presented and fabrication steps are explained. Measurements in the frequency domain 
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such as return loss, radiation pattern, gain and the relevant theory behind time domain 

measurements and the quantification of measured results are elaborated. 

Chapter 3 deals with the design and characterization of a CPW-fed fractal multiband 

antenna. This chapter begins with a literature survey on fractal antennas for UWB 

systems. The fractal antenna is developed for triple-narrowband operation. Detailed 

parametric analysis is performed at each stage of the evolution of the antenna to 

develop the design equations. Experimental results are compared with simulated results 

and the antenna is compared with some of the fractal multiband antennas in literature. 

Chapter 4 deals with CPW-fed slotted multiband antennas. A literature survey on slot 

antennas for UWB systems is given at the beginning of the chapter. Geometry, design 

and optimization of a dual-band circular antenna suitable for UWB applications is 

presented. Then a fractal design is introduced to obtain dual-band characteristics with 

improved impedance matching in the UWB band. A third design is also presented in 

which a bent monopole is introduced in the structure for triple-band operation. 

Experimental results in the frequency domain and time domain are presented for all 

three antennas followed by conclusions. 

Chapter 5 deals with CPW-fed spiral multiband antennas. A detailed literature survey 

of wideband spiral antennas is presented at the beginning of the chapter. In this chapter, 

first a design is presented for a dual-band spiral antenna for UWB applications. This is 

followed by a modified design to cover lower frequencies of operation. Antenna 

geometry, design and optimization are explained and experimental results in the 

frequency domain and time domain are presented. 
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Chapter 6 gives the summary and conclusion of the overall work and a brief description 

on the scope for future investigations. 

Appendix A presents a CPW-fed UWB antenna with dual notch bands created by slots 

introduced in the feed line and ground plane. 

Appendix B presents frequency and time domain characterization of a CPW-fed dual-

band spiral antenna with UWB application. This work is carried out to validate design 

equations developed in Chapter 5 for a different substrate. 

  



�



Chapter 2  

METHODOLOGY 

The methodology adopted for simulation studies and subsequent measurement 

techniques are crucial in determining the antenna characteristics. Parametric analysis 

for all the proposed antennas are carried out using Ansys HFSS™ and from the 

parametric analysis results obtained using the software, a design guideline is 

formulated using regression analysis. Photolithography is used to fabricate the antennas 

on microwave laminates and measurements are carried out at the test facility consisting 

of programmable network analyzer (PNA) and anechoic chamber. A description of the 

measurement techniques for frequency and time domain is presented here. 

2.1 ANTENNA FABRICATION 

Photolithographic technique is used to fabricate the antenna on a laminate. A negative 

mask of the antenna geometry is first printed on butter paper. A single sided copper 

clad lamination of suitable dimension is then cleaned with acetone to remove 

impurities. This is immersed in photo resist and allowed to dry so as to form a thin film 

of the photo resist on the laminate. The photo resist coated clad with the antenna mask 

carefully aligned over it is then exposed to ultra violet (UV) radiation. During this 

process, exposed portions of photo resist harden, while the unexposed region remains 

unaffected. The laminate is then immersed in developer solution in a dark room. Next, 

the laminate is placed in ferric chloride solution and gradually agitated till all the 

unwanted copper in unexposed regions dissolves, leaving behind the antenna pattern. 
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Microwave circuits need to be fabricated on low loss, thermally stable substrates with 

constant permittivity across the operating band. Prototypes of the antennas presented 

in the thesis have been fabricated on FR-4 glass epoxy of relative permittivity 4.4 and 

thickness 1.6 mm. It is a widely used substrate as it is very economical. However, it is 

very lossy at high frequencies but this enables the evaluation of radiation characteristics 

in the worst-case scenario. Fabrication is also carried out on Rogers RT/Duroid 5880 

substrate for the CPW-fed spiral multiband antenna Type-II to validate design 

equations. 

2.2 ANTENNA MEASUREMENT FACILITIES 

The Agilent PNA E8362B series microwave network analyzers provide a 

comprehensive solution for the characterization of either active or passive networks 

over the 45 MHz to 50 GHz frequency range. For all frequency domain measurements, 

the network analyzer at the antenna research facility at center for research in 

electromagnetics and antennas (CREMA), Dept. of Electronics, CUSAT is used. For 

gain measurement, readings are taken by mounting the antenna under test (AUT) on a 

microcontroller based turn table assembly interfaced with a computer. A linearly 

polarized wideband standard horn antenna is used as the transmitter while the AUT is 

used as the receiver for the radiation pattern measurement. Both the AUT and the horn 

antenna are placed in an anechoic chamber. This is a room lined with microwave 

absorbers on the walls, roof and floor to minimize electromagnetic reflections. During 

measurement, a MATLAB® based graphical user interface (GUI) synchronizes all 

components in the measurement setup and performs the antenna characterization.  
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Measurement of the antenna’s transient response can be performed either in time 

domain or in frequency domain followed by inverse Fourier transform. Measurements 

in time domain, using very short pulses or step functions as driving voltage, can be 

faster than measurements in frequency domain (Bazaz et al., 2011; Kumar et al., 2011; 

Lim et al., 2008; Powell and Chandrakasan, 2004). However, frequency domain 

measurements take advantage of the high dynamic range and the standardized 

calibration of the network analyzer (Koohestani et al., 2013; Elmansouri and Filipovic, 

2011; Nazli et al., 2010; Sorgel et al., 2003). In this thesis, antenna transient response 

is evaluated by frequency domain measurement.  

2.3 ELECTROMAGNETIC SIMULATION TOOL 

Ansys HFSS™ is a popular commercial software for the study of electromagnetic 

structures using finite element method (FEM) solver (HFSS, 2005). The optimization 

tool available with HFSS™ is very useful for antenna engineers to study the effect of 

various design parameters. There are several boundary schemes available in HFSS™ of 

which, radiation and perfect electric conductor (PEC) boundaries are widely used in 

this work. The vector as well as scalar representations of simulated electric field 

intensity, E, magnetic field intensity, H and current density, J values give a good insight 

into the behaviour of the antenna at various frequencies.  

2.4 MULTIVARIABLE REGRESSION ANALYSIS 

To obtain a desired lower resonance on an arbitrary substrate, a generalized design 

equation is formulated using the regression tool in Microsoft excel (Remenyi et al., 

2011). It is a powerful tool that relates multiple independent variables to a dependent 
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variable. The variable that is to be predicted is known as the dependent variable and 

the variables of known values that are used for prediction are independent variables. In 

the cases described in this thesis, the independent variables are the height of the 

substrate, h (in mm), relative permittivity, ϵr of the substrate and resonant frequency, f 

(in GHz) (Bindu, 2015). The dependent variable is the parameter dominantly 

controlling the lower resonance band. Extensive simulation studies are carried out by 

varying each of the independent variables while keeping others constant. Based on the 

simulation results, a database is developed and from these values, the regression tool is 

used to obtain the design equation. 

2.5 FREQUENCY DOMAIN CHARACTERIZATION 

2.5.1 Reflection Characteristics 

When a transmission line is not terminated in its characteristic impedance, mismatch 

at the load cause a backward travelling wave to propagate down the transmission line 

which results in standing waves. Reflection coefficient Г is defined as the ratio of the 

reflected wave voltage (or current) to the incident wave voltage (or current). Impedance 

bandwidth indicates the bandwidth for which the antenna is sufficiently matched to its 

input transmission line such that less than 10 % of the incident signal is lost due to 

reflections (Mobashsher et al., 2011). An acceptable value of Г that enables only 10 % 

of reflected power is Г = 0.3162.  

Voltage standing wave ratio (VSWR) measures the ratio of the maximum amplitude to 

the minimum amplitude of the standing wave (Pozar, 2011). Typically, a VSWR value 

of 2.0 or less indicates a good impedance match. This is obtained from the relation  



30 

 VSWR = ��|Г |��|Г |  (2.1) 

Return loss is another measure of impedance match quality, and is dependent on Г as 

 Return loss = -20log10 |Г | (2.2) 

The reflection coefficient Г expressed in dB is equivalent to the S11 parameter of the 

scattering matrix and is expressed as 

 S11 = 20log10 |Г | (2.3) 

Impedance bandwidth of an antenna is evaluated as the range for which Г < 0.3162, 

VSWR < 2, Return loss > 10 dB or S11 < -10 dB. 

In order to measure the reflection characteristics of the AUT, it is connected to any one 

of the network analyzer ports. S11 or S22 measurement option of the chosen PNA port 

is selected and the port is then calibrated for the required frequency range using 

standard open, short and matched loads before connecting the AUT. During 

measurement, the scattering parameter values captured over the frequency band of 

interest are stored in .csv format using the indigenously developed measurement 

automation software – CREMA SOFT. 

2.5.2 Radiation Pattern 

Radiation pattern of an antenna is the spatial distribution of electromagnetic energy 

emanating from the antenna. Though the pattern has a three-dimensional distribution, 
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measurement is carried out in only two principal planes due to limitations of the 

measurement setup.  

The radiation pattern measurement is carried out in the anechoic chamber with the help 

of Agilent PNA E8362B. The AUT is mounted on a turntable assembly placed in the 

anechoic chamber and connected to one port of the network analyzer. It is configured 

in the receiver mode. The other port of the network analyzer is connected to a wideband 

horn which acts as the transmitter. The AUT and horn antenna are spatially separated 

such that measurement is carried out in far field. Initially the two antennas are aligned 

along bore-sight. Then the turn table assembly rotates the AUT in increments of 5º. 

Meanwhile, the system interfaced to the turn table performs the S21 measurement for 

each step angle and records the angular transmission characteristics in a data file. In 

each principal plane, measurements are taken for two orthogonal orientations of the 

horn antenna to obtain co-polarization and cross-polarization readings.  

2.5.3 Antenna Gain 

The most important figure-of-merit that describes the performance of a radiator is the 

gain. It is defined as the ratio of the intensity in a given direction to the radiation 

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

isotropically. There are two basic methods to evaluate gain: absolute gain and gain 

transfer measurements. Gain transfer method must be used in conjunction with standard 

gain antennas to determine gain of the AUT. On the other hand, absolute gain method 

requires no a priori knowledge of the gains of the antennas used. The two-antenna 

absolute gain method is adopted for gain measurements in the thesis. 
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Two antennas with identical radiation characteristics are placed in far field and aligned 

for maximum directional radiation. Based on Friis transmission formula, gain of the 

antenna can be evaluated using the relation 

(��)�� +  (��)�� = 20����� ����λ � + 10����� ������     (2.4) 

where r is the separation distance, λ is free space wavelength, Gt  is the gain of 

transmitting antenna, Gr is the gain of receiving antenna, Pt is the transmitted power 

and Pr is the received power. The gain is calculated for different orientations of the 

AUT. The maximum gain obtained from all the orientations at a particular frequency 

is chosen to plot peak gain of the antenna.  

2.5.4 Antenna Efficiency 

Radiation efficiency is defined as the ratio between the total power radiated by the 

antenna and the power delivered into the antenna. The Wheeler Cap method is 

conventionally used to measure radiation efficiency of narrow band antennas. This 

method takes into account the reflected power due to mismatch as an explicit loss.  

The proposed antennas are designed to work in narrow bands at lower frequencies and 

throughout UWB range. To measure efficiency in the UWB range as well, a 

modification of the Wheeler Cap method is used. In the conventional method used for 

narrow band antennas, the radiation from the antenna is restricted to a radiation sphere 

of radius λ/2π, where λ is free space wavelength. In the UWB Wheeler Cap method, 

first the antenna is allowed to radiate in free space. Then a second set of measurements 

are taken, in which the antenna receives its transmitted signal after reflection.  
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The power budget for a transmit antenna may be expressed in terms of power fractions. 

A fraction of the incident power, Pin is dissipated in losses (l = Ploss / Pin), a fraction is 

reflected away due to mismatch (m = Prefl / Pin) and a fraction is radiated (η = Prad / 

Pin). Averaging over a suitable time interval and applying conservation law:  

  l + m + η = 1  (2.5) 

The oblate shell surrounding the AUT enforces a near ideal time reversal of the 

transmitted signal. Thus, the antenna receives the reflected signal with negligible 

structural scattering, and the antenna mode scattering term is simply the mismatch 

fraction (m = |S11- FS|2). By reciprocity theorem, the efficiencies (η) in receive and 

transmit mode are identical. The scattering coefficient inside the UWB Wheeler Cap 

becomes (Schantz, 2002):  

   |!���"#|� = $ + %� + %�$� + %�$� + %�$& + ⋯ 

= |!���*,|� + %� ∑ |!���*,|�./�  

                   = |!���*,|� + %� ���|,3345	|6   (2.6) 

which solves to yield the following result for the radiation efficiency: 

 % = 7(1 − |!���*,|�)(|!���"#|� − |!���*,|�)                 (2.7) 

For measurements, an oblate metallic chamber with diameter 70 cm is used. First, the 

AUT is placed in free space and the reflection coefficient S11−FS is measured. It is then 
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placed at the center of the closed metallic chamber and the reflection coefficient S11−WC 

is measured. Finally, (2.7) is used to calculate the radiation efficiency.  

2.5.5 Group Delay 

An antenna in a UWB system can be analyzed as a filter by means of magnitude and 

phase responses. When a signal passes through a filter, it experiences both amplitude 

and phase distortions depending on the characteristics of the filter. By representing the 

receiver/transmitter antenna as a filter, the phase linearity within the frequency band of 

interest can be determined by looking at its group delay (Ifeachor and Jervis, 1993). 

Group delay is defined as the negative derivative of the filter phase with respect to 

frequency. It characterizes the frequency dependence of the time delay and gives an 

indication of the dispersive nature of the device. 

For a device with frequency response 8(9) = :(9);<>(?) 

 Group delay  @ = − A>(?)A(?)    (2.8) 

In impulse radio, communication is by means of serial pulses with a very low duty 

cycle. The pulse input to the antenna system has an extremely large bandwidth and 

hence, any variation in group delay across the pass band of the antenna will tend to 

distort the pulse. A non-distorting antenna geometry is characterized by a constant 

group delay, i.e., linear phase, in a relevant frequency range. Nonlinear group delay 

indicates the resonant character of the device, which shows the ability of the structure 

to store energy.  
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To evaluate the group delay, two antennas with identical radiation characteristics are 

placed 15 cm apart in three different orientations: face to face, face to side and side to 

side. The two antennas are connected to ports 1 and 2 of the network analyzer and S12 

or S21 measurement option of the PNA is selected. The ports of the analyzer are 

calibrated using the standard open, short and matched load for the frequency range of 

interest, prior to the measurement. 

2.6 TIME DOMAIN CHARACTERIZATION 

2.6.1 Transfer Function and Impulse Response 

In the best-known embodiment, UWB systems communicate using a series of narrow 

un-modulated pulses instead of using a high frequency carrier. The pulse can be seen 

as a burst of radio frequency (RF) energy where each pulse carries one symbol of 

information. Hence it is not sufficient to evaluate the antenna performance solely 

through traditional frequency domain parameters such as return loss, radiation patterns 

and gain.  

The effects of antenna on the signal transmission can be analyzed by considering the 

envelope of the transient response. The transient response is measured by a frequency 

domain measurement followed by inverse Fourier transformation. Frequency domain 

measurements are carried out by modeling the antenna as a linear time invariant (LTI) 

system. Consider the UWB channel model shown in Fig. 2.1. 
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Fig. 2.1 UWB system channel model 

The frequency domain relation between received voltage pulse BCD(9, F, G, H) and 

incident electric field pulse IJ⃗ �LA(9, F, G, H) (Weisbeck et al., 2009) is  

        MNO(?,�,>,P)7QR = 8JJ⃗ CD(9, G, H) SJ⃗ �TU(?,�,>,P)7QV                             (2.9) 

Where WX and W�  are characteristic impedance of the antenna port and free space. The 

transfer function of the receiving antenna 8JJ⃗ CD(9, G, H) is a function of the direction of 

arrival of the incident field pulse. 

The frequency domain relation between transmitted electric field pulse IJ⃗ �LA(9, F, G, H) 

and incident voltage pulse BYD(9, F, G, H) is 

                 SJ⃗ �TU(?,�,>,P)7QV = 8JJ⃗ YD(9, G, H) Z4[\�R� M]O(?,�,>,P)7QR      (2.10) 

where                                8JJ⃗ YD(9, G, H) = <?�^X 8JJ⃗ CD(9, G, H)                               (2.11) 

Substituting (2.10) in (2.9) 

 MNO(?,�,>,P)7QR = 8JJ⃗ CD(9, G, H)8JJ⃗ YD(9, G, H) Z4[\�R� M]O(?,�,>,P)7QR           (2.12) 
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Now the whole input to output characteristic is given as 

                  !�� = MNO(?,�,>,P)M]O(?,�,>,P) = 8JJ⃗ CD(9, G, H)8JJ⃗ YD(9, G, H) Z4[\�R�                (2.13) 

Substituting (2.11) in (2.13), transfer function of the antenna can be determined from 

the measured values of S21 using the relation 

                         8JJ⃗ CD(9, G, H) = 7(2_`F!��;<?� X⁄ ) a9⁄   (2.14) 

To measure the antenna performance as a system, a pair of the antenna under test are 

placed in their far field distance, r as shown Fig.2.2.  

 

Fig. 2.2   Measurement setup for time domain response 

One antenna is used as a transmitter while the other antenna is used as receiver. 

Measurement is performed for different spatial orientations of the two antennas. The 

impulse response of the antenna is obtained by taking the inverse fast Fourier transform 

(IFFT) of the transfer function (Liang, 2006). The data for UWB range is measured 

from 1 to 11 GHz. It is assumed that the antenna’s response is so poor out of band that 

the data obtained is clearly dominated by noise and it might be advantageous to zero 
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pad data in those frequency ranges. Hence, the data is zero padded from 0 to 1 GHz. 

To correspond to the spectrum of a real signal, the conjugate of the zero-padded data 

is taken and reflected to the negative frequencies. This results in a double-sided 

spectrum which is symmetric around DC. The IFFT of the resulting data in frequency 

domain gives a real impulse waveform.  

A measure for the linear distortion of the antenna is the envelope width, which is 

defined as the full width at half maximum (FWHM) of the magnitude of the transient 

response envelope. If p is the peak value of the antenna’s transient response, 

 bc8d = f�|g �⁄ − f�|g �⁄ , f� < f�   (2.15) 

The duration of ringing is defined as the time until the envelope has fallen from the 

peak value, p below a fraction α of the main peak.  

  �jk�jk� =  f�|lg − f�|g, f� < f�    (2.16) 

The lower bound for α is chosen according to the noise floor of the measurement. In 

order to compare the ringing of antennas with different gains under the constraint of 

constant noise floor, the fraction α is chosen to be α = 0.22 (–13 dB). 

2.6.2 Choice of UWB Pulse 

As mentioned in Chapter 1, the FCC constrains the radiated power of UWB systems to 

–41.3 dBm/ MHz as depicted in Fig. 2.3.  

In UWB systems used for impulse radio, a series of un-modulated pulses are used for 

communication and each pulse carries one symbol of information.  The pulse width is 
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very narrow and it can be any function which satisfies the spectral mask regulatory 

requirements. 

 

Fig. 2.3   FCC’s spectral mask for UWB systems 

In principle, all impulses with a spectrum wider than 500 MHz, can be used as UWB 

signals. However, the choice of the pulse shape is a key design decision in UWB 

systems. Given the stringent transmission power limitations, the received SNR can be 

maximized by efficient utilization of the bandwidth and power stipulated by the FCC 

masks. To satisfy these regulations, it is desirable to use a UWB pulse with very narrow 

pulse width, typically in nanoseconds. This ensures that the pulse energy will be spread 

over a wide frequency which minimizes the potential for interference with other user 

systems. A common choice of the UWB pulse waveform is the Gaussian pulse and has 

been used in earlier studies of UWB antennas (Norman and Beaulieu, 2005; Chen and 

Kiaei, 2002; Taylor, 1995). The general form of a Gaussian pulse is  

                                         mn(f) = ;�(�43o )6                                    (2.17) 

where σ is the pulse parameter defined as full width at half maximum. 
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Small σ corresponds to a pulse that is narrow in the time domain and wide in the 

frequency domain. However, the power spectral density (PSD) does not comply with 

the FCC emission mask and so it is not a suitable choice. Higher order derivatives of 

the Gaussian pulse (Karimabadi and Attari, 2010; Gao et al., 2007; Mao and Chen, 

2007) are found to provide a better match to the required FCC emission mask. As the 

order of the derivative pulse increases, energy moves to higher frequencies. Fig. 2.4 (a) 

shows the Gaussian pulse and its derivatives shifted in time axis to distinguish between 

the different pulses. By a suitable choice of pulse parameter and order of the derivative, 

a pulse that satisfies the regulatory mask can be designed. From Fig. 2.4 (b), it is seen 

that the fourth derivative Gaussian pulse with σ = 67 ps conforms best to the FCC 

indoor emission mask and so this pulse is used for studies in the thesis.  

 

Fig. 2.4 Gaussian pulse and its derivatives (a) Normalized 

waveform in time domain (b) Power spectral density 

(a) 

(b) 

σ 
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The fourth derivative pulse is of the form (Liang, 2006) 

                   mn(f) = p��qs + �tqu (f − 1)� + �vqx (f − 1)�y ;�(�43o )6
  (2.18) 

2.6.3 Fidelity Factor 

Ideally, an impulse antenna should faithfully reproduce the transmitted pulse on 

reception. But the changes in the phase center and radiation characteristics alter the 

integrity of the transmitted pulses. The non-linearity in the antenna phase response 

leads to pulse dispersion. To analyze the extent of pulse distortion, the antenna impulse 

responses for different orientations that are evaluated as described in Section 2.6.1 and 

the input pulse described in Section 2.6.2, are convolved to obtain the received pulse 

in the various orientations. The quality of the received pulse in each orientation is 

assessed using the parameter fidelity factor (Tan et al., 2013). If the input pulse is si(t) 

and the received pulse is so(t), then the fidelity factor FF is described by the equation 

          bb = $z{ } ∫ ��(�)��(���)A���4��∫ |��(�)|6A���4� ∫ |��(�)|6A���4�
�                (2.19) 

Fidelity factor is the maximum of the correlation coefficient between the input and 

output pulse obtained for varying delay, τ. It reflects the similarity between the shapes 

of the two pulses. For an ideal antenna system that does not distort the input pulse at 

all, FF will be unity as input and output are identical. As distortion increases, FF 

decreases and a minimum value of zero indicates that the input and output pulses are 

entirely different. High fidelity is desirable in UWB systems.  
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2.6.4 Radiated Power Spectral Density 

UWB systems may cause interferences to other wireless systems since they operate 

over a large frequency range, which covers many bands being used. Thus, the emission 

limit is a crucial consideration for the design of UWB antennas. To determine whether 

the antenna complies with FCC limits in the frequency band of operation, radiated 

power spectral density is evaluated from Fourier transform of autocorrelation, Rx(τ) of 

the radiated pulse as 

                                     !D(�) = ∫ �D(@) exp(−a2��@) �@�/�/               (2.20) 

2.7 CHAPTER SUMMARY 

This chapter discusses the methodology adopted for simulation, fabrication and 

measurement of the multiband UWB antennas presented in the thesis. A detailed 

account of the frequency domain parameters such as reflection coefficient, gain, 

efficiency and radiation pattern are provided. In addition to this, important 

characterizations for UWB range such as group delay is also explained. For time 

domain analysis of the antenna as a system, details of UWB pulse used as input, transfer 

function determination and corresponding impulse response of the antenna and 

evaluation of FWHM, ringing, fidelity factor and radiated power spectral density are 

also discussed. 



�



Chapter 3  

CPW-FED FRACTAL MULTIBAND ANTENNA 

Fractals are space-filling geometries defined with an iterative technique resulting in 

self-similar characteristics. It is a shape that appears similar at all scales of 

magnification.  There are many mathematical structures that are fractals; e.g. 

Sierpinski’s gasket, Cantor’s comb, Von Koch’s snowflake and the Mandelbrot set. 

The terms fractal was coined by Mandelbrot, the first person associated with the 

mathematics of fractals (Mandelbrot, 1983). Fractals have unique properties that can 

be enticing for antenna designers. Their space-filling property enables miniaturization 

of antennas since electrically large features can be efficiently packed into small areas, 

(Gianvittorio and Rahmat-Samii, 2002; Puente et al., 1998). The self-similar 

characteristics of fractals encourages their study as a multiband solution since a self 

similar antenna will operate in a similar manner at several wavelengths.  

When the operating wavelength is large compared to the size of the antenna, the 

magnitude of the antenna reactance becomes large compared to its radiation resistance 

(McDonald, 2003). This poses the challenge that an effective impedance matching 

circuit is needed between the feed line and the antenna. Fractals present the advantage 

that it is possible to lower the reactance of the antenna by changing the shape of its 

conductors without increasing the overall size of the antenna. Since any arbitrarily 

random shape can pick up electromagnetic waves, fractals as antennas may offer more 

controlling parameters to the designer. A brief account of some of the recent work 

carried out on fractal antennas for multiband applications is presented here.  
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A multiband antenna using fractal-like geometrical structures is proposed by Aziz et 

al. (2011). The antenna can support operation in upto five bands and has an overall 

size of 62×89.6 mm2 on a substrate of thickness 0.78 mm and relative permittivity 4.7. 

Triple-band and quad-band structures are fabricated and operating bands are suitable 

for global system for mobile (GSM), digital cellular systems (DCS), international 

mobile telecommunications for year 2000 (IMT-2000) and world inter-operability for 

microwave access (WiMAX) applications.  

Saidatul et al. (2009) developed a fractal planar inverted-F antenna (PIFA) for 

multiband applications in GSM, universal mobile telecommunications system (UMTS) 

and high performance radio local area network (HiperLAN) bands with -6 dB operating 

frequency ranges from 1.9-2.1 GHz, 1.885-2.2 GHz and 4.8-5.8 GHz respectively. The 

fractal PIFA is fabricated on a substrate of thickness 0.813 mm and relative permittivity 

3.38 and has an overall size of 27×27 mm2. The antenna is incorporated into a mobile 

phone and a detailed study is also carried out on specific absorption rate (SAR) levels. 

This is done to evaluate the antenna performance in the presence of a human body with 

emphasis on the human head. 

Mirkamali et al. (2010) have presented a modified multiple ring monopole antenna for 

multiband applications. The antenna consists of four half rings and a half disk and is 

fabricated by printing on a 0.8 mm thick substrate of relative permittivity 4.4. The 

antenna is then mounted perpendicularly over a metallic ground plane of size 150×150 

mm2. The -10 dB bands are 1.65-2.35 GHz, 3.5-5 GHz and 6.5-10.1 GHz respectively.  
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A CPW-fed multiband antenna using the Sierpinski gasket fractal is proposed by Kaur 

et al. (2012). The antenna is designed on a substrate of relative permittivity 4.4, 

thickness of 1.59 mm and loss tangent 0.02. Overall size of the antenna is 40×40 mm2 

and it is suitable for IEEE Bluetooth/wireless local area network (WLAN), WiMAX 

and wireless fidelity (Wi-Fi) communication applications. 

A multiband CPW-fed slot antenna with fractal stub and parasitic line is proposed by 

Hongnara et al. (2012). The conventional wideband slot antenna with a fractal stub is 

modified to obtain multiband operation by inserting the parasitic line, resulting in the 

dual harmonic notched frequency in wideband operation. The antenna has an overall 

dimension of 10×25 mm2 and is fabricated on a substrate of relative permittivity 4.2 

and thickness 0.8 mm.  

Oraizi and Hedayati (2014) developed a CPW-fed slot antenna using Giusepe Peano 

fractal for multiband applications. The antenna is fabricated on a substrate of relative 

permittivity 4.4 and thickness 1.6 mm and has an overall size of 33.5×26.5 mm2. The 

fractal pattern in the slot increases the electrical length of the antenna without increase 

in the overall area occupied by the antenna. The antenna is suitable for WLAN and 

WiMAX applications and covers the bands from 2.9-3.3 GHz, 3.8-5.1 GHz and a 

wideband 5.8-8.5 GHz. 

From the review carried out on the various fractal antennas proposed in existing 

literature, it is seen that fractals offer a distinct advantage in developing compact 

antennas for multiband transmission.  Also, taking into consideration the advantages 
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offered by CPW-feeding technique, a planar fractal antenna is developed for multiband 

operation suitable for GSM, IMT advanced system and upper WLAN applications. The 

fractal pattern is developed using a combination of self-similarity and space filling 

techniques. 

3.1 ANTENNA GEOMETRY 

The evolution of the proposed CPW-fed fractal multiband antenna is shown in Fig.3.1. 

The simple circular monopole has a very wideband radiation characteristic and its 

lowest frequency of operation is determined by the diameter of the monopole. 

Inscribing a hexagon within the monopole forms the iteration 0 structure as shown in 

Fig. 3.1 (b).  

 

Fig. 3.1 Evolution of the CPW-fed fractal multiband antenna 

geometry (a) Simple circular monopole (b) Iteration 0 (c) 

Iteration 1 (d) Iteration 2 

Iteration 1 structure results in dual-band operation suitable for GSM and IMT advanced 

system applications. Due to the hexagonal slot, the current is forced to flow along a 

longer path created by the perimeter of the slot. This lowers the frequency of operation 

of the monopole without an increase in its physical size. The diameter of the circle with 

(a) (c) (d) (b) 
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inscribed hexagon is then scaled down and six such structures are arranged in a 

hexagonal manner to form a fractal pattern as shown in Fig. 3.1 (c) in the configuration 

of iteration 1. This results in the second band shifting to lower frequencies and an 

additional band close to WLAN frequency. Thus a total of three 2:1 VSWR bands are 

obtained. Now within each smaller hexagon, the pattern is repeated to obtain the 

structure of iteration 2. The results obtained with the iteration 2 structure did not vary 

significantly from that of iteration 1 structure. Also, due to fabrication difficulties, this 

configuration is not considered further. Fig. 3.2 shows a plot of S11 for the different 

iterations with optimal dimensions as detailed in Section 3.2.  

 

Fig. 3.2 Simulated S11 vs frequency of CPW-fed fractal multiband 

antenna for various iterations with ϵr = 4.4, h = 1.6 mm, D 

= 34 mm, Lg = 17 mm, Wg = 13 mm, Wf = 3 mm, g1 = 0.3 

mm, s = 0.55 mm, g2 = 0.6 mm, Lh = 16.7 mm, Di = 8.4 

mm and Lhi = 3.9 mm 

The CPW-feed line is designed for 50 Ω impedance. For a given characteristic 

impedance, there are several solutions for the geometry of a CPW line. The desired 

impedance is attained by adjusting the line width, Wf and gap, g1 dimensions. 

However, there is a tradeoff between size of the circuitry and the line loss; narrow lines 
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can be quite lossy. Taking into consideration this tradeoff and fabrication limitations, 

the width and gap dimensions of the CPW feed line are chosen as 3 mm and 0.3 mm 

respectively. The circular monopole has a diameter D and is spaced from the truncated 

ground plane of length, Lg and width, Wg by a gap, s. The antenna is designed to 

support GSM (1.71-1.98 GHz), IMT advanced system for 4G mobile communication 

(3.4-4.2 GHz) and upper WLAN (5.725-5.875 GHz) bands. The geometry is shown in 

Fig. 3.3. 

 

Fig. 3.3 Geometry of CPW-fed fractal multiband antenna with 

optimized dimensions W = 34 mm, L = 51.3 mm, D = 34 

mm, Lg = 17 mm, Wg = 13 mm, Wf = 3 mm, g1 = 0.3 mm, 

s = 0.55 mm, g2 = 0.6 mm, Lh = 16.7 mm, Di = 8.4 mm and 

Lhi = 3.9 mm for ϵr = 4.4, h = 1.6 mm  

The antenna is printed on a substrate of thickness h = 1.6 mm, relative permittivity �r 

= 4.4 and loss tangent tan δ = 0.02 and has an overall size of 34×51.3 mm2. For the 

optimized dimensions, the simulated reflection characteristics show that the antenna 
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exhibits triple-band operation from 1.63-1.98 GHz, 3.46-4.05 GHz and 5.38-6.58 GHz. 

This makes the antenna suitable for GSM, IMT advanced system and upper WLAN 

applications respectively. 

3.2 PARAMETRIC ANALYSIS OF CPW-FED FRACTAL MULTIBAND 

ANTENNA  

To gain insight on how the various dimensions of the antenna determine its 

performance, a thorough parametric analysis is carried out at various iteration stages. 

Dimensions are optimized at each stage to finally develop a triple-band antenna 

suitable for the intended application bands. 

3.2.1 Optimization of Simple Circular Monopole for Wideband Response 

A CPW-fed circular monopole can exhibit an extremely wide -10 dB bandwidth. The 

first resonant frequency is predominantly determined by the diameter of the disc. The 

diameter approximately corresponds to the quarter-wavelength at the resonant 

frequency (Liang, 2006). Also, the optimal feed gap, s is found to be same as the CPW 

line gap, g1. This is because this dimension ensures a smooth transition from the feed 

line to the monopole. In accordance with this relationship, a circular monopole is 

designed for a resonance frequency of 2.45 GHz. From the current distributions, it is 

established that the performance of the antenna is almost independent of the length of 

the ground plane. However, a variation in the ground plane width shifts all the 

resonance modes across the spectrum.  
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Effect of ground plane width, Wg 

A parametric analysis on the ground plane width of a simple circular monopole of 

diameter D = 21 mm corresponding to 2.45 GHz resonance frequency is shown in Fig. 

3.4. 

 

Fig. 3.4 Simulated S11 vs frequency of simple circular monopole 

structure for varying Wg with ϵr = 4.4, h = 1.6 mm, Lg = 17 

mm, Wf = 3 mm, g1 = 0.3 mm, s = 0.3 mm and D = 21 mm 

It is seen that to obtain the desired resonance, the width of the ground plane on either 

side of the feed line should be around 33 mm. Thus, the overall size of the antenna 

becomes 69.6× 38.3 mm2. However, the antenna should be integrated in the system 

circuit board of a communication device. The limited space of the circuit board 

imposes a constraint on the size of the antenna and its ground plane.  

To make the antenna more compact, width of the ground plane, Wg can be reduced. 

Since it is observed that this causes a shifting of the operating band to higher 

frequencies, the diameter of the monopole, D is increased as detailed next. 

Wg 
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Effect of diameter, D of circular monopole 

Compact monopole antennas can be designed on truncated ground planes with the 

additional advantage of broadband behavior. To make the antenna more compact, the 

diameter of the monopole is increased while using a smaller ground plane width. The 

ground plane dimensions are selected as the optimized values Lg = 17 mm and Wg = 13 

mm (Shameena, 2012) for wideband operation. These dimensions correspond to 

0.566λc and 0.433λc respectively where λc is the guide wavelength at center of the 

UWB operating range. The parametric analysis on diameter of the monopole with this 

truncated ground plane is shown in Fig. 3.5. 

 

Fig. 3.5  Simulated S11 vs frequency of simple circular monopole 

structure for varying D with ϵr = 4.4, h = 1.6 mm, Lg = 17 

mm, Wg = 13 mm, Wf = 3 mm, g1 = 0.3 mm and s = 0.3 

mm 

For a diameter D = 21 mm which corresponds to quarter-wavelength of 2.45 GHz, the 

monopole with truncated ground yields the first resonance at 3 GHz. As diameter of 

the monopole is increased, the resonance shifts to lower frequency side and at D = 34 

mm, the first resonance is obtained at the desired 2.45 GHz. For this dimension of 

D 
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monopole and truncated ground, the overall antenna size is 34×51 mm2.  This structure 

has significantly less area compared to the structure without truncated ground.  

Effect of spacing between monopole and ground plane, s  

The spacing between the monopole and ground plane plays an important role in 

impedance matching of antenna, especially at higher frequencies. To determine the 

optimum required spacing for the truncated ground structure, a parametric analysis is 

carried out as shown in Fig. 3.6. 

 

Fig. 3.6  Simulated S11 vs frequency of simple circular monopole 

structure for varying s with ϵr = 4.4, h = 1.6 mm, Lg = 17 

mm, Wg = 13 mm, Wf = 3 mm, g1 = 0.3 mm and D = 34 

mm 

As spacing between the monopole and ground plane is increased, impedance matching 

improves and for s = 0.55 mm S11 ≤ -10 dB throughout the operating band. This 

corresponds to 0.017λc’ where λc’ is guide wavelength corresponding to center of the 

ultrawide operating range from 2.45 GHz.  

s 
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With the monopole optimized for wideband response, a hexagonal slot of side Lh is 

inserted to obtain a dual-band response. The optimization of this structure is discussed 

next. 

3.2.2 Optimization of Iteration 0 Structure for Dual-band Response 

The parametric analysis of Lh for the structure of iteration 0 is shown in Fig. 3.7. All 

other dimensions are the optimized values for wideband response for the simple 

circular monopole.  

 

Fig. 3.7 Simulated S11 vs frequency of CPW-fed fractal multiband 

antenna Iteration 0 structure for varying Lh with ϵr = 4.4, h 

= 1.6 mm, Lg = 17 mm, Wg = 13 mm, Wf = 3 mm, g1 = 0.3 

mm, s = 0.55 mm, D = 34 mm 

As Lh is increased, the perimeter of the hexagon increases and the two resonances shift 

to the lower frequency side. Also, the bandwidth of the second resonance band 

decreases. This is because the current on the outer edge of the circular monopole, which 

is primarily responsible for wideband characteristic, is perturbed. For the chosen 

monopole of 17 mm radius (D = 34 mm), the side length of the hexagon cannot be 

Lh 
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increased beyond 16.7 mm due to a fabrication tolerance of 0.3 mm. Thus, the iteration 

0 geometry with Lh = 16.7 mm offers two resonant bands. The first resonant band (1.63-

2.07 GHz) supports GSM application and the second band (3.58-4.8 GHz) covers the 

IMT advanced system for 4G mobile communication application band. This optimized 

iteration 0 geometry is further modified by introducing the fractal pattern to obtain 

triple-band response as explained below. 

3.2.3 Optimization of Iteration 1 Structure for Triple-band Response  

Effect of fractal scaling factor, F  

The fractal scaling factor b = ��� = �����  for iteration 1 structure is optimized by a 

parametric analysis of dimensions of the inner circles. The simulated S11 results with 

different scaling factors are shown in Fig. 3.8.  

 

Fig. 3.8 Simulated S11 vs frequency of CPW-fed fractal multiband 

antenna for different fractal scaling factors F with ϵr = 4.4, 

h = 1.6 mm, Lg = 17 mm, Wg = 13 mm, Wf = 3 mm, g1 = 

0.3 mm, s = 0.55 mm, g2 = 0.6 mm, D = 34 mm, Lh = 16.7 

mm 
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It is seen that for fractal scaling factor F of 0.3 and greater, the structure exhibits very 

wideband characteristics. This is because the inner circles merge with the sides of the 

hexagon of iteration 0 structure and the antenna behaves as a simple circular monopole. 

For a scaling factor of 0.25, triple-band behavior is observed with a lowering in the 

bandwidth of second band of the structure of iteration 0. Triple-band behavior suitable 

for GSM, IMT advanced system for 4G mobile communication systems and upper 

WLAN is obtained for optimum fractal scaling factor F = 0.25 which results in Di = 

8.4 mm and Lhi = 3.9 mm.  

Effect of gap between inner circles and hexagonal slot side, g2 

The effect of varying the gap g2 between the inner circles of iteration 1 structure and 

adjacent edges of hexagonal slot of iteration 0 structure is shown in Fig. 3.9. 

 

Fig. 3.9 Simulated S11 vs frequency of CPW-fed fractal multiband 

antenna for varying g2 with ϵr = 4.4, h = 1.6 mm, Lg = 17 

mm, Wg = 13 mm, Wf = 3 mm, g1 = 0.3 mm, s = 0.55 mm, 

D = 34 mm, Lh = 16.7 mm, Lhi = 3.9 mm, Di = 8.4 mm (for 

F = 0.25) 

g2 
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The gap variation does not have much effect on the first resonance. However, there is 

a change in the bandwidth of second and third resonance band. As the gap decreases, 

impedance bandwidth decreases in second band and increases in third band. This could 

be due to variation in coupling from outer monopole edge to inner circles as well as 

mutual coupling between the inner circles. From the exhaustive simulation, g2 is 

optimized as 0.5 mm so that second and third bands cover the intended application 

frequencies. This corresponds to 0.014λg3 where λg3 is the guide wavelength at third 

resonance. 

3.3 SURFACE CURRENT DISTRIBUTION OF CPW-FED FRACTAL 

MULTIBAND ANTENNA  

The surface current distribution of the antenna at the three resonance frequencies is 

shown in Fig. 3.10.  

 

Fig. 3.10 Simulated surface current distribution of CPW-fed fractal 

multiband antenna at resonance frequencies (a) 1.8 GHz (b) 

3.8 GHz (c) 5.8 GHz with ϵr = 4.4, h = 1.6 mm, D = 34 mm, 

Lg = 17 mm, Wg = 13 mm, Wf = 3 mm, g1 = 0.3 mm, s = 0.55 

mm, g2 = 0.5 mm, Lh = 16.7 mm, Di = 8.4 mm and Lhi = 3.9 

mm (for F = 0.25) 

(a) (b) (c) 
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At the first resonance, a full wave variation in current is seen along the perimeter of 

the hexagon. This confirms that the first band can be designed based on the side of the 

hexagon Lh. The current distribution on the inner circles indicates that they have 

minimal effect on the first resonance band. At the second resonance, there is a variation 

in current on the upper and middle inner circles which shows an increased coupling of 

energy between monopole and inner circles. This results in the shifting in resonance of 

the second band to the lower side when the structure is iterated to iteration 1, as seen 

in Fig. 3.2. At the third resonance, current variation is seen on all the inner circles and 

also along the length and width of the ground plane.  

3.4 DESIGN EQUATIONS OF CPW-FED FRACTAL MULTIBAND 

ANTENNA  

Based on the parametric analysis it is seen that each resonance is controlled by a 

different set of antenna parameters. Accordingly, the design equations for the triple-

band antenna are formulated. The step by step procedure for designing the antenna is 

as follows: 

1) Design a 50 Ω CPW line of width, Wf and gap, g1 on a substrate with relative 

permittivity �r (Garg et al., 2001). Calculate effective permittivity of the 

substrate �reff using   �reff = (�r + 2) / 3. 

2) The length of the ground plane on either side of the feed line is calculated using  

   ��  = 0.566�X                            (3.1) 

where λc is the guide wavelength corresponding to center frequency of the 

UWB operating range.  

3) The width of the ground plane on either side of the feed line is calculated using 

  c� = 0.433�X        (3.2) 
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4) Design a circular monopole of diameter 

                                                       � = 0.405��   (3.3) 

where λm is the guide wavelength corresponding to the average frequency, fm 

of desired lower resonance frequency and UWB lower limit. 

5) The gap between monopole and ground, s is set using 

  � = 0.017�X� (3.4) 

where λc’ is the guide wavelength corresponding to center of ultra wide 

operating range from fm. 

6) Design the hexagonal slot side length using the regression equation 

 �� = −5.33�� − 0.85�� − 0.558ℎ + 30.987         (3.5) 

where f1 is the frequency in GHz corresponding to the first resonance. This 

equation is valid for substrates with 2.2 <  �r < 6.15 and 0.8 mm < h < 2 mm 

for frequency range 1.6 GHz < f1 < 2.2 GHz. 

7) The inner circles that form the fractal pattern are designed using fractal scaling 

factor 

 b = ��� = ����� = 0.25         (3.6) 

8) Spacing between inner circles and hexagonal slot side is calculated as  

 �� = 0.014��&                                   (3.7) 

where λg3 is the guide wavelength corresponding to the third resonance. 

To validate the design equations, the antenna dimensions to obtain three resonance 

frequencies 1.8 GHz, 3.8 GHz and 5.8 GHz are computed for different substrates as 

shown in Table 3.1. The simulated reflection characteristics obtained for the antennas 

so designed on different substrates are shown in Fig. 3.11.  
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Parameter 
(mm) 

Substrate 

1 2 3 4 

Rogers 5880 Gr = 2.2 

Rogers 
RO4003 Gr = 3.55 

FR-4 Epoxy Gr = 4.4 

Rogers 
RO3006 Gr = 6.15 

h 1.57 0.8 1.6 1.28 

Wf 4 6 3 2.58 

g1 0.17 0.3 0.3 0.45 

Lg 21 18.2 16.98 15.03 

Wg 16.03 13.94 13 11.49 

Lh 18.65 17.9 16.7 15.45 

D 41.9 36.5 33.9 31 

s 0.66 0.57 0.53 0.47 

Di 10.5 9.1 8.5 7.75 

Lhi 4.4 4.25 3.9 3.63 

g2 0.61 0.53 0.49 0.44 

 

 

Fig. 3.11 Simulated reflection characteristics of CPW-fed fractal 

multiband antenna on different substrates 

Table 3.1  CPW-fed fractal multiband antenna parameters for 

different substrates obtained from design equations 
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On all the substrates, the designed antenna resonances are in reasonably good 

agreement with desired results which ensures repeatability of the proposed design. The 

resonances obtained by simulation are compared with the desired resonances and 

percentage error is shown in Table. 3.2. On all substrates, the design results in triple-

band operation for similar frequency ranges with a maximum error less than 3 %. 

Table 3.2 % Error in simulated frequency of CPW-fed fractal 

multiband antenna for different dielectric substrates at f1 

= 1.8 GHz, f2 = 3.8 GHz and f3 = 5.8 GHz 

Substrate 
Simulated Frequency 

(GHz) Error (%) 

f1 f2 f3 f1 f2 f3 

Rogers 5880 
(¡r = 2.2, h = 1.57 mm) 1.77 3.71 5.89 1.6 2.3 1.5 

Rogers RO4003          
(¡r = 3.55, h = 0.8 mm) 1.79 3.79 5.82 0.55 0.26 0.34 

FR-4 Epoxy 
(¡r = 4.4, h = 1.6 mm) 1.82 3.7 5.91 1.11 2.63 1.86 

Rogers RO3006          
(¡r = 6.15, h = 1.28 mm) 1.81 3.86 5.72 0.55 1.5 1.37 

 

3.5 REFLECTION CHARACTERISTICS OF CPW-FED FRACTAL 

MULTIBAND ANTENNA  

The antenna is fabricated on a substrate of thickness 1.6 mm and permittivity 4.4 with 

optimized dimensions as shown in Fig. 3.12 (a). Measurements are carried out using 

Agilent PNA E8362B. The reflection characteristics show fairly good agreement as 

seen in Fig. 3.12 (b).  



61 

 

Fig. 3.12 (a) Fabricated prototype (b) Simulated and measured 

reflection characteristics of the CPW-fed fractal multiband 

antenna with ϵr = 4.4, h = 1.6 mm, D = 34 mm, Lg = 17 mm, 

Wg = 13 mm, Wf = 3 mm, g1 = 0.3 mm, s = 0.55 mm, g2 = 

0.5 mm, Lh = 16.7 mm, Di = 8.4 mm and Lhi = 3.9 mm (for 

F = 0.25) 

Simulated and measured results show similar behaviour and desired triple-band 

characteristics are obtained. 

At higher frequencies, the measured and simulated results show some difference. This 

may be due to uncertainty in thickness and/or dielectric constant of substrate and 

soldering effects of the sub miniature version A (SMA) connector, which have been 

neglected in the simulations. But the structure still exhibits triple-band behaviour as 

observed in simulated results. The measured bandwidths are from 1.63 - 2.07 GHz, 

3.63 - 4.22 GHz and 5.08 - 6.48 GHz for S11 ≤ -10 dB. 

3.6 RADIATION PATTERN OF CPW-FED FRACTAL MULTIBAND 

ANTENNA  

The simulated 3D radiation pattern of the antenna at the resonance frequencies is 

plotted in Fig. 3.13. As is seen in the current distribution of Fig. 3.10, the first 

(b) (a) 
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resonance is due to perimeter of the hexagon alone and there is negligible contribution 

of the ground plane. This results in a doughnut shaped pattern which is typical of a 

dipole antenna.  

 

Fig. 3.13 Simulated 3D radiation patterns of the CPW-fed fractal 

multiband antenna at the three resonance frequencies (a) 

1.8 GHz (b) 3.8 GHz (c) 5.8 GHz with ϵr = 4.4, h = 1.6 

mm, D = 34 mm, Lg = 17 mm, Wg = 13 mm, Wf = 3 mm, 

g1 = 0.3 mm, s = 0.55 mm, g2 = 0.5 mm, Lh = 16.7 mm, Di 

= 8.4 mm and Lhi = 3.9 mm (for F = 0.25) 

At the second resonance, the current distribution along the perimeter of the hexagon 

resembles a second order harmonic. Thus the pattern changes its shape to a slightly 

pinched doughnut with a radiation increase along θ = 45º as shown in Figure 3.13 (b). 

At the third resonance, current distribution along the perimeter of the hexagon 

corresponds to a higher order mode. There is a current variation on the lower and 

middle inner circles which also causes radiation. Due to the combined effect a slight 

degradation is seen in the radiation pattern. 

 Measured radiation patterns of the antenna at the resonances observed during testing 

are plotted in Fig. 3.14.  

(a) (b) (c) 
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Fig. 3.14 Normalized 2D radiation pattern of the CPW-fed fractal 

multiband antenna measured at (a) 1.8 GHz (b) 3.8 GHz 

(c) 5.8 GHz with ϵr = 4.4, h = 1.6 mm, D = 34 mm, Lg = 

17 mm, Wg = 13 mm, Wf = 3 mm, g1 = 0.3 mm, s = 0.55 

mm, g2 = 0.5 mm, Lh = 16.7 mm, Di = 8.4 mm and Lhi = 

3.9 mm (for F = 0.25) 

Normalized patterns of the antenna are plotted in two principal planes. The antenna 

has a figure-8 pattern in the E-plane (X-Z). In the H-plane (X-Y) the pattern is non-

directional in all the frequency bands of interest like that of an ordinary dipole antenna. 

The radiation patterns show good cross polarization levels at the first and third 

resonance. At the second resonance however, the antenna exhibits poor cross 

X-Y 

(a) 

X-Z 

(c) 

Co- polarization 

Cross-polarization 

  (b) 
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polarization which could be attributed to the second harmonic characteristics seen at 

this resonance. 

3.7 GAIN AND EFFICIENCY OF CPW-FED FRACTAL MULTIBAND 

ANTENNA  

The antenna gain and efficiency are measured and the results are shown in Fig. 3.15.  

 

Fig. 3.15 (a) Peak gain and (b) Efficiency of CPW-fed fractal 

multiband antenna with ϵr = 4.4, h = 1.6 mm, D = 34 mm, 

Lg = 17 mm, Wg = 13 mm, Wf = 3 mm, g1 = 0.3 mm, s = 

0.55 mm, g2 = 0.5 mm, Lh = 16.7 mm, Di = 8.4 mm and 

Lhi = 3.9 mm (for F = 0.25) 

The antenna has a peak gain of 2.51 dBi in the first band, 2.45 dBi in the second band 

and 2.67 dBi in the third band. The efficiency plot shows a similar variation as the gain 

values with a maximum of 78 %, 52 % and 76 % in the three bands respectively. 

3.8 CHAPTER SUMMARY 

This chapter presents a CPW-fed fractal antenna design for triple-band applications. 

The overall antenna size is 34×51.3 mm2 on a substrate of relative permittivity 4.4 and 

(a) (b) 
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thickness 1.6 mm. The operating bands are 1.63-2.07 GHz, 3.63-4.22 GHz and 5.08-

6.48 GHz which makes the antenna suitable for GSM, IMT advanced system for 4G 

mobile communication systems and upper WLAN applications. The results of the 

proposed antenna were published initially, however further optimization led to better 

results which are presented in this chapter. The antenna is compared with some of the 

recently proposed multiband fractal antennas as shown in Table 3.3. 

Table 3.3 Comparison of proposed antenna with existing multiband 

fractal antennas 

Antenna 
No. of 

operating 
bands 

Lowest 
operating 
frequency 

Size(mm3) ¡r Peak 
Gain 

Mirkamali et 
al. (2010) 

5 0.89 GHz 
43×43×0.8 

Ground plane- 

15 cm×15 cm 

4.4 1.9-7.1 

dBi 

Aziz et al. 
(2011) 

4 0.88 GHz 62×89.6×0.78 4.7 1-4 dBi 

Hongnara et 
al. (2012) 

3 1.67 GHz 48×50×0.8 4.2 1-3.5 

dBi 

Oraizi and 

Hedayati 

(2014) 

3 2.9 GHz 26.5×33.5×1.6 4.4 3-5 dBi 

Kumar et al. 
(2014) 

3 2.33 GHz 50×50×3.34 2.2/

4.4 

6.33-

8.68 dBi 

Proposed 

antenna 
3 1.63 GHz 34×51.3×1.6 4.4 2.45-

2.67 dBi 

 

In the antenna proposed by Mirkamali et al. (2010), higher number of operating bands 

with a much lower operating frequency is reported. The antenna monopole is also 

compact; however, a very large ground plane is required. The antenna by Aziz et al. 

(2011) also has a higher number of operating bands with a much lower operating 
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frequency for the first resonance, but the antenna size is much larger compared to the 

proposed structure. The performance of the antenna by Hongnara et al. (2012) is quite 

similar to the proposed antenna but is of larger size. Three operating bands are achieved 

in the antenna by Oraizi and Hedayati (2014), and the antenna size is smaller than the 

proposed geometry. However, the lowest operating frequency is much higher for this 

antenna. The antenna proposed by Kumar et al. (2014), has much higher gain than the 

proposed antenna.  However, a stacked design involving two types of substrates with 

an air gap in between is used which makes the antenna very bulky. Hence on 

comparison with some of the antennas developed on substrates with similar relative 

permittivity, it is seen that the proposed antenna has a compact size and appreciable 

gain. The antenna is thus suitable for multiband wireless applications in handheld 

devices.  

The objective was to develop a multiband antenna incorporating UWB applications. 

Multiband behavior is achieved by inserting a hexagonal slot in a circular monopole 

and then creating a fractal pattern. However, on introducing the hexagonal slot, UWB 

characteristics of the circular monopole degraded. To achieve lower bands of operation 

while retaining UWB characteristics, the shape of the hexagonal slot is modified to 

create a new design as proposed in Chapter 4.  



Chapter 4  

CPW-FED SLOTTED MULTIBAND ANTENNAS 

Conventionally, a planar slot antenna comprises of a slot in the ground plane of a 

microstrip line such that the slot is perpendicular to the strip conductor of the microstrip 

line. The slot can have any shape and like microstrip patch antennas, they can also be 

fed by a coplanar waveguide (Pell et al., 2008; Angleopoulos et al., 2006; Eldek et al., 

2005). The slot width and feed structure affect the impedance bandwidth of the antenna. 

Wider slots have more bandwidth and an optimum feed structure gives good impedance 

matching.  

Slots are commonly used for band-notched UWB antenna design. These slots can be 

embedded either in the monopole or in the ground plane. Several slot shapes have been 

investigated such as L-shaped (Trang et al., 2011), Ring-shaped (Kumar et al., 2011), 

U or C-shaped (Deng et al., 2012; Trang et al., 2011; Yu and Wang, 2009), T-shaped 

(Zhang et al., 2009), capactive loaded loop (CLL) (Lin and Ziolkowski, 2010), 

complementary split ring resonator (CSRR) (Liu et al., 2008; Awad and Abdelazeez, 

2013) etc. These are narrow slots with an overall length of λn/4 where λn is the 

wavelength of the notched frequency. The slot design is such that at the notched 

frequency the currents flowing along the interior and exterior edges of the slot are in 

opposite directions (Dong et al., 2014). By using a wide slot in the monopole, the 

current path can be altered to produce a resonance in addition to the resonance produced 

by the monopole. The slot perimeter controls the resonance and this approach is used 

for the design of two multiband antennas in this chapter.  
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Several research articles have been published using this technique and a review of such 

work is presented here.  

Kim and Yook (2005) proposed a coplanar waveguide (CPW)-fed meander slot 

antenna for multiband applications. A non-uniform slot width is used and by increasing 

the meander sections, frequency of operation is lowered without increase in overall 

physical size of the antenna. The antenna is fabricated on a Teflon substrate of relative 

permittivity 2.3 and thickness 0.508 mm. The technique adopted results in 92 % size 

reduction compared to a conventional rectangular microstrip antenna.  

A CPW-fed monopole antenna with slots embedded for global system for mobile 

(GSM), wireless local area network (WLAN) and worldwide interoperability for 

microwave access (WiMAX) operation is proposed by Wang and Yang (2014). The 

antenna is fabricated on a substrate of relative permittivity 4.4 and has an overall size 

of 47×44 mm2. The slots redistribute the surface current which results in the various 

operating bands. 

Zhang et al. (2012a) proposed a microstrip fed triple-band antenna for WiMAX and 

WLAN applications using an E-shaped and a C-shaped slot embedded in a rectangular 

monopole. The antenna has a size of 30×25 mm2 on a substrate of relative permittivity 

2.65 and thickness 1 mm. The inverted E-shaped slot controls the bands 2.4–2.484 GHz 

and 3.4–3.69 GHz, while the inverted C-shaped slot controls the bands 3.4 GHz–3.69 

GHz and 5.15–5.825 GHz. 
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Elsheakh and Abdallah (2012) proposed a CPW-fed L-loaded PIFA in which multiband 

behavior is achieved by loading folded slots on the CPW-feed line. The proposed 

antenna is suitable for use in GSM 850/900, LTE, ISM 2.45 GHz, WiMAX bands at 

3.5 GHz and 5.7 GHz, WLAN 5.2 GHz and other wireless communication applications. 

The antenna is fabricated on a substrate of size 38×43 mm2. 

Wang et al. (2011) proposed a multiband antenna using square nested loops. The center 

frequency and the number of operating bands are controlled by the side length of the 

square-loops and the number of loops respectively. The antenna is fabricated on a 

substrate of relative permittivity 4.4 and thickness 1.6 mm with size 42×42 mm2.  

A CPW-fed ultrawideband (UWB) antenna using a Koch fractal slot antenna is 

presented by Zhang et al.  (2012b). The antenna is fabricated on a substrate of relative 

permittivity 4.6 and thickness 1.6 mm and is of size 72×72 mm2. The antenna achieves 

a -10 dB impedance bandwidth of 1.27-4.67 GHz with a maximum gain variation of 

2.1 dBi over the UWB range.  

The Sierpinski carpet fractal design is incorporated on a CPW-fed circular monopole 

antenna for UWB applications by Shahu et al. (2013). The antenna is designed on 

RT/Duroid 5880 substrate with thickness of 1.57 mm and relative permittivity of 2.2 

having loss tangent 0.0009 and has an overall size of 37×46 mm2. Operating bands for 

VSWR < 2 and S11< -10 dB are from 3.1-11 GHz with a maximum gain variation of 

less than 3 dBi over the UWB range.  
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A CPW-fed UWB antenna with a fractal pattern of triangular slot in a circular 

monopole is presented by Natarajamani et al. (2011). The antenna is printed on a 

39.2×43.5 mm2 substrate of relative permittivity 4.4 and thickness 1.6 mm. Band notch 

characteristics for WiMAX and WLAN bands are achieved by inserting L shaped slots 

in the ground plane and hook shaped slits above the monopole. Simulated and measured 

readings are in good agreement; however, group delay is very high at upper UWB 

frequencies.  

Jahromi et al. (2011) presented a Sierpinski carpet fractal monopole antenna with 

grounded coplanar waveguide to obtain wideband characteristics. The fractal monopole 

using conventional feed is compared with the grounded CPW-fed monopole. 

Fabrication is carried out on a Rogers RO4003 substrate thickness 1.5 mm, relative 

permittivity 3.38 and a loss tangent about 0.0027.  Both antennas use the same square 

ground plane of side length 30 mm and substrate dimensions of 20.4×18 mm2. While 

the conventional Sierpinski carpet monopole has an impedance bandwidth from 6.25–

8.4 GHz, the modified Sierpinski carpet monopole is matched throughout the 4.65–

10.5 GHz band. The gain of the modified Sierpinski carpet monopole is also found to 

be greater than that of the conventional Sierpinski carpet monopole. 

A CPW-fed monopole antenna for quad-band applications is presented by Sujith et al. 

(2011). A modified T-shaped monopole is used to create various current paths to 

achieve quad-band operation suitable for GSM 900, digital cellular system (DCS) 

1800, IEEE 802.11a, IEEE 802.11b and HiperLAN-2 bands. The antenna has a 

dimension of 32×31 mm2 on a substrate of relative permittivity 4.4 and thickness 1.6 

mm. 
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A planar inverted-F antenna (PIFA) with multiband resonance is presented by 

Jegadeesan and Mansouri (2015). Slots and stubs are used in the ground plane to 

achieve lower resonances in addition to UWB characteristic. The antenna is built on 

FR-4 substrate with relative permittivity 4.4 and loss tangent 0.02. The substrate height 

is 1.6 mm and the substrate dimensions are 120×60 mm2. The top plate size is 45×26 

mm2 and it has a slot with size of 4.5×22 mm2. The operating bands are 0.8-1.02 GHz, 

1.75-2.02 GHz and 2.37-6 GHz with gain of 2-6.5 dBi. 

A microstrip fed planar monopole with multiple branches is presented by Liao et al. 

(2010). Four resonant branches on the top surface and one parasitic branch on the back 

are used to achieve multiband operation. Impedance matching and size reduction are 

improved by meandered lines and closed loop structures. The antenna has a size 

17.5×35.7 mm2 on a substrate of relative permittivity 4.4 and thickness 0.8 mm.  

A CPW-fed antenna with two types of slots for dual-band operation is presented by Liu 

et al. (2010). The embedded slots excite multi-resonant modes for dual-band operation 

from 2.34-2.55 GHz and 4.8-9.62 GHz with average gain of 1.4 dBi and 5.1 dBi 

respectively. The antenna has an overall size of 30×25 mm2 on a substrate of relative 

permittivity 4.4 and thickness 1.6 mm.  

From the literature review carried out on antennas using slots for multiband operation, 

it is seen that slots can increase the electrical length of an antenna which makes them 

desirable for miniaturization of design. The self-similarity property of fractals will 

result in multiple resonances (Nur et al., 2011). These multiple resonances can also be 

converted into wide band characteristics by bringing the resonance frequencies closer 
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and letting the bands overlap. Using this technique, several articles have explored the 

feasibility of fractal antennas for UWB applications.  

Several designs using meandered stubs to develop compact multiband antennas have 

also been proposed. However, most of the work presented so far use separate antennas 

for lower bands and UWB applications.  

In this chapter, three designs are presented for multiband UWB applications using a 

CPW-fed circular monopole.  

In Type-I design, a slot is inserted in the monopole to attain dual-band operation 

suitable for GSM and UWB applications. The slot shape is obtained by modifying the 

hexagonal slot proposed in Chapter 3 to ensure UWB characteristics of the circular 

monopole are retained.  

In Type-II design, a fractal pattern is introduced in the slotted antenna to obtain dual-

band characteristics in GSM and UWB bands with improved matching in UWB range.  

In Type-III design, a bent monopole is inserted in the space created by the slot of Type-

I design. The bent monopole extends the perimeter of the slot which results in a 

resonance band suitable for wireless medical telemetry service (WMTS) operation. The 

bent monopole also creates a resonance for universal mobile telecommunication system 

(UMTS) applications which results in a triple-band antenna.  



73 

4.1 DUAL-BAND CIRCULAR MONOPOLE ANTENNA (TYPE-I) 

4.1.1 Antenna Geometry 

First, the 50 Ω CPW-feed line is designed on the FR-4 substrate. To develop the 

antenna, a circular monopole that has an inherent wideband characteristic is designed 

for a resonance frequency of 2.45 GHz using a truncated ground plane. The ground 

plane length, width and spacing from monopole are optimized for wideband response 

from 2.45 GHz to cover the entire UWB range. First, a hexagonal slot is inserted in the 

monopole as described in Chapter 3. Then, the sides of three isosceles triangles are 

merged with alternate sides of the hexagon. The evolution of the geometry is shown in 

Fig. 4.1.  

 

Fig. 4.1   Evolution of the dual-band circular monopole antenna 

(Type-I) geometry (a) Simple circular monopole (b) 

Merging triangles with hexagonal slot (c) Proposed 

antenna 

The antenna is fed by a 50 Ω CPW on a substrate of size W×L. The substrate used is 

of thickness h = 1.6 mm and relative dielectric constant �r = 4.4 with loss tangent tan δ 

= 0.02. The CPW-feed line has a width, Wf = 3 mm and is spaced at a distance, g = 0.3 

(a) (b) (c) 
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mm from the ground plane of length, Lg and width, Wg on both sides.The circular 

monopole is of diameter D and is spaced at a distance s from the ground conductor. 

The vertices of the three triangles used to form the slot shape are separated from each 

other by gs and the edges of the slot are of length, Ls. The slot orientation is such that a 

symmetrical line drawn through its center makes an angle α with respect to the CPW 

feed line.  The slot is introduced to obtain a resonance band for GSM application. The 

final design layout of the proposed antenna shown in Fig. 4.2 is suitable for dual-band 

operation in GSM and UWB bands.  

 

Fig. 4.2 Geometry of dual-band circular monopole antenna (Type-I) 

with optimized dimensions D = 34 mm, W = 29.6 mm, L = 

51 mm, Ls = 16.7 mm, gs = 1 mm, α = 30⁰, Lg = 17 mm, Wg 

= 13 mm, Wf = 3 mm, g = 0.3 mm and s = 0.55 mm for ϵr = 

4.4, h = 1.6 mm 

4.1.2 Parametric Analysis of Dual-band Circular Monopole Antenna (Type-I) 

To obtain a resonance at GSM band, while retaining wideband response over the UWB 

range from 3.1-10.6 GHz, the hexagonal slot shape of CPW-fed fractal multiband 
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antenna design presented in Chapter 3 is modified. A parametric analysis on various 

slot parameters is carried out to optimize the antenna for operation in both GSM and 

UWB bands.  

Effect of slot side length, Ls 

In order to obtain a lower resonance while retaining UWB characteristics, the sides of 

three isosceles triangles are merged with alternate sides of the hexagonal slot in the 

structure of CPW-fed fractal multiband antenna. A gap is provided at the center of the 

slot where the corners of the three triangles meet. The value chosen for the gap is 0.3 

mm due to fabrication constraints. Due to the slot, the current is forced to flow along a 

longer path created by the perimeter of the slot.  This results in a dual-band antenna 

with a lower resonance band suitable for GSM.  The lower band is mainly controlled 

by the perimeter of the slot as shown in the parametric analysis of slot side length, Ls 

in Fig. 4.3.  

 

Fig. 4.3 Simulated S11 vs frequency of dual-band circular 

monopole antenna (Type-I) for varying Ls with ϵr = 4.4, h 

= 1.6 mm, Lg = 17 mm, Wg = 13 mm, Wf = 3 mm, g = 0.3 

mm, α = 30⁰, gs = 0.3 mm, s = 0.55 mm and D = 34 mm 

Ls 
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As slot side length increases, the first resonance frequency as well as the lower limit of 

the UWB band shifts towards the lower frequencies. This clearly illustrates the effect 

of overall dimension of the slot on the lower resonance band. Ls is increased towards 

circular monopole radius 17 mm while maintaining a fabrication tolerance of 0.3 mm. 

For Ls = 16.7 mm, the slot perimeter is approximately 150 mm which corresponds to 

1.5λg of the resonance frequency in the GSM band and so this dimension is chosen for 

slot side length.  

Effect of slot gap, gs 

The slot gap, gs at the center of the slot is varied and the reflection characteristics are 

shown in Fig.  4.4.  

 

Fig. 4.4 Simulated S11 vs frequency of dual-band circular 

monopole antenna (Type-I) for varying gs with ϵr = 4.4, h 

= 1.6 mm, D = 34 mm, Ls = 16.7 mm, α = 30⁰, Lg = 17 

mm, Wg = 13 mm, Wf = 3 mm, g = 0.3 mm and s = 0.55 

mm 

As slot gap is increased, better matching is achieved in the UWB range. This is because 

the gap capacitance counter balances the inductance created by the slot leading to an 

improvement in impedance matching. However, for increased slot gap, the first 

gs 
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resonance and lower frequency limit of the UWB band increases slightly. This could 

be due to the decrease in the overall slot perimeter with increase in slot gap. Optimum 

results are obtained for gs = 1 mm which is 0.033λc where λc corresponds to the center 

frequency of the UWB band. 

Effect of slot orientation, α 

The slot is introduced in the circular monopole to obtain a lower band while 

maintaining impedance matching in the UWB band. For a circular monopole, current 

distribution is mainly on the outer edge of the monopole. Hence the orientation of the 

slot with respect to the feed line is also an important parameter in determining the 

impedance bandwidth of the antenna. To study its effect, the slot with optimized side 

length Ls and center gap gs is rotated and the results are shown in Fig. 4.5.  

 

Fig. 4.5 Simulated S11 vs frequency of dual-band circular 

monopole antenna (Type-I) for varying orientation of slot 

with ϵr = 4.4, h = 1.6 mm, D = 34 mm, Ls = 16.7 mm, Lg = 

17 mm, Wg = 13 mm, Wf = 3 mm, g = 0.3 mm, s = 0.55 

mm and gs = 1 mm 

α 
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When α = 0⁰, the slot is symmetrical with respect to the feed line and there is 

considerable mismatch in the UWB range. As α is increased, matching in the UWB 

range improves and optimum results are obtained for α = 30⁰. As α is further increased, 

the lower frequency limit of the UWB band increases.  

When α = 60⁰, which is also an orientation in which the slot is symmetrical with respect 

to feed line, impedance matching in the UWB range again decreases. This is because 

the slot corners that get aligned near the feed line create relatively more perturbation to 

the current on the outer edge of the circular monopole. This causes impedance 

mismatch in the UWB range.  

The first resonance however remains unchanged for all orientations because slot 

dimensions remain unchanged. 

4.1.3 Surface Current Distribution of Dual-band Circular Monopole Antenna 
(Type-I) 

The current distribution on the surface of the antenna is simulated at various operating 

frequencies and shown in Fig. 4.6. 

At the first resonance, the current is mainly concentrated along the edges of the slot 

which clearly reveals that the perimeter of the slot controls the first resonance. At 

higher resonances, the distribution is typical of higher order mode excitation. At the 

upper end of the UWB range current variation is more along the length and width of 

the ground plane. However, the currents are in opposing phase and hence do not 

contribute to radiation.   
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Fig. 4.6 Simulated surface current distribution of dual-band 

circular monopole antenna (Type-I) at resonance 

frequencies (a) 1.8 GHz (b) 3.3 GHz (c) 5.8 GHz (d) 10.4 

GHz with ϵr = 4.4, h = 1.6 mm, D = 34 mm, Ls = 16.7 mm, 

gs = 1 mm, α = 30⁰, Lg = 17 mm, Wg = 13 mm, Wf = 3 mm, 

g = 0.3 mm and s = 0.55 mm  

 

4.1.4 Design Equations of Dual-band Circular Monopole Antenna (Type-I) 

From the parametric analysis carried out for the various dimensions of the antenna, the 

design equations can be formulated and the step by step procedure is listed below: 

1) Design a 50 Ω CPW line of width, Wf and gap, g from ground plane on a 

substrate with permittivity �r. Calculate �reff using  �reff = (�r + 2) / 3 where �reff 

is the effective permittivity of the substrate. 

2) The length of the ground plane on either side of the feed line is calculated using  

                        �� = 0.566�X      (4.1) 

(a) (b) 

(c) (d) 
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where λc is the guide wavelength corresponding to center frequency of the UWB 

operating range. 

3) The width of the ground plane on either side of the feed line is calculated using  

                       c� = 0.433�X      (4.2) 

4) Design a circular monopole of diameter 

                                                 � = 0.405��   (4.3) 

where λm is the guide wavelength corresponding to the average frequency, fm of 

desired lower resonance frequency and UWB lower limit. 

5) The gap between monopole and ground, s is set using 

 � = 0.017�X� (4.4) 

where λc’ is the guide wavelength corresponding to center of ultra wide 

operating range from fm. 

6) Design the slot side length using the regression equation 

 �� = −5.33�� − 0.85�� − 0.558ℎ + 31.987            (4.5) 

where f1 is the frequency in GHz corresponding to the first resonance. This 

equation is valid for substrates with 2.2 <  �r < 6.15 and 0.8 mm < h < 2 mm for 

frequency range 1.6 GHz < f1 < 2.2 GHz. 

7) Gap in the middle of the slot, gs is set as 

                                                               �� = 0.033�X     (4.6) 

To validate the design equations, the antenna dimensions to obtain UWB band and a 

lower resonance at 1.8 GHz are computed for the different substrates as shown in Table 

4.1.  
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Table. 4.1 Dual-band circular monopole antenna (Type-I) 

parameters for different substrates obtained from design 

equations 

Parameter 
(mm) 

Substrate 

1 2 3 4 

Rogers 5880 ¡r = 2.2 

Rogers 
RO4003 ¡r = 3.55 

FR-4 Epoxy ¡r = 4.4 

Rogers 
RO3006 ¡r = 6.15 

h 1.57 0.8 1.6 1.28 

Wf 4 6 3 2.58 

g 0.17 0.3 0.3 0.45 

Lg 21 18.2 16.98 15.03 

Wg 16.03 13.94 13 11.49 

Ls 19.65 18.9 17.7 16.45 

D 41.9 36.5 33.9 31 

s 0.66 0.57 0.53 0.47 

gs 1.22 1.06 0.99 0.88 

The reflection characteristics obtained for the antenna designed on the different 

substrates are shown in Fig. 4.7. 

 

Fig. 4.7 Simulated reflection characteristics of dual-band circular 

monopole antenna (Type-I) on different substrates 
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The lower band resonances and lower limit of the UWB band obtained from simulation 

using the design values are compared with desired resonance of 1.8 GHz and 3.1 GHz 

in Table 4.2. 

 On all substrates, the design results in dual-band behavior with a wide band suitable 

for UWB which validates the formulated empirical design equations.  

Table.4.2 % Error in simulated frequency of dual-band circular 

monopole antenna (Type-I) for different dielectric 

substrates at f1 = 1.8 GHz and fL = 3.1 GHz 

Substrate 
Simulated 

Frequency (GHz) Error (%) 

f1 fL f1 fL 

Rogers 5880 (¡r = 2.2, h = 1.57 mm) 1.77 2.93 1.6 5 

Rogers RO4003 (¡r = 3.55, h = 0.8 mm) 1.79 3 0.5 3.2 

FR-4 Epoxy (¡r = 4.4, h = 1.6 mm) 1.87 3.12 3.9 0.6 

Rogers RO3006 (¡r = 6.15, h = 1.28 mm) 1.89 3.3 5 6.4 

 

4.1.5 Reflection Characteristics of Dual-band Circular Monopole Antenna (Type-
I) 

The antenna with optimized dimensions is fabricated on a substrate of thickness 1.6 

mm and permittivity 4.4 as shown in Fig. 4.8 (a). Testing is done using programmable 

network analyzer (PNA) E8362B. Simulated and measured readings are compared in 

Fig. 4.8 (b). The simulated and measured readings are found to be in good agreement 

with S11 ≤ −10 dB for 1.68–2.06 GHz and 3.27–11 GHz. Mismatch in readings are 

observed beyond 5 GHz which could be due to soldering effects of the SMA connector.  
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Fig. 4.8 (a) Fabricated prototype (b) Simulated and measured reflection 

characteristics of dual-band circular monopole antenna (Type-I) 

with ϵr = 4.4, h = 1.6 mm, D = 34 mm, Ls = 16.7 mm, gs = 1 mm, 

α = 30⁰, Lg = 17 mm, Wg = 13 mm, Wf = 3 mm, g = 0.3 mm and 

s = 0.55 mm 

4.1.6 Radiation Pattern of Dual-band Circular Monopole Antenna (Type-I) 

The simulated 3D radiation patterns of the antenna at the lower resonance frequency 

and lower, middle and upper frequencies of the UWB band are shown in Fig. 4.9. 

 

Fig. 4.9 Simulated 3D radiation patterns of the dual-band circular 

monopole antenna (Type-I) at the operating frequencies (a) 1.8 

GHz (b) 3.3 GHz (c) 5.8 GHz (d) 10.4 GHz with ϵr = 4.4, h = 

1.6 mm, D = 34 mm, Ls = 16.7 mm, gs = 1 mm, α = 30⁰, Lg = 

17 mm, Wg = 13 mm, Wf = 3 mm, g = 0.3 mm and s = 0.55 mm 

(a) (b) 

(c) 

(a) (b) 

(d) 
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The corresponding measured radiation patterns are shown in Fig. 4.10.  

 

Fig. 4.10    Normalized 2D radiation pattern of dual-band circular 

monopole antenna (Type-I) measured at (a) 1.8 GHz (b) 

3.3 GHz (c) 5.8 GHz (d) 10.4 GHz with ϵr = 4.4, h = 1.6 

mm, D = 34 mm, Ls = 16.7 mm, gs = 1 mm, α = 30⁰, Lg = 

17 mm, Wg = 13 mm, Wf = 3 mm, g = 0.3 mm and s = 0.55 

mm  

 

X-Z 

(b) 

(a) 

(c) 

X-Y 

Co- polarization 

Cross-polarization 
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At the resonance corresponding to the lower band, a doughnut pattern is observed. This 

is because this band is controlled only by the perimeter of the slot in the monopole. The 

radiation patterns show good cross polarization levels at the lower resonance. 

Throughout the UWB band, the levels are moderate, and better than that of the antenna 

presented in Chapter 3. At lower frequencies of the UWB band also, the doughnut 

pattern is seen. At 5.8 GHz, the pattern shape changes but is almost non-directional in 

the horizontal plane. At 10.4 GHz, the pattern becomes quite distorted due to the 

excitation of higher order modes in the monopole. The patterns have a near figure-8 

shape in the E-plane (X-Z) and are non-directional in the H-plane (X-Y). At higher 

frequencies, the shape is somewhat distorted which is due to the excitation of higher 

modes as commonly seen in such antennas. 

4.1.7 Gain and Efficiency of Dual-band Circular Monopole Antenna (Type-I) 

The peak gain and efficiency of the antenna are measured using the techniques outlined 

in Chapter 2 and are plotted in Fig. 4.11. 

 

Fig. 4.11 (a) Peak gain and (b) Efficiency of dual-band circular 

monopole antenna (Type-I) with ϵr = 4.4, h = 1.6 mm, D 

= 34 mm, Ls = 16.7 mm, gs = 1 mm, α = 30⁰, Lg = 17 mm, 

Wg = 13 mm, Wf = 3 mm, g = 0.3 mm and s = 0.55 mm  

(a) (b) 
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The antenna gain is 2.82 dBi at 1.8 GHz while in the UWB range the maximum gain is 

7.35 dBi. The efficiency readings are in reasonably good agreement with the gain 

values. The antenna offers an efficiency of 88 % at lower resonance and a maximum 

of 78 % in the UWB range.  

In order to improve the impedance matching in the UWB range of the dual-band 

antenna, a fractal design is proposed. Here, the slotted circular monopole is scaled 

down in diameter and inserted in the space created by the slot. This space filling 

geometry is proposed as Type-II design and details are discussed next. 

4.2 DUAL-BAND CIRCULAR FRACTAL MONOPOLE ANTENNA (TYPE-II) 

4.2.1 Antenna Geometry 

In Type-I design, the CPW-fed simple circular monopole from which the design is 

developed, has a wideband characteristic starting from 2.45 GHz. By inserting the 

proposed slot, dual-band characteristics are obtained with a lower resonance at 1.8 GHz 

suitable for GSM and a wide band from 3-11 GHz for UWB applications. But 

impedance matching is poor from 6.4-7 GHz. On introducing a fractal design the lower 

resonance frequency is undisturbed while improved impedance matching is seen in the 

UWB band. The evolution of the geometry is shown in Fig. 4.12.  

The geometry of Type-I antenna is modified to obtain the structure of Type-II antenna. 

This antenna supports GSM (1.71-1.98 GHz) and UWB (3.1-10.6 GHz) applications. 

The antenna is fed by a similar 50 Ω CPW and printed on a substrate of thickness h = 

1.6 mm, relative dielectric constant �r = 4.4 and loss tangent tan δ = 0.02.  
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Fig. 4.12 Evolution of the dual-band circular fractal monopole 

antenna (Type-II) geometry (a) Simple circular monopole 

(b) Iteration 0 (c) Iteration 1 

The simple circular monopole shown in Fig. 4.12 (a) results in wideband operation and 

on introducing a slot in the monopole, dual band characteristics are obtained. By 

introducing the fractal pattern, dual band characteristics are retained with improved 

impedance matching is obtained between 6 and 7 GHz. The fractal pattern is obtained 

using a similar procedure used for the multiband fractal antenna described in Section 

3.1. The reflection characteristics for each iteration are shown in Fig. 4.13. 

 

Fig 4.13 Simulated S11 vs frequency of dual-band circular fractal 

monopole antenna (Type-II) for various iterations with ϵr 

= 4.4, h = 1.6 mm, D = 34 mm, Lg = 17 mm, Wg = 13 mm, 

Wf = 3 mm, g1 = 0.3 mm, s = 0.55 mm, g2 = 0.5 mm, gs = 

0.3 mm, Ls = 16.7 mm, Di = 8.4 mm and Lsi = 3.9 mm 

(a) (b) (c) 
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The circular monopole has a diameter D and is spaced from the ground plane by a 

distance s. The truncated ground plane is of length Lg and width Wg. The slot inscribed 

in the circular monopole has a side length Ls and the fractal pattern is created by inner 

circles of diameter Di with inscribed slots of side length Lsi. The antenna has a same 

overall size of 34×51 mm2 as that of Type-I antenna. The geometry of the proposed 

antenna with the optimized dimensions is shown in the Fig. 4.14. 

 

Fig. 4.14  Geometry of dual-band circular fractal monopole antenna 

(Type-II) with optimized dimensions D = 34 mm, W = 

29.6 mm, L = 51 mm, Lg = 17 mm, Wg = 13 mm, Wf = 3 

mm, g1 = 0.3 mm, s = 0.55 mm, g2 = 0.5 mm, gs = 0.3 mm, 

Ls = 16.7 mm, Di = 8.4 mm and Lsi = 3.9 mm for ϵr = 4.4, 

h = 1.6 mm 
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4.2.2 Parametric Analysis of Dual-band Circular Fractal Monopole Antenna 
(Type-II) 

Following the parametric analysis of the CPW-fed slotted multiband antenna Type-I 

discussed in Section 4.1.2, the Type-II antenna differs in the fractal pattern that is 

introduced. In Type-I antenna, the slot dimensions are optimized for operation in GSM 

and UWB bands. However, for the chosen dimension of slot side length, there is 

mismatch in the UWB range.  

To improve the matching in the UWB range without disturbing the first resonance, the 

slotted circular monopole diameter is scaled down to diameter Di and inserted in space 

within the slot to create a fractal design. Fig. 4.15 shows reflection characteristics for 

varying fractal scaling factor, F. 

 

Fig. 4.15 Simulated S11 vs frequency of dual-band circular fractal 

monopole antenna (Type-II) with varying F with ϵr = 4.4, 

h = 1.6 mm, Lg = 17 mm, Wg = 13 mm Wf = 3 mm, g1 = 

0.3 mm, s = 0.55 mm, g2 = 0.5 mm, gs = 0.3 mm, Ls = 16.7 

mm and D = 34 mm  

As fractal scaling factor, F changes, the lower band remains unchanged but matching 

in the UWB range varies significantly. At F = 0.24, significant improvement in 
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matching is obtained, especially in the range 5.5-7 GHz. This corresponds to Di = 8.4 

mm and Lsi = 3.9 mm. 

4.2.3 Surface Current Distribution of Dual-band Circular Fractal Monopole 
Antenna (Type-II) 

The surface current distribution of the antenna Type-II at various resonance frequencies 

is shown in Fig. 4.16.  

 

Fig. 4.16  Simulated surface current distribution of dual-band 

circular fractal monopole antenna (Type-II) at resonance 

frequencies (a) 1.8 GHz (b) 3.3 GHz (c) 6.7 GHz (d) 10.4 

GHz with ϵr = 4.4, h = 1.6 mm, Lg = 17 mm, Wg = 13 mm, 

Wf = 3 mm, g1 = 0.3 mm, s = 0.55 mm, g2 = 0.5 mm, gs = 

0.3 mm, Ls = 16.7 mm, Di = 8.4 mm, Lsi = 3.9 mm and D 

= 34 mm (for F = 0.24) 

At the first resonance of 1.8 GHz, variation in current is seen along the perimeter of the 

slot. There is very little contribution of the inner circles to radiation characteristics at 

this resonance. At 6.7 GHz however, there is a significant variation in current on the 

(a) (b) 

(c) (d) 
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inner circles. This explains the contribution of the fractal pattern to improved matching 

at this frequency. There is also a variation in current along the length of the ground 

plane on either side of the feed line. However, the currents are in opposing phase and 

hence do not contribute to radiation. At 10.4 GHz, the distribution is typical of higher 

order modes in CPW-fed circular monopoles. Current variations are seen along the 

perimeter of the monopole as well as along length and width of the ground plane. 

However, currents along the width and length of the ground plane are in opposing phase 

and so will not cause radiation.  

4.2.4 Design Equations of Dual-band Circular Fractal Monopole Antenna (Type-
II) 

Based on the parametric analyses, the design equations for the dual-band antenna are 

formulated. The procedure for designing the antenna is the same as steps (1)-(7) 

outlined in Section 4.1.4 of Type-I design. The inner circles that form the fractal pattern 

are designed using fractal scaling factor 

   b = ��� = �£��£ = 0.24      (4.7) 

Using these design equations, the antenna is designed and simulated on different 

substrates for dual-band UWB operation with lower resonance frequency f1=1.8 GHz 

and the parameter values are obtained as shown in Table 4.3. 

The designs are simulated in HFSS™ and dual-band operation covering GSM and UWB 

bands is achieved on all substrates as shown in Fig. 4.17. 
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Table 4.3 Dual-band circular fractal monopole antenna (Type-II) 

parameters for different substrates obtained from design 

equations 

Parameter 
(mm) 

Substrate 

1 2 3 4 

Rogers 
5880 ¡r = 2.2 

Rogers 
RO4003 ¡r = 3.55 

FR-4 
Epoxy ¡r = 4.4 

Rogers 
RO3006 ¡r = 6.15 

h 1.57 0.8 1.6 1.28 

Wf 4 6 3 2.5 

g1 0.17 0.3 0.3 0.45 

Lg 21 18.2 16.98 15.03 

Wg 16.03 13.94 13 11.49 

Ls 19.65 18.9 17.7 16.45 

D 41.9 36.5 33.9 31 

s 0.66 0.57 0.53 0.47 

Di 10.05 8.76 8.14 7.44 

Lsi 4.98 4.07 3.78 3.25 

g2 0.65 0.54 0.5 0.43 

 

Fig. 4.17 Simulated reflection characteristics of dual-band circular 

fractal monopole antenna (Type-II) on different substrates 
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The lower band resonances and lower limit of the UWB band obtained from simulation 

using the design values are compared with desired frequencies 1.8 GHz and 3.1 GHz 

in Table 4.4. 

Table 4.4 % Error in simulated frequency of dual-band circular 

fractal monopole antenna (Type-II) for different dielectric 

substrates at f1 = 1.8 GHz and fL = 3.1 GHz   

Substrate 
Simulated 

Frequency (GHz) Error (%) 

f1 fL f1 fL 

Rogers 5880 (¡r = 2.2, h = 1.57 mm) 1.75 3.2 2.7 3.2 

Rogers RO4003 (¡r = 3.55, h = 0.8 mm) 1.79 3.08 0.5 0.6 

FR-4 Epoxy (¡r = 4.4, h = 1.6 mm) 1.81 3.02 0.5 2.5 

Rogers RO3006 (¡r = 6.15, h = 1.28 mm) 1.89 2.95 5 4.8 

 

On all substrates error is only upto a maximum of 5 % which ensures repeatability of 

the design. 

4.2.5 Reflection Characteristics of Dual-band Circular Fractal Monopole Antenna 
(Type-II) 

The antenna designed with optimized dimensions is fabricated on a substrate of 

permittivity 4.4 and thickness 1.6 mm as shown in 4.18 (a).  Testing is done using 

Agilent PNA E8362B. The measured results are compared with simulation values as 

shown in Fig. 4.18 (b). 

Measured results show very good impedance match in the UWB range for the antenna. 

The measured and simulated readings show good agreement in their variation; 
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however, the lower frequency limit of the UWB range differs from simulated results 

and increases to 3.4 GHz. At higher frequencies, there is a mismatch between simulated 

and measured readings. This can be attributed to soldering effects that have not been 

considered in simulation studies. The operating bands of the antenna are 1.5-2 GHz and 

3.4-11 GHz for S11 ≤ -10 dB. 

 

Fig. 4.18 (a) Fabricated prototype (b) Simulated and measured 

reflection characteristics of dual-band circular fractal 

monopole antenna (Type-II) with ϵr = 4.4, h = 1.6 mm, Lg 

= 17 mm, Wg = 13 mm, Wf = 3 mm, g1 = 0.3 mm, s = 0.55 

mm, g2 = 0.5 mm, gs = 0.3 mm, Ls = 16.7 mm, Di = 8.4 

mm, Lsi = 3.9 mm and D = 34 mm (for F = 0.24) 

 

4.2.6 Radiation Pattern of Dual-band Circular Fractal Monopole Antenna (Type-
II) 

The 3D radiation patterns of the antenna are simulated in HFSS™ and shown in Fig. 

4.19.  

At the resonance corresponding to the lower band, a doughnut pattern is observed. At 

6.7 GHz, the pattern shape changes but is almost non-directional in the horizontal 

(a) (b) 
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plane. At 10.4 GHz, the pattern becomes quite distorted due to the excitation of higher 

order modes in the monopole.   

 

Fig. 4.19 Simulated 3D radiation patterns of the dual-band circular 

fractal monopole antenna (Type-II) at the operating 

frequencies (a) 1.8 GHz (b) 3.4 GHz (c) 6.7 GHz (d) 10.4 

GHz with ϵr = 4.4, h = 1.6 mm, Lg = 17 mm, Wg = 13 mm, 

Wf = 3 mm, g1 = 0.3 mm, s = 0.55 mm, g2 = 0.5 mm, gs = 

0.3 mm, Ls = 16.7 mm, Di = 8.4 mm, Lsi = 3.9 mm and D 

= 34 mm (for F = 0.24) 

 

The radiation patterns are measured using the technique outlined in Section 2.5.2 and 

are normalized and plotted in two principal planes as shown in Fig. 4.20.  

The patterns are similar to those inferred from the 3D simulations and have a figure-8 

shape in the E-plane (X-Z) and are non-directional in the H-plane (X-Y) for most of 

the intended range of frequencies. The cross polarization levels are similar to the levels 

seen in Type-I antenna. It is also seen that the fractal design improves cross polarization 

levels at frequencies in the mid range of the UWB band.  

(a) (b) 

(c) (d) 
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Fig. 4.20 Normalized 2D radiation pattern of the dual-band circular 

fractal monopole antenna (Type-II) measured at (a) 1.8 

GHz (b) 3.4 GHz (c) 6.7 GHz (d) 10.4 GHz with ϵr = 4.4, 

h = 1.6 mm, Lg = 17 mm, Wg = 13 mm, Wf = 3 mm, g1 = 

0.3 mm, s = 0.55 mm, g2 = 0.5 mm, gs = 0.3 mm, Ls = 16.7 

mm, Di = 8.4 mm, Lsi = 3.9 mm and D = 34 mm (for F = 

0.24) 

X-Y 

(b) 

(d) 

(c) 

X-Z 

Co- polarization 

Cross-polarization 

(a) 
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4.2.7 Gain and Efficiency of Dual-band Circular Fractal Monopole Antenna 
(Type-II) 

The peak gain and efficiency of the antenna are measured over the entire operating 

range and results are shown in Fig. 4.21. 

Fig. 4.21 (a) Peak gain and (b) Efficiency of dual-band circular 

fractal monopole antenna (Type-II) with ϵr = 4.4, h = 1.6 

mm, Lg = 17 mm, Wg = 13 mm, Wf = 3 mm, g1 = 0.3 mm, 

s = 0.55 mm, g2 = 0.5 mm, gs = 0.3 mm, Ls = 16.7 mm, Di 

= 8.4 mm, Lsi = 3.9 mm and D = 34 mm (for F = 0.24) 

The gain is 2.82 dBi at 1.8 GHz and in the UWB range maximum gain is 6.5 dBi.  The 

efficiency plot is in good agreement with the gain readings with an efficiency of 80 % 

at lower resonance and maximum efficiency of 82 % in the UWB band. At higher 

frequencies, the efficiency drops which is due to the lossy nature of the substrate used.  

The dual-band Type-I design can be made suitable for triple-band operation by 

inserting a bent monopole in the space created by the slot. The bent monopole lowers 

the operating frequency of the antenna and also introduces an additional resonance 

(a) (b) 
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without increasing the overall size of the antenna. The proposed Type-III design is 

presented next. 

4.3 TRIPLE-BAND CIRCULAR MONOPOLE ANTENNA (TYPE-III) 

4.3.1 Antenna Geometry 

A triple-band antenna suitable for WMTS (1.395-1.4 GHz), UMTS (1.92-2.17 GHz) 

and UWB (3.1-10.6 GHz) bands is proposed. The optimized geometry of the dual-band 

monopole antenna (Type-I) is modified to obtain a triple-band antenna in which the 

first resonance is lowered without increase in the overall antenna size. In order to 

develop the triple-band antenna, a bent monopole is inserted in the space created by the 

slot. The evolution of the geometry is shown Fig. 4.22. 

 

Fig. 4.22 Evolution of the triple-band circular monopole antenna 

(Type-III) geometry (a) Type-I geometry (b) Removal of 

metal near feed line (c) Insertion of bent monopole in 

space created by slot 

The feed line and ground plane dimensions are the same as Type-I antenna on a 

substrate of thickness h = 1.6 mm and relative dielectric constant �r = 4.4 with loss 

tangent tan δ = 0.02. The antenna geometry is shown in Fig. 4.23.  

(a) (b) (c) 
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Fig. 4.23 Geometry of triple-band circular monopole antenna 

(Type-III) with optimized dimensions D = 34 mm, W = 

29.6 mm, L = 51 mm, Ls = 16.7 mm, Lg = 17 mm, Wg = 

13 mm, Wf = 3 mm, g = 0.3 mm, s = 0.55 mm, gs = 1 mm, 

LM1 = 10 mm, LM2 = 16 mm, LM3 = 4 mm, LMw = 1 mm 

and t = 0.6 mm for ϵr = 4.4, h = 1.6 mm 

The bent monopole is made up of three segments of lengths LM1, LM2 and LM3 of 

width LMw and will be efficiently excited if it is placed along the direction of current 

flow near the main CPW feed line. To accommodate the monopole in this manner, a 

portion of the circular monopole is cut away near the feed and the bent monopole is 

spaced at a distance, t from the slot edge as shown in Fig. 4.23. All other dimensions 

are the same as that of CPW-fed slotted multiband antenna Type-I. 

4.3.2 Parametric Analysis of Triple-band Circular Monopole Antenna (Type-III) 

The main modification in the Type-I structure to obtain the Type-III structure is the 

introduction of the bent monopole in the space created by the slot. The parameters of 
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the bent monopole such as length, width and spacing from slot edge are varied to study 

their effect on the various operating bands.  

 Effect of bent monopole segment length, LM1 

The overall length of the monopole is LM1+LM2+LM3 and results in the resonance 

frequency at 2.1 GHz suitable for UMTS application. The length of the monopole 

increases the overall perimeter of the slot and this lowers the first resonance frequency 

of Type-I antenna to 1.4 GHz which is suitable for WMTS applications. To carry out 

the parametric study on length of the bent monopole, the segment length LM1 is varied 

and S11 results are shown in Fig. 4.24. 

  

Fig. 4.24 Simulated S11 vs frequency of triple-band circular 

monopole antenna (Type-III) for varying LM1 with ϵr = 

4.4, h = 1.6 mm, D = 34 mm, Ls = 16.7 mm, Lg = 17 mm, 

Wg = 13 mm, Wf = 3 mm, g = 0.3 mm, s = 0.55 mm, gs = 

1 mm, LM2 = 16 mm, LM3 = 4 mm, LMw = 1 mm and t = 

0.6 mm 

As the length of the segment increases, the first two resonance frequencies shift towards 

the lower frequency side but matching in these bands is poor. This is due to increased 

LM1 
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inductance created by the bent monopole.  With LM1 = 10 mm there is good impedance 

matching in all the intended bands of operation. For the optimized dimensions, 

LM1+LM2+LM3 corresponds to 0.306λg2 where λg2 is the guide wavelength at second 

resonance. 

Effect of bent monopole width, LMw 

The width of the monopole is varied and corresponding reflection characteristics are 

plotted in Fig. 4.25.  

 

Fig. 4.25 Simulated S11 vs frequency of triple-band circular 

monopole antenna (Type-III) for varying LMw with ϵr = 

4.4, h = 1.6 mm, D = 34 mm, Ls = 16.7 mm, Lg = 17 mm, 

Wg = 13 mm, Wf = 3 mm, g = 0.3 mm, s = 0.55 mm, gs = 

1 mm, LM1 = 10 mm, LM2 = 16 mm, LM3 = 4 mm and t 

= 0.6 mm 

As width is varied, the resonant frequencies are not affected much, but matching in the 

UWB range varies. As width is increased, the matching in the UWB range improves. 

This is because the increased width results in a smoother transition from feed line to 

the monopole at feed junction. Because of fabrication tolerance in the limited space 

available at the monopole feed junction the width is chosen as 1 mm. The optimum 

LMw 
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width of LMw = 1 mm equates to 0.035λc where λc is the guide wavelength at center of 

the UWB band. 

Effect of gap between bent monopole and slot edge, t 

The parametric analysis on separation of bent monopole from edge of the slot is shown 

in Fig. 4.26. 

 

Fig. 4.26 Simulated S11 vs frequency of triple-band circular 

monopole antenna (Type-III) for varying t with ϵr = 4.4, h 

= 1.6 mm, D = 34 mm, Ls = 16.7 mm, Lg = 17 mm, Wg = 

13 mm, Wf = 3 mm, g = 0.3 mm, s = 0.55 mm, gs = 1 mm, 

LM1 = 10 mm, LM2 = 16 mm, LM3 = 4 mm and LMw = 

1mm 

The parametric study on separation, t from the slot edge shows that as separation is 

increased, matching in UWB range improves. The increase in gap increases the 

capacitive reactance which cancels the inductive reactance created by the monopole 

and this improves matching in the UWB range. The gap is not increased further as this 

would make it difficult to accommodate the bent monopole without merging with the 

edges of the slot at the monopole feed junction. The optimized gap of t = 0.6 mm 

corresponds to 0.021λc.  

t 
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4.3.3 Surface Current Distribution of Triple-band Circular Monopole Antenna 
(Type-III) 

The effect of antenna dimensions on antenna characteristics can be understood from 

the surface current distribution shown in Fig. 4.27. 

 

Fig. 4.27 Simulated surface current distribution of triple-band 

circular monopole antenna (Type-III) at resonance 

frequencies (a) 1.4 GHz (b) 2.1 GHz (c) 7 GHz (d) 10.4 

GHz with ϵr = 4.4, h = 1.6 mm, D = 34 mm, Ls = 16.7 

mm, Lg = 17 mm, Wg = 13 mm, Wf = 3 mm, g = 0.3 mm, 

s = 0.55 mm, gs = 1 mm, LM1 = 10 mm, LM2 = 16 mm, 

LM3 = 4 mm, LMw = 1 mm and t = 0.6 mm 

It is seen that at first resonance the current is distributed on the bent monopole as well 

as on the perimeter of the slot. This confirms that the perimeter of the slot is extended 

by the monopole. Thus the first resonance of 1.8 GHz in the structure of Type-I antenna 

is lowered to 1.4 GHz in the proposed Type-III antenna. At 2.1 GHz distribution is 

(a) (b) 

(c) (d) 
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mainly seen along the length of the monopole element. At the higher resonances, the 

current distribution along perimeter of the monopole and along length and width of the 

ground plane are typical of higher order modes in circular monopoles. 

4.3.4 Design Equations of Triple-band Circular Monopole Antenna (Type-III) 

The design procedure is similar to the steps used for Type-I antenna design presented 

in Section 4.1.4. Since the only modification is the introduction of the bent monopole, 

the equations used for circular monopole and ground are the same as that of Type-I 

antenna from step (1)-(7) as listed in Section 4.1.4.  The subsequent design steps are: 

1) Design a bent monopole of length  

                                             �d� + �d� + �d& = 0.306���    (4.8) 

where λg2 is the guide wavelength corresponding to the second resonance. The 

segment lengths are chosen such that the gap from the slot edge, t is uniform. 

2) The width of the bent monopole, LMw is calculated as 

�d¤ = 0.035�X       (4.9) 

where λc is the guide wavelength corresponding to center frequency of the 

UWB range. 

3) The spacing between the bent monopole and slot edge, t is set as 

                                                         f = 0.021�X                 (4.10) 

To validate the design equations the antenna is designed on different substrates. The 

design values for four different substrates to obtain UWB band with two lower 

resonances at 1.4 GHz and 2.1 GHz are listed in Table 4.5 and the simulated reflection 

characteristics are shown in Fig. 4.28. 
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Table 4.5 Triple-band circular monopole antenna (Type-III) 

parameters for different substrates obtained from design 

equations 

Parameter 
(mm) 

Substrate 

1 2 3 4 

Rogers 5880 ¡r = 2.2 
Rogers RO4003 ¡r = 3.55 

FR-4 Epoxy ¡r = 4.4 
Rogers RO3006 ¡r = 6.15 

h 1.57 0.8 1.6 1.28 

Wf 4 6 3 2.58 

g 0.17 0.3 0.3 0.45 

Lg 21 18.2 16.98 15.03 

Wg 16.03 13.94 13 11.49 

Ls 19.65 18.9 17.7 16.45 

D 41.9 36.5 33.9 31 

s 0.66 0.57 0.53 0.47 
LM1 10.69 10.3 9.95 9.46 

LM2 21 16.83 16 13.7 

LM3 5.25 5 4 3.4 

LMw 1.3 1.13 1.05 0.93 

t 0.78 0.68 0.63 0.56 

 

 

Fig. 4.28 Simulated reflection characteristics of triple-band circular 

monopole antenna (Type-III) on different substrates 
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On all substrates triple-band operation is obtained with two lower narrow bands and a 

UWB band in similar frequency ranges. The resonance frequencies of the two lower 

bands and lower limit of the UWB range are compared with the desired frequencies of 

1.4 GHz, 2.1 GHz and 3.1 GHz in Table 4.6. 

Table 4.6 % Error in simulated frequency of triple-band circular 

monopole antenna (Type-III) for different dielectric 

substrates, at f1 = 1.4 GHz, f2 = 2.1 GHz and fL = 3.1 GHz 

 

Substrate 

Simulated 
Frequency (GHz) Error (%) 

f1 f2 fL f1 f2 fL 

Rogers 5880 (¡r = 2.2, h = 1.57 mm) 1.44 2.13 3.04 2.8 1.4 1.9 

Rogers RO4003 (¡r = 3.55, h = 0.8 mm) 1.45 2.05 2.97 3.5 2.4 4.2 

FR-4 Epoxy (¡r = 4.4, h = 1.6 mm) 1.39 2.18 2.95 0.7 0.9 4.8 

Rogers RO3006 (¡r = 6.15, h = 1.28 mm) 1.46 2.2 3.04 4.2 4.7 1.9 

On all substrates, maximum error less than 5 % of desired frequency is observed which 

ensures that the design equations developed are valid. 

4.3.5 Reflection Characteristics of Triple-band Circular Monopole Antenna 
(Type-III) 

The fabricated antenna is tested using Agilent PNA E8362B and reflection 

characteristics for the antenna are obtained as described in Section 2.5.1. The antenna 

is fabricated on a substrate of thickness 1.6 mm and permittivity 4.4 as shown in 4.29 

(a). Experimental results are compared with simulated values as shown in Fig. 4.29 (b).  
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Triple-band behaviour is obtained with impedance matching in the desired lower 

frequency ranges and the UWB range.  

 

Fig. 4.29 (a) Fabricated prototype (b) Simulated and measured 

reflection characteristics of triple-band circular monopole 

antenna (Type-III) with ϵr = 4.4, h = 1.6 mm, D = 34 mm, 

Ls = 16.7 mm, Lg = 17 mm, Wg = 13 mm, Wf = 3 mm, g = 

0.3 mm, s = 0.55 mm, gs = 1 mm, LM1 = 10 mm, LM2 = 

16 mm, LM3 = 4 mm, LMw = 1 mm and t = 0.6 mm 

The measured readings have the same variation as the simulated values and the antenna 

has operating bands for S11 ≤ -10 dB from 1.35–1.48 GHz, 2–2.27 GHz and 3.14–10.8 

GHz. At higher frequencies, the measured and simulated results show some difference. 

This may be due to uncertainty in thickness and/or dielectric constant of substrate and 

soldering effects of the SMA connector, which have been neglected in the simulations. 

4.3.6 Radiation Pattern of Triple-band Circular Monopole Antenna (Type-III) 

The simulated 3D radiation patterns of the antenna at the lower resonances as well as 

at the middle and upper operating frequencies of the UWB band are shown in Fig. 4.30. 

At the two lower resonances, the antenna has a doughnut pattern but at higher 

resonances in the UWB range the pattern shape changes. 

(a) (b) 
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Fig. 4.30 Simulated 3D radiation patterns of the triple-band circular 

monopole antenna (Type-III) at the operating frequencies 

(a) 1.4 GHz (b) 2.1 GHz (c) 7 GHz (d) 10.4 GHz with ϵr 

= 4.4, h = 1.6 mm, D = 34 mm, Ls = 16.7 mm, Lg = 17 

mm, Wg = 13 mm, Wf = 3 mm, g = 0.3 mm, s = 0.55 mm, 

gs = 1 mm, LM1 = 10 mm, LM2 = 16 mm, LM3 = 4 mm, 

LMw = 1 mm and t = 0.6 mm 

The patterns are very similar to the patterns seen in the slotted monopole Type-I 

antenna with a distortion at higher frequencies due to the excitation of higher order 

modes. The corresponding measured radiation patterns are plotted in Fig. 4.31. The 

measured radiation patterns are plotted in two principal planes and they are in good 

agreement with the simulated 3D radiation patterns. The patterns have a figure-8 shape 

in the E-plane (X-Z) and non-directional pattern in the H-plane (X-Y) for the lower 

resonance frequencies but become slightly distorted at higher frequencies. The cross 

polarization levels are moderate throughout the operating bands however it degrades at 

the second resonance of 2.1 GHz which is due to the asymmetrical structure of the bent 

monopole which produces this resonance. 

(a) (b) 

(c) (d) 
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Fig. 4.31    Normalized 2D radiation pattern of triple-band circular 

monopole antenna (Type-III) measured at (a) 1.4 GHz (b) 

2.1 GHz (c) 7 GHz (d) 10.4 GHz with ϵr = 4.4, h = 1.6 

mm, D = 34 mm, Ls = 16.7 mm, Lg = 17 mm, Wg = 13 mm, 

Wf = 3 mm, g = 0.3 mm, s = 0.55 mm, gs = 1 mm, LM1 = 

10 mm, LM2 = 16 mm, LM3 = 4 mm, LMw = 1 mm and t 

= 0.6 mm 

X-Z X-Y 

(b) 

(a) 

(c) 

(d) 

Co- polarization 

Cross-polarization 
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4.3.7 Gain and Efficiency of Triple-band Circular Monopole Antenna (Type-III) 

The variation of gain and efficiency of the antenna with frequency is plotted in Fig. 

4.32. 

 

Fig. 4.32 (a) Peak gain and (b) Efficiency of triple-band circular 

monopole antenna (Type-III) with ϵr = 4.4, h = 1.6 mm, D 

= 34 mm, Ls = 16.7 mm, Lg = 17 mm, Wg = 13 mm, Wf = 3 

mm, g = 0.3 mm, s = 0.55 mm, gs = 1 mm, LM1 = 10 mm, 

LM2 = 16 mm, LM3 = 4 mm, LMw = 1 mm and t = 0.6 mm 

For the triple-band antenna the gain is 6.9 dBi at 1.4 GHz, 0.2 dBi at 2.1 GHz and a 

maximum gain of 8.17 dBi in the UWB range. The efficiency plot has a variation 

similar to that of the peak gain. At the first resonance, efficiency is 65 % and at the 

second resonance it is 47 %. In the UWB range, efficiency upto 78 % is observed. 

4.4 TIME DOMAIN ANALYSIS OF CPW-FED SLOTTED MULTIBAND 

ANTENNAS 

All the proposed CPW-fed slotted multiband UWB antennas are intended to work 

throughout the frequency range from 3.1-10.6 GHz. UWB systems communicate using 

a series of narrow un-modulated pulses where each pulse carries one symbol of 

information. Time domain analysis is carried out to evaluate the suitability of the 

(a) (b) 
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proposed antennas for pulsed communication in an impulse radio UWB system. 

4.4.1 Group Delay 

The group delay of the three types of antennas measured for different azimuth 

orientations with a separation of 15 cm is shown in Fig. 4.33.  

 

 

Fig. 4.33 Measured group delay of CPW-fed slotted multiband               

antenna (a) Type-I (b) Type-II (c) Type-III for different 

orientations 

In the case of Type-I antenna group delay variation is least for face to side orientation 

with a maximum variation of less than 3 ns. For the other two orientations, group delay 

occasionally exceeds 5 ns. For Type-II antenna, it is seen that in the face to side and 

(a) (b) 

(c) 
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side to side orientation, maximum group delay variation is 3 ns. In the face to face 

orientation large variation is seen occasionally. This is due to the complicated current 

path introduced by the fractal pattern used to achieve improved matching in this 

frequency range.  

Type-III antenna has the lowest operating frequency for the same physical dimensions 

which corresponds to a reduction in antenna size. As size decreases, phase difference 

between the surface currents at different parts of the antenna is minimum. Thus, least 

average group delay is seen for Type-III antenna.  

4.4.2 Transfer Function and Impulse Response 

The antenna transfer functions obtained from S21 values measured at 45⁰ increments in 

azimuth (X-Y) plane are shown in Fig. 4.34.  

 

 

Fig. 4.34 Computed transfer function of CPW-fed slotted 

multiband antenna (a) Type-I (b) Type-II (c) Type-III for 

different angles in azimuth plane 

Φ=90⁰ Φ=135⁰ 

Φ=0⁰ Φ=45⁰ 

(a) 
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Fig. 4.34 (contd.) 

From the transfer functions of the three antennas, measured in azimuth plane, impulse 

response is obtained by inverse Fourier transform and plotted in Fig. 4.35. 

(b) 

Φ=135⁰ Φ=90⁰ 

Φ=0⁰ Φ=45⁰ 

Φ=135⁰ Φ=90⁰ 

(c) 

Φ=0⁰ Φ=45⁰ 
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Fig. 4.35 Computed impulse response of CPW-fed slotted           

multiband antenna (a) Type-I (b) Type-II (c) Type-III for 

different angles in azimuth plane 

 

Φ=0⁰ 

Φ=90⁰ 

(a) 

Φ=45⁰ 

Φ=135⁰ 

Φ=90⁰ 

Φ=45⁰ Φ=0⁰ 

(b) 

Φ=135⁰ 
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Fig. 4.35 (contd.) 

The transfer functions of Type-I antenna show a sharp decrease between 2 and 3 GHz 

which is an unintended band of operation. For Type-II antenna a similar variation is 

seen while for Type-III antenna there is significant decrease in transfer function 

between 1.5-2 GHz and 2.5-3 GHz which is in agreement with the reflection 

characteristics, gain and efficiency plots.  

For all three designs, there is a significant reduction in transfer characteristics at higher 

frequencies along 45⁰ and 135⁰ which corresponds to the distortion observed in 

radiation patterns at higher frequencies. From the envelope of the impulse response 

waveforms, full width half maxima (FWHM) and ringing are evaluated and results are 

shown in Table 4.7. 

Φ=90⁰ Φ=135⁰ 

(c) 

Φ=0⁰ Φ=45⁰ 
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Table 4.7 Computed values of FWHM and ringing of the CPW-fed 

slotted multiband antennas for different azimuth angles 

Azimuth 
Angle 

Type-I antenna Type-II antenna Type-III antenna 

FWHM 
(ps) 

Ringing 
(ps) 

FWHM 
(ps) 

Ringing 
(ps) 

FWHM 
(ps) 

Ringing 
(ps) 

Φ = 0º 173 373 164 412 163 139 

Φ = 45º 175 265 171 450 176 420 

Φ = 90º 173 348 164 112 160 235 

Φ = 135º 165 112 163 245 169 126 

The impulse response shows moderate pulse dispersion and ringing in all antennas. The 

higher ringing in Type-II antenna can be attributed to the complicated structure created 

by introduction of the fractal pattern.  

4.4.3 Fidelity Factor 

Using a fourth order Gaussian pulse as input, the normalized pulse received for 

different orientations of a pair of the proposed antennas is shown in Fig. 4.36.  

The mismatch between input and received pulse is higher for face to face and face to 

side orientations in the case of Type-I antenna. In Type-II antenna, ringing is observed 

in all orientations and dispersion is found to be higher than that of Type-I antenna for 

all orientations. This is in agreement with the higher group delay observed for this 

antenna. Type-III antenna has the least average ringing of the three types of antennas 

and input and received pulses show very good matching. 
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Fig. 4.36 Comparison of input and received pulses in CPW-fed 

slotted multiband antenna (a) Type-I (b) Type-II (c) Type-

III for different orientations 

To evaluate how well the input and received pulses match in different azimuth 

orientations, fidelity is evaluated as per Equation (2.19) and plotted in Fig. 4.37.  

Fidelity factor is consistently above 90 % for Type-I antenna with a maximum value 

of 94.6 %. In Type-II antenna, the ringing seen in the received pulse waveforms reduces 

the fidelity factor at some angles and fidelity varies between 74.9 % and 93.3 %. For 

Type-III antenna fidelity values are better than that of Type-II antenna and has a 

maximum value of 94.4 %. 

(b) (a) 

(c) 
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Fig. 4.37 Fidelity factor of CPW-fed slotted multiband antenna    (a) 

Type-I (b) Type-II (c) Type-III in azimuth plane 

 

4.4.4 Radiated Power Spectral Density 

The emission limit is a crucial consideration for the design of UWB antennas. 

According to FCC regulations, UWB systems must comply with stringent emission 

limits in the frequency band of operation. Radiated power spectral densities of the 

proposed antennas are evaluated as described in Section 2.6.4 and shown in Fig. 

4.38.  Within the frequency range from 3.1-10.6 GHz the radiated power of all 

(a) (b) 

(c) 
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proposed antennas is compliant with both the indoor and outdoor limits imposed 

by the FCC which confirms their suitability for UWB applications. 

 

Fig. 4.38 Power spectral density of the radiated pulse for CPW-fed 

slotted multiband antenna (a) Type-I (b) Type-II (c) Type-

III against the FCC emission mask 

 

4.5 CHAPTER SUMMARY 

This chapter presents three multiband UWB antennas developed from a conventional 

CPW-fed circular monopole. The circular monopole operates over the UWB range and 

in all antennas, lower band operation is obtained while retaining UWB characteristics.  

 

(a) (b) 

(c) 
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Type-I design consists of a slot inserted in the monopole which results in a lower 

resonant frequency determined by the perimeter of the slot. The overall antenna size is 

34×51.3 mm2 on a substrate of permittivity 4.4. The operating bands are, 1.68-2.06 

GHz and 3.27-11 GHz suitable for GSM and UWB applications. Antenna 

characteristics are evaluated in both frequency and time domain and the antenna is 

found to be a suitable candidate for UWB enabled GSM devices. 

In Type-II design, a fractal pattern is used to improve impedance matching in the UWB 

range. The overall antenna size is the same as Type-I design and operating bands are, 

1.5-2 GHz and 3.4-11 GHz suitable for GSM and UWB. Time domain analysis is also 

carried out and it is observed that though the fractal pattern improves impedance 

matching, the antenna group delay is affected. This is due to the complicated current 

path and this can lead to a distortion of the pulses used for communication. However, 

the antenna is suitable for multi-band orthogonal frequency division multiplexing (MB-

OFDM) UWB systems.  In such applications, the UWB range is divided into 14 

subintervals each with a bandwidth of 528 MHz.  

In Type-III design, a bent monopole is inserted in the space created by the slot of Type-

I design, resulting in triple-band operation.  The operating ranges are 1.35-1.48 GHz, 

2.1-2.27 GHz and 3.14-10.8 GHz. The introduction of the bent monopole increases the 

perimeter of the slot which lowers the first resonance. The second resonance is 

controlled by the length of the monopole. The operating frequency is significantly 

lowered without increase in the overall size of the antenna which makes the design 
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compact. Frequency and time domain characteristics show that the antenna is suitable 

for multiband wireless communication devices.  

The proposed antennas are compared with some of the recently reported multiband 

antennas developed using similar techniques outlined in this chapter and summarized 

in Table. 4.8. 

Table 4.8 Comparison of proposed antennas with existing slotted 

multiband antennas 

Antenna 
No. of 

operating 
bands 

Lowest 
operating 
frequency 

Size(mm3) ¡r Peak Gain 

Mishra et al. 
(2011) 

3 2.18 GHz 24×50×1.6 4.4 1-4 dBi 

Bod et al. 
(2012) 

4 1.52 GHz 25×28×0.8 4.4 -6-4 dBi 

Kumar et al. 
(2012) 

1 2.25 GHz 55×62×1.53 4.3 - 

Kushwaha and 

Kumar (2013) 
1 2.2 GHz 77×55×1.6 4.4 10 dBi 

Awad and 

Abdelazeez 

(2013) 

2 2.3 GHz 30×30×1.6 4.4 2-4.8 dBi 

Naser and Dib 

(2016) 
2 1.84 GHz 25×38×1.6 4.4 1-10 dBi 

Proposed 

antenna Type-I 
2 1.68 GHz 34×51.3×1.6 4.4 

2.82-7.35 

dBi 

Proposed 

antenna Type-II 
2 1.5 GHz 34×51.3×1.6 4.4 

2.82-6.5 

dBi 

Proposed 

antenna Type-

III 

3 1.35 GHz 34×51.3×1.6 4.4 
0.2-8.17 

dBi 
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Mishra et al. (2011) achieved Bluetooth operation in addition to UWB band and the 

wideband is converted to dual-band by introducing band notch characteristics. Antenna 

size is smaller, but operating bandwidth is lower than proposed antennas. The antenna 

proposed by Bod et al. (2012) is very compact in size and covers three bands in addition 

to UWB band. However, gain in the lowest band is very low and the antenna does not 

have the advantage of CPW-feed as in the proposed geometries. The antennas reported 

in Kumar et al. (2012) and Kushwaha and Kumar (2013) are larger than the proposed 

antennas and cover a single wide frequency band with a lowest frequency of operation 

of approximately 2.2 GHz. The antenna proposed by Awad and Abdelazeez (2013), is 

of smaller size than the proposed structures but lowest frequency of operation is much 

higher. Naser and Dib (2016) proposed an ultrawideband antenna with operating 

frequency 2.9-50 GHz. The antenna incorporates a meandered strip and the length of 

the strip is altered using a PIN diode for operation in an additional Bluetooth or GSM 

band. While the authors state that the gain is as high as 10 dBi, this is at a frequency 

beyond the UWB band. Within the UWB range, gain is comparable to that of the 

proposed antennas.  

Compared to the CPW-fed fractal multiband antenna proposed in Chapter 3, the 

antennas proposed in this chapter operate over a wider range of frequencies. The 

radiation characteristics and the compact size make the proposed antennas suitable for 

multiband wireless communication devices including MB-OFDM UWB systems. To 

make the antennas more compact, spiral monopoles are investigated as described next. 

 



Chapter 5  

CPW-FED SPIRAL MULTIBAND ANTENNAS 

Frequency independent antennas are antennas in which radiation pattern, impedance 

and polarization remain unchanged over a large bandwidth. They exist in several 

configurations such as equiangular, sinuous, Archimedean, etc. Of these, the 

equiangular spiral antenna was introduced by Rumsey in the 1950s. Its shape can be 

described by angles and lowest frequency of operation occurs when the total arm length 

is comparable to the wavelength (Balanis, 2007). The spiral can have different 

geometrical arrangements with a single arm or with two arms.  The two arm spiral 

antenna is popular for its wide bandwidth and circular polarization. However, to 

maintain symmetrical characteristics, the antenna must be fed by an electrically and 

geometrically balanced line and thus a wideband balun is often required for impedance 

matching (Elmansouri and Filipovic, 2011; Chen and Huff, 2011; Seong and Park, 

2012; Shih and Behdad, 2014).  

The single arm spiral has the advantage over a two arm spiral in that impedance 

matching to a 50 Ω line is possible without the need for a balun circuit (Nakano et al., 

2010; Gong et al., 2013). A brief account of some of the research carried out on spiral 

antennas for wideband and multiband applications is presented here. 

Valleau et al. (2014) proposed the use of stacked pre-fractal metallic rings for 

miniaturization of the Archimedian spiral antenna. Rings with a modified Von Koch 

profile are electromagnetically coupled to the spiral antennas to achieve a decrease in 

the lowest operating frequency while keeping the physical size of the antenna 
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unchanged. The rings are fabricated on a paper substrate with ink jet printing 

technology.  

A coplanar waveguide (CPW)-fed spiral antenna for wideband applications is 

presented by Ghassemi et al. (2011). The antenna is fabricated on a 0.508 mm thick 

substrate of relative permittivity 10.2 and loss tangent 0.0001. The high relative 

permittivity of the substrate reduces the antenna size to 9×7.5 mm2. The antenna has a 

relatively constant gain and S11 ≤ -10 dB within a wide bandwidth from 11.5-17.5 GHz. 

A CPW-fed frequency reconfigurable two arm Archimedean spiral antenna is proposed 

by Dahalan et al. (2013). The spiral has four turns and can operate over a wide 

frequency bandwidth. The wideband spiral antenna is then reconfigured by disturbing 

the surface at both sides of the CPW-fed slot using a pair of meandered slotline 

resonators. Two PIN diode switches are used to achieve frequency reconfiguration and 

switch the wideband mode to a 5.8 GHz narrowband mode. The overall size of the 

spiral antenna is 60×69 mm2 on a substrate of thickness 1.6 mm, relative permittivity 

4.6 and loss tangent 0.019. 

Zhang et al. (2013) introduced a monopole antenna in which two spiral ring strips are 

inserted into the microstrip line on different layers and connected through via hole. Due 

to the introduction of the spiral ring strips, the direction of surface currents on the spiral 

ring strips changes with the alteration of spiral structure and their effects on the 

radiation pattern are reduced. The antenna has an overall size of 28×20 mm2 on a 

substrate of thickness 1 mm and relative permittivity 2.65 and operates in wireless local 
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area network (WLAN)/worldwide interoperability for microwave access (WiMAX) 

(2.4/3.5/5.2 GHz) bands. 

A dual-band single arm spiral antenna is presented by Chiu and Chuang (2009). A 

broadband spiral antenna fed by coaxial line is first designed to cover LS and WiMAX 

bands. Then, a finite frequency selective surface is added to the antenna to create a 

dual-band characteristic in which the main beams corresponding to both bands are 

widely separated. This makes the antenna suitable for operation in satellite and ground 

based communication simultaneously. The spiral antenna is printed on the top surface 

of a substrate of thickness 1.6 mm and a relative permittivity of 4.4 and has an overall 

size of 52×44 mm2. 

Wan et al. (2013) proposed a multiband monopole antenna loaded with spiral ring 

resonators. The antenna structure is very similar to the antenna of Zhang et al. (2013) 

but uses CPW feed. The antenna size is 27.5×20 mm2 on a substrate of relative 

permittivity 2.55, loss tangent 0.0006 and thickness 1 mm. 

Wang et al. (2010) presented a miniaturized compound spiral antenna for wideband 

operation from 1.6 to 10 GHz. In comparison with a conventional equiangular spiral 

antenna of the same size, the proposed antenna has a significantly lower operating 

frequency, resulting in 44.8 % reduction in size. 

A CPW-fed two arm Archimedean spiral slot antenna is investigated by Mashaal et al. 

(2013). The antenna has wide input impedance bandwidth with circular polarization 

and has an overall size of 74×62 mm2 on a substrate of relative permittivity 4.6 and 
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thickness 1.6 mm. The antenna also has the advantage that it does not require any 

external impedance matching network or balun, which makes fabrication easy. 

From the literature survey carried out, it is seen that most of the spiral antennas 

developed, can be used for operation in multiple narrow bands or for wideband 

operation. Spiral antennas offer the advantages of circular polarization and compact 

designs and several structures have been developed that exploit these features.  

Two spiral antenna designs which can be used for multiband operation including UWB 

applications are proposed in this chapter. The first antenna is suitable for operation in 

global system for mobile (GSM) and ultrawideband (UWB) bands. By using shorting 

strips between the arms of the spiral, the lower frequency of operation can be reduced 

without increase in the overall size of the antenna. This makes the design compact and 

the antenna is suitable for wireless medical telemetry service (WMTS) and UWB 

applications. 

5.1 DUAL-BAND SPIRAL MONOPOLE ANTENNA (TYPE-I) 

5.1.1 Antenna Geometry 

The spiral is asymmetrically oriented with respect to the feed line such that its 

outermost turn mimics the outer edge of a circular monopole. This results in wideband 

operation and the lower limit of the band is determined by outer diameter, D. The spiral 

orientation is such that, the axis from outer end of the spiral to the center is at an angle 

α = 90⁰ with respect to the feed line. This ensures wideband operation over the UWB 

band. The longer arm of the spiral has a length, SL1 and behaves as a ring resonator 

while the shorter arm has a length, SL2. This orientation also results in a lower operating 
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band with resonance frequency determined by length SL1 of the ring resonator. The 

schematic of the proposed CPW-fed spiral multiband antenna Type-I is shown in Fig. 

5.1.  

 

Fig. 5.1 Geometry of dual-band spiral monopole antenna (Type-I) 

with optimized dimensions W = 27.6 mm, L = 28.3 mm, 

SL1 = 97 mm, SL2 = 18.2 mm, Lg = 10 mm, Wg = 12 mm, 

Wf = 3 mm, g = 0.3 mm, s = 0.3 mm, D = 21 mm, α = 90⁰, 

gs = 1.5 mm and Ws = 2 mm for ϵr = 4.4, h = 1.6 mm 

 

The substrate used is of relative permittivity �r = 4.4, loss tangent tan δ = 0.02 and 

thickness h = 1.6 mm. The spiral consists of two complete turns of metal strips of width, 

Ws with uniform spacing, gs between the turns. The 50 Ω CPW-feed line has a width, 

Wf and is spaced at a distance, g from the ground plane of length, Lg and width, Wg on 

both sides. The monopole is spaced at a distance, s from the ground plane and the 

overall size of the antenna is 27.6×28.3 mm2. 
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5.1.2 Parametric Analysis of Dual-band Spiral Monopole Antenna (Type-I)  

For a circular monopole, the diameter approximately corresponds to quarter 

wavelength at the fundamental resonant frequency (Si and Lv, 2008). Since the 

proposed spiral is designed to mimic the outer edge of a circular monopole, the 

outermost turn of the spiral is set to a diameter of 21 mm which is approximately a 

quarter wavelength of 2.45 GHz. The width, Ws of the spiral strip and spacing, gs 

between the turns of the spiral are set to 2 mm and 1 mm respectively (Chiu and 

Chuang, 2009). With these dimensions of the spiral monopole, the orientation of the 

spiral is first varied. 

Effect of spiral monopole orientation, α 

The spiral monopole antenna is intended to operate in GSM band and UWB range and 

its orientation with respect to the feed line determines operating characteristics. To 

study its effect, the spiral is rotated and results are shown in Fig. 5.2. 

   

Fig. 5.2 Simulated S11 vs frequency for varying spiral resonator 

orientation α with ϵr = 4.4, h = 1.6 mm, Lg = 9 mm, Wg = 

13 mm, Wf = 3 mm, g = 0.3 mm, s = 0.3 mm, D = 21 mm, 

Ws = 2 mm and gs = 1 mm 

α 
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For the orientation with α = 0⁰, the feed line meets the outer end of the spiral and quad-

band impedance characteristics are seen. The spiral arm has a length of 114 mm which 

corresponds to one wavelength of the first resonance at 1.6 GHz. When α = 90⁰, the 

lower portion of the spiral near the feed line is similar to that of a CPW-fed circular 

monopole and this results in UWB operation. The portion of the monopole that 

resembles a spiral ring resonator has a length 97 mm and corresponds to one 

wavelength of 1.8 GHz. At α = 180⁰, two resonances can be achieved in addition to 

ultrawideband characteristics but UWB band is not completely covered. When α = 

270⁰, the lower resonance occurs at 1.7 GHz and sufficient matching is obtained 

throughout UWB range.  

From the orientation study, the geometry with α = 90⁰ is chosen as it provides 

impedance matching in the desired GSM and UWB bands. 

Effect of ground plane length, Lg  

Since the ground plane plays a crucial role in the wideband response of the antenna, 

the parametric analysis for the dimensions of the ground plane are carried out and 

reflection coefficient plots for varying ground plane length are shown in Fig. 5.3. 

The spiral arm is designed to have a length SL1 that corresponds to one complete 

wavelength λ1 at 1.8 GHz. As ground length Lg is increased, impedance matching in 

the UWB range improves and the lower limit of the UWB band shifts to lower 

frequencies. To maintain a compact size for the antenna, Lg = 10 mm is chosen as the 

optimum value. This is equivalent to 0.332λc where λc is the guide wavelength 

corresponding to the center of the UWB band.  
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Fig. 5.3 Simulated S11 vs frequency of dual-band spiral monopole 

antenna (Type-I) for varying Lg with ϵr = 4.4, h = 1.6 mm, 

SL1 = 97 mm, SL2 = 18.2 mm, Wg = 12.5 mm, Wf = 3 mm, 

g = 0.3 mm, s = 0.3 mm, D = 21 mm, Ws = 2 mm and gs = 

1 mm 

 

Effect of ground plane width, Wg 

The parametric analysis for width of ground plane is shown in Fig. 5.4. 

  

Fig. 5.4 Simulated S11 vs frequency of dual-band spiral monopole 

antenna (Type-I) for varying Wg with ϵr = 4.4, h = 1.6 mm, 

SL1 = 97 mm, SL2 = 18.2 mm, Lg = 10 mm, Wf = 3 mm, g 

= 0.3 mm, s = 0.3 mm, D = 21 mm, Ws = 2 mm and gs = 1 

mm 

Lg 

Wg 
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When Wg is varied, it is seen that as width reduces, impedance matching in the UWB 

band improves but lower limit of the band increases. From the exhaustive analysis, Wg 

= 12 mm which is 0.399λc is chosen as the optimum value. 

Effect of spiral resonator arm length, SL1 

The parametric analysis for length of the spiral resonator arm SL1 is shown in Fig. 5.5 

and it is seen that as length increases the lower band resonance shifts to lower 

frequencies. This confirms that the spiral resonator arm length predominantly controls 

the first resonance.  

   

Fig. 5.5 Simulated S11 vs frequency of dual-band spiral monopole 

antenna (Type-I) for varying spiral resonator length SL1 

with ϵr = 4.4, h = 1.6 mm, SL2 = 18.2 mm, Lg = 10 mm, Wg 

= 12 mm, Wf = 3 mm, g = 0.3 mm, s = 0.3 mm, D = 21 mm, 
Ws = 2 mm and gs = 1 mm 

For SL1 = 97 mm, the inner turn of the spiral has a length 57 mm. This length of the 

inner turn corresponds to a half wavelength of 1.8 GHz and so a resonance is achieved 

at the intended GSM band with impedance matching throughout the UWB band. While 

SL1 
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the outer turn of the spiral contributes to UWB band, the inner turn creates the lower 

resonance. 

Effect of spiral resonator width, Ws 

Next, the parametric analysis for the width of the spiral resonator is carried out and the 

variation of reflection coefficient of the antenna is shown in Fig. 5.6. 

  

Fig. 5.6 Simulated S11 vs frequency of dual-band spiral monopole 

antenna (Type-I) for varying spiral resonator strip width 

Ws with ϵr = 4.4, h = 1.6 mm, SL1 = 97 mm, SL2 = 18.2 

mm, Lg = 10 mm, Wg = 12 mm, Wf = 3 mm, g = 0.3 mm, s 

= 0.3 mm, D = 21 mm, and gs = 1 mm 

The antenna is intended to operate in UWB band as well as GSM band and from the 

figure it is clear that for Ws = 1.5 mm, the antenna resonates in both these intended 

bands but matching in the UWB band is poor. Increasing Ws improves impedance 

matching in the UWB range as it is more inductive in nature.  

From the analysis, Ws = 2 mm is chosen as the optimum value and this dimension 

equates to 0.066λc as validated in Table 5.1 of Section 5.1.4. 

Ws 
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Effect of spacing between spiral resonator turns, gs 

Setting Ws = 2 mm, the spacing between the turns of the spiral strip is varied and 

corresponding variation in reflection coefficient is shown in Fig. 5.7. 

  

Fig. 5.7 Simulated S11 vs frequency of dual-band spiral monopole 

antenna (Type-I) for varying spiral resonator strip gap gs 

with ϵr = 4.4, h = 1.6 mm, SL1 = 97 mm, SL2 = 18.2 mm, 

Lg = 10 mm, Wg = 12 mm, Wf = 3 mm, g = 0.3 mm, s = 0.3 

mm, D = 21 mm and Ws = 2 mm  

As gap increases, capacitive reactance at higher frequencies increases and the real part 

of the impedance is around 50 Ω while imaginary part is close to 0 Ω. At gs = 1.5 mm, 

which is 0.013λg1, sufficient matching is obtained in GSM band as well as throughout 

the UWB band. So, this value is chosen as optimum.  

5.1.3 Surface Current Distribution of Dual-band Spiral Monopole Antenna (Type-
I) 

The resonance mechanism of the antenna can be analyzed by examining the surface 

current distribution of the Type-I antenna as shown in Fig. 5.8.  

gs 
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Fig. 5.8 Surface current distribution of dual-band spiral monopole 
antenna (Type-I) at (a) 1.8 GHz (b) 3.3 GHz (c) 6.2 GHz 
(d) 10.6 GHz with �r = 4.4, h = 1.6 mm, SL1 = 97 mm, SL2
= 18.2 mm, Lg = 10 mm, Wg = 12 mm, Wf = 3 mm, g = 0.3 
mm, s = 0.3 mm, gs = 1.5 mm, D = 21 mm and Ws = 2 mm 

At 1.8 GHz, one half wave variation is seen along the inner turn of the spiral ring 

resonator SL1. This shows that the longer arm of the spiral ring resonator is 

responsible for the first resonance frequency. At 3.1 GHz, current is mainly 

concentrated on the lower part of the spiral similar to the distribution on a UWB 

circular monopole (Ray, 2008).   

At higher frequencies, the distribution on the spiral and ground plane shows the 

excitation of higher order modes but it is mainly the outermost turn of the spiral that 

contributes to UWB operation. 

(c) 

(a) (b)

(d)
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5.1.4 Design Equations of Dual-band Spiral Monopole Antenna (Type-I) 

From the parametric analysis carried out in Section 5.1.2, the design equations are 

formulated and the procedure for the design of the antenna is as listed: 

1) Design a CPW-feed line of 50 Ω impedance with width, Wf and gap, g from the 

ground plane. Calculate ϵreff using ϵreff = (ϵr + 2) / 3 where ϵreff is the effective 

permittivity of the substrate. 

2) The length of the ground plane on either side of the feed line is calculated using                                               �� = 0.332�X          (5.1) 

where λc is the guide wavelength corresponding to the center of the UWB band. 

3) The width of the ground plane is calculated as                                                c� = 0.399�X                (5.2) 

4) Design a spiral resonator with outer diameter 

� = 0.25��                                                      (5.3) 

where λm is the guide wavelength corresponding to average frequency, fm of 

desired lower resonance and UWB lower limit. 

5) The gap, s between monopole and ground is set to a value equal to gap between 

feed line and ground plane, g. 

5) The spiral resonator width is designed as                                                c� = 0.066�X         (5.4) 

6) Gap between the turns of the spiral is designed as                                                         �� = 0.013���             (5.5) 

where λg1 is the guide wavelength corresponding to the lower band resonance. 

7) The spiral resonator’s orientation with respect to the feed line is such that the 

arm of length SL2 resembles a quarter of the outer edge of a circular monopole. 

The longer arm is designed using the regression equation  

                      !�� ≈ −28.12�� − 6.02�� − 1.91ℎ + 178.43      (5.6) 

where f1 is the resonance frequency of the lower band. This equation is valid 

for substrates with 2.2 < ϵr < 6.15 and 0.8 mm < h < 2 mm for the frequency 

range 1.6 GHz < f1 < 2.5 GHz.  
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The reflection characteristics obtained from the simulation in HFSS™ using the design 

values listed in Table 5.1 are plotted in Fig. 5.9.   

Table 5.1 Dual-band spiral monopole antenna (Type-I) parameters 

for different substrates obtained from design equations 

Parameter 
(mm) 

Substrate 

1 2 3 4 

Rogers 5880 ¡r = 2.2 

Rogers 
RO4003 ¡r = 3.55 

FR-4 Epoxy ¡r = 4.4 

Rogers 
RO3006 ¡r = 6.15 

h 1.57 0.8 1.6 1.28 

Wf 4 6 3 2.58 

g 0.17 0.3 0.3 0.45 

Lg 12.3 10.7 9.96 8.82 

Wg 14.7 12.8 11.99 10.6 

s 0.17 0.3 0.3 0.45 

Ws 2.44 2.13 1.98 1.76 

gs 1.83 1.59 1.48 1.32 

SL1 111.6 104.9 98.3 88.34 

SL2 20.62 19.15 18 15.5 

D 25.9 22.5 20.9 18.6 

 

 

Fig. 5.9 Simulated reflection characteristics of dual-band spiral 

monopole antenna (Type-I) on different substrates 
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The simulated frequencies are compared with the desired frequencies of 1.8 GHz and 

3.1 GHz as shown in Table. 5.2. 

Table 5.2 % Error in simulated frequency of dual-band spiral 

monopole antenna (Type-I) for different dielectric 

substrates at f1 = 1.8 GHz and fL = 3.1 GHz 

 

5.1.5 Reflection Characteristics of Dual-band Spiral Monopole Antenna (Type-I) 

The antenna is fabricated on a substrate of permittivity 4.4 and thickness 1.6 mm as 

shown in Fig. 5.10 (a). Testing is done using Agilent programmable network analyzer 

(PNA) E8362B and results are shown in Fig. 5.10 (b).  

 
Fig. 5.10 Fabricated prototype (b) Simulated and measured reflection 

characteristics of dual-band spiral monopole antenna (Type-

I) with ϵr = 4.4, h = 1.6 mm, SL1 = 97 mm, SL2 = 18.2 mm, 

Lg = 10 mm, Wg = 12 mm, Wf = 3 mm, g = 0.3 mm, s = 0.3 

mm, gs = 1.5 mm, rs = 9 mm and Ws = 2 mm 

Substrate 
Simulated 

Frequency (GHz) Error (%) 

f1 fL f1 fL 

Rogers 5880  ( ¡r = 2.2, h = 1.57 mm) 1.77 2.95 1.66 4.8 

Rogers RO4003 ( ¡r = 3.55, h = 0.8 mm) 1.89 3.25 5 4.8 

FR-4 Epoxy ( ¡r = 4.4, h = 1.6 mm) 1.81 3.25 0.55 4.8 

Rogers RO3006 (¡r = 6.15, h = 1.28 mm) 1.82 3.2 1.11 3.2 

(a) (b) 
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The readings show very good agreement till 6 GHz and beyond this there is some 

mismatch in readings. This could be due to the inherent losses of the FR-4 substrate 

and SMA connector. However, the measured readings show reasonable matching 

from 1.75-1.92 GHz and 3.3-11 GHz which makes the antenna suitable for GSM and 

UWB applications.  

5.1.6 Radiation Pattern of Dual-band Spiral Monopole Antenna (Type-I) 

Simulated three dimensional radiation patterns at various operating frequencies are 

plotted in Fig. 5.11. 

Fig. 5.11 Simulated 3D radiation patterns of the dual-band spiral 
monopole antenna (Type-I) at the resonance frequencies 
(a) 1.8 GHz (b) 3.3 GHz (c) 6.2 GHz (d) 10.6 GHz with 
�r = 4.4, h = 1.6 mm, SL1 = 97 mm, SL2 = 18.2 mm, Lg =
10 mm, Wg = 12 mm, Wf = 3 mm, g = 0.3 mm, s = 0.3 
mm, gs = 1.5 mm, D = 21 mm and Ws = 2 mm 

(a) (b) 

(c) (d) 
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modes. The two dimensional patterns in the E-plane (X-Z) and H-plane (X-Y) are 

shown in Fig. 5.12. 

 

Fig. 5.12 Normalized 2D radiation pattern of dual-band spiral 

monopole antenna (Type-I) measured at the resonance 

frequencies (a) 1.8 GHz (b) 3.3 GHz (c) 6.2 GHz (d) 10.6 

GHz with ϵr = 4.4, h = 1.6 mm, SL1 = 97 mm, SL2 = 18.2 

mm, Lg = 10 mm, Wg = 12 mm, Wf = 3 mm, g = 0.3 mm, s 

= 0.3 mm, gs = 1.5 mm, D = 21 mm and Ws = 2 mm 

X-Y X-Z 

(a) 

(b) 

(c) 

Co- polarization 

Cross-polarization 

(d) 
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In the 2D patterns also, the antenna has stable radiation patterns throughout the bands 

of interest with non-directional pattern in the X-Y plane. At higher frequencies, the 

shape is somewhat distorted due to the excitation of higher modes as seen in the surface 

current distribution of Fig.5.8 (d). The cross polarization levels are good throughout 

the operating bands and show better levels than that of the antennas presented in earlier 

chapters. 

5.1.7 Gain and Efficiency of Dual-band Spiral Monopole Antenna (Type-I) 

The peak gain and efficiency of the antenna are measured using the Two Antenna and 

Wheeler Cap methods outlined in Chapter 2 and their variation with frequency is 

plotted in Fig. 5.13.  

 

Fig. 5.13 (a) Peak gain and (b) Efficiency of dual-band spiral 

monopole antenna (Type-I) with ϵr = 4.4, h = 1.6 mm, SL1 

= 97 mm, SL2 = 18.2 mm, Lg = 10 mm, Wg = 12 mm, Wf 

= 3 mm, g = 0.3 mm, s = 0.3 mm, gs = 1.5 mm, D = 21 

mm and Ws = 2 mm 

The antenna has a peak gain of 8.36 dBi at 1.8 GHz and 5.85 dBi in the UWB range. 

The efficiency plot shows a similar variation with a maximum of 78 % and 72 % in the 

GSM and UWB bands respectively. 

(a) (b) 
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The operating frequency of the antenna can be lowered without increasing the overall 

size of the antenna by the use of shorting strips between the spiral arms. The strips alter 

the current path on the antenna so as to extend the resonator length which in turn, lowers 

the frequency of operation. A second dual band monopole antenna with lower 

frequency of operation is proposed and details are presented next. 

5.2 DUAL-BAND SPIRAL MONOPOLE ANTENNA WITH SHORTING 

STRIPS (TYPE-II) 

The geometry of CPW-fed spiral multiband antenna Type-I suitable for GSM is 

modified to lower the operation frequency to 1.4 GHz without increase in overall size 

of the antenna. This Type-II antenna is suited for WMTS and UWB applications. 

5.2.1 Antenna Geometry 

A dual-band antenna suitable for WMTS (1.395-1.4 GHz) and UWB applications is 

proposed and the geometry is shown in Fig. 5.14. 

Two short circuit strips are used between the arms of the spiral in the modified 

structure. One strip is placed at a distance, P1 along the length of the spiral monopole 

and it has a thickness, t. The position of this shorting strip determines the resonance 

frequency of the lower band. To improve the matching in the UWB band, a second 

shorting strip of same thickness is placed at a distance, P2 from the first shorting strip. 

All other dimensions of the antenna are the same as that of Type-I geometry. 
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Fig. 5.14 Geometry of dual-band spiral monopole antenna with 

shorting strips (Type-II) with W = 27.6 mm, L = 28.3 mm, 

SL1 = 97 mm, SL2 = 18.2 mm, Lg = 10 mm, Wg = 12 mm, 

Wf = 3 mm, g = 0.3 mm, s = 0.3 mm, gs = 1.5 mm, Ws = 2 

mm, D = 21 mm, P1 = 17 mm, P2 = 18 mm and t = 2 mm 

for ϵr = 4.4, h = 1.6 mm 

5.2.2 Parametric Analysis of Dual-band Spiral Monopole Antenna with Shorting 
Strips (Type-II) 

In the parametric analysis carried out in Section 5.1.2, the spiral monopole and ground 

plane dimensions are optimized for UWB operation. Since the main modification in 

Type-II design is the introduction of the shorting strips, a parametric analysis on the 

position and width of the strips is carried out to study their effect on antenna 

performance. 

Effect of distance of first shorting strip, P1 

First, only one short circuit strip is placed between the arms of the spiral and the 

reflection characteristics for varying positions of the strip are shown in Fig. 5.15.  
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For varying positions of the shorting strip, there is significant mismatch in the UWB 

range. This is because the strip alters the current on the outermost turn of the spiral that 

is responsible for UWB band. As the shorting strip is placed higher, the resonance 

frequency of the lower band shifts to the lower frequency side. The shorting strip 

creates a current path such that an extended resonator length is obtained compared to 

the resonator length of Type-I antenna. This is seen in the surface current distributions 

presented in Fig. 5.8 (a) and Fig. 5.18 (a).  

 

Fig. 5.15 Simulated S11 vs frequency of dual-band spiral monopole 

antenna with shorting strips (Type-II) for varying P1 with 

ϵr = 4.4, h = 1.6 mm, SL1 = 97 mm, SL2 = 18.2 mm, Lg = 

10 mm, Wg = 12 mm, Wf = 3 mm, g = 0.3 mm, s = 0.3 

mm, gs = 1.5 mm, Ws = 2 mm, D = 21 mm and t = 2 mm 

At P1 = 17 mm, S11 ≤ -10 dB for most of the UWB range and a lower resonance 

frequency at 1.4 GHz is obtained which is suitable for WMTS applications. This 

position of the shorting strip corresponds to 0.115λg1, where λg1 is the guide wavelength 

at the desired lower resonance frequency. 

 

P1 
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Effect of distance of second shorting strip, P2 

For the above position of the first shorting strip, there is considerable mismatch in the 

UWB range 5-6 GHz. To further improve the matching in this range, a second shorting 

strip is also placed at the inner end of the spiral such that the first resonance remains 

undisturbed. The variation in reflection characteristics for different positions of the 

second shorting strip is shown in Fig. 5.16.  

 

Fig. 5.16 Simulated S11 vs frequency of dual-band spiral monopole 

antenna with shorting strips (Type-II) for varying P2 with 

ϵr = 4.4, h = 1.6 mm, SL1 = 97 mm, SL2 = 18.2 mm, Lg = 

10 mm, Wg = 12 mm, Wf = 3 mm, g = 0.3 mm, s = 0.3 

mm, gs = 1.5 mm, Ws = 2 mm, P1 = 17 mm, D = 21 mm 

and t = 2 mm 

 

From the surface current distribution discussed in Section 5.2.3, it can be seen that the 

second shorting strip creates an inner closed loop resonator with perimeter 

corresponding to λg at 5.5 GH. Hence improved matching is obtained at this frequency. 

As distance P2 varies, the first resonance remains undisturbed. However, impedance 

matching in the UWB range varies. For distance P2 = 18 mm, optimum matching is 

P2 
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achieved in the UWB range. This is equivalent to 0.59λc where λc is the guide 

wavelength at center of the UWB band. 

Effect of thickness of shorting strip, t  

The two short circuit strips have the same thickness and the variation of S11 with 

frequency as thickness is varied is shown in Fig. 5.17. 

 

Fig. 5.17 Simulated S11 vs frequency of dual-band spiral monopole 

antenna with shorting strips (Type-II) for varying t with ϵr 

= 4.4, h = 1.6 mm, SL1 = 97 mm, SL2 = 18.2 mm, Lg = 10 

mm, Wg = 12 mm, Wf = 3 mm, g = 0.3 mm, s = 0.3 mm, 

gs = 1.5 mm, Ws = 2 mm, D = 21 mm, P1 = 17 mm and P2 

= 18 mm 

As thickness increases, impedance matching improves in the UWB band but degrades 

in the WMTS band. At t = 2 mm, optimum results are obtained. The optimum thickness 

is 2 mm and is of the same value as Ws which ensures a smooth flow of current between 

the spiral arms. 

t 
t 
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5.2.3 Surface Current Distribution of Dual-band Spiral Monopole Antenna with 
Shorting Strips (Type-II) 

To gain further insight on how the antenna dimensions affect the various operating 

frequencies, the surface current distribution at different frequencies is shown in      Fig. 

5.18. 

 

Fig. 5.18 Surface current distribution of dual-band spiral monopole 

antenna with shorting strips (Type-II) at (a) 1.4 GHz (b) 3.3 

GHz (c) 6.5 GHz (d) 10.6 GHz with ϵr = 4.4, h = 1.6 mm, 

SL1 = 97 mm, SL2 = 18.2 mm, Lg = 10 mm, Wg = 12 mm, Wf 

= 3 mm, g = 0.3 mm, s = 0.3 mm, gs = 1.5 mm, Ws = 2 mm, 

P1 = 17 mm, P2 = 18 mm, D = 21 mm and t = 2 mm 

At 1.4 GHz, the current distribution shows that the first shorting strip alters the flow of 

current on the inner turn of the spiral. This can be compared to the current distribution 

seen at the first resonance in Fig. 5.8 (a) for the structure without shorting strip. Fig. 

5.18 (a) shows quarter wave distribution on the lower portion of the inner turn. Current 

flow is in the opposite direction on the upper portion of the inner turn but it is of very 

(a) (b) 

(c) (d) 
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low intensity. At 3.3 GHz, current distribution is mainly seen on the outermost turn of 

the spiral. At 5.5 GHz, an inner closed loop with one full wave variation is formed by 

the second shorting strip which results in the improved impedance matching at this 

frequency. At 9 GHz, the distribution shows the excitation of higher order modes 

similar to that seen in an ultrawideband circular monopole. 

5.2.4 Design Equations of Dual-band Spiral Monopole Antenna with Shorting 
Strips (Type-II) 

From the optimized dimensions obtained by parametric analysis, design equations are 

formulated. The procedure to design the antenna on a different substrate is the same as 

that adopted for Type-I antenna. Equations (5.1)-(5.6) as outlined in steps (1) to (7) of 

Section 5.1.4 are repeated. To lower the operating frequency, the following steps are 

carried out: 

1) Place a shorting strip at 

                                                    ¦� = 0.115���  (5.7) 

where λg1 is the guide wavelength corresponding to the lower resonance. 

2) Place a second shorting strip at 

    ¦� = 0.59�X  (5.8) 

where �X is the guide wavelength corresponding to the center of the UWB band.

  

3) Set the thickness, t of both shorting strips to be equal to spiral strip width, Ws. 

The design equations are used to design the antenna on different substrates for 

operation in UWB band and a lower resonance at 1.4 GHz. Evaluated dimensions are 

listed in Table 5.3.  
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Table. 5.3 Dual-band spiral monopole antenna with shorting strips 

(Type-II) parameters for different substrates obtained 

from design equations 

Parameter 
(mm) 

Substrate 

1 2 3 4 
Rogers 
5880 ¡r =2.2 

Rogers 
RO4003 ¡r =3.55 

FR-4 
Epoxy ¡r =4.4 

Rogers 
RO3006 ¡r =6.15 

h 1.57 0.8 1.6 1.28 

Wf 4 6 3 2.58 

g 0.17 0.3 0.3 0.45 

Lg 12.3 10.7 9.96 8.84 

Wg 14.7 12.8 11.99 10.6 

s 0.17 0.3 0.3 0.45 

Ws 2.44 2.13 1.98 1.76 

gs 1.83 1.59 1.48 1.32 

SL1 111.6 104.9 98.3 88.34 

SL2 20.62 19.15 18 15.5 

D 25.9 22.5 20.9 18.6 

P1 20.8 18.1 16.9 14.9 

P2 22.2 19.31 18 15.96 

t 2.44 2.13 1.98 1.76 

 

Using these dimensions, the antenna is simulated of the different substrates and 

reflection characteristics obtained after simulation are shown in Fig. 5.19. On all 

substrates, dual band operation suitable for WMTS and UWB operation are obtained.  
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Fig. 5.19 Simulated reflection characteristics of proposed dual-

band spiral monopole antenna with shorting strips (Type-

II) on different substrates 

The lower band resonance and lower limit of the UWB band obtained from simulation 

for each substrate are compared with desired values of 1.4 GHz and 3.1 GHz and 

percentage error is shown in Table 5.4. 

Table 5.4 % Error in simulated frequency of dual-band spiral 

monopole antenna with shorting strips (Type-II) for 

different dielectric substrates at f1 = 1.4 GHz and fL= 3.1 

GHz  

 

On all substrates, the error is very low which shows that the design equations are valid. 

The design equations are also validated by fabricating the antenna on Rogers 

Substrate 
Simulated 

Frequency (GHz) Error (%) 

f1 fL f1 fL 

Rogers 5880 ( ¡r = 2.2, h = 1.57 mm) 1.37 2.96 2.14 4.5 

Rogers RO4003 ( ¡r = 3.55, h = 0.8 mm) 1.43 3 2.14 3.2 

FR-4 Epoxy ( ¡r = 4.4, h = 1.6 mm) 1.39 3.02 0.71 2.5 

Rogers RO3006 ( ¡r = 6.15, h = 1.28 mm) 1.45 3.16 3.57 1.9 
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RT/Duroid 5880 substrate and experimental results of reflection characteristics are 

shown next. Complete characterization of this antenna is presented in Appendix-B. 

5.2.5 Reflection Characteristics of Dual-band Spiral Monopole Antenna with 
Shorting Strips (Type-II) 

Using the optimized design values the antenna is fabricated for a substrate of thickness 

1.6 mm and relative permittivity 4.4 as well as for a different substrate of thickness 

0.79 mm and relative permittivity 2.2 as shown in Fig. 5.20 (a) and Fig. 5.21 (a) 

respectively. The antennas are tested using Agilent PNA E8362B. The experimental 

results of reflection characteristics are compared with simulation results in Fig. 5.20 

(b) and 5.21 (b). 

 

Fig. 5.20 (a) Fabricated prototype (b) Simulated and measured 

reflection characteristics of dual-band spiral monopole 

antenna with shorting strips (Type-II) on FR-4 substrate of 

ϵr = 4.4 and thickness h = 1.6 mm with SL1 = 97 mm, SL2 = 

18.2 mm, Lg = 10 mm, Wg = 12 mm, Wf = 3 mm, g = 0.3 

mm, s = 0.3 mm,  gs = 1.5 mm, Ws = 2 mm, D = 21 mm, P1 

=17 mm, P2 = 18 mm and t = 2 mm 

(b) (a) 
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Fig. 5.21 (a) Fabricated prototype (b) Simulated and measured 

reflection characteristics of dual-band spiral monopole 

antenna with shorting strips (Type-II) on Rogers 

RT/Duroid 5880 substrate of ϵr = 2.2 and thickness h = 

0.79 mm with SL1 = 113.1 mm, SL2 =20.1 mm, Lg = 12.3 

mm, Wg = 15.4 mm, Wf = 6.9 mm, g = 0.48 mm, s = 0.48 

mm, gs = 1.83 mm, Ws = 2.44 mm, D = 25.9 mm, P1 = 18 

mm, P2 = 19.1 mm and t = 2.44 mm 

 

The simulated and measured values show good agreement in their variation. As is seen 

in all the antennas proposed, there is a mismatch in readings at higher frequencies. 

However, the antenna shows good impedance matching throughout the UWB band. 

Operating frequency ranges are 1.38-1.43 GHz and 3.2-11 GHz on FR-4 substrate and 

1.35-1.52 GHz and 3.1-11 GHz on Rogers RT/Duroid 5880 substrate for S11 ≤ -10 dB. 

Hence the design equations are validated and the antenna is suitable for WMTS and 

UWB applications. 

(b) (a) 
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5.2.6 Radiation Pattern of Dual-band Spiral Monopole Antenna with Shorting 
Strips (Type-II) 

The antenna structure with the optimized dimensions obtained from the parametric 

analysis is simulated in HFSS™ software and the three-dimensional radiation patterns 

are plotted in Fig. 5.22.  

 

Fig. 5.22 Simulated 3D radiation patterns of the dual-band spiral 

monopole antenna with shorting strips (Type-II) at the 

resonance frequencies (a) 1.4 GHz (b) 3.3 GHz (c) 6.5 

GHz (d) 10.6 GHz with ϵr = 4.4, h = 1.6 mm, SL1 = 97 

mm, SL2 = 18.2 mm, Lg = 10 mm, Wg = 12 mm, Wf = 3 

mm, g = 0.3 mm, s = 0.3 mm, gs = 1.5 mm, Ws = 2 mm, D 

= 21 mm, P1 = 17 mm, P2 = 18 mm and t = 2 mm 

At first resonance and lower frequency of the UWB band a doughnut pattern is 

observed. At 6.5 GHz, the pattern shape changes but is almost non-directional in the 

horizontal plane. At 10.6 GHz, the pattern becomes quite distorted due to the excitation 

of higher order modes in the monopole.  The two dimensional patterns are shown in 

Fig. 5.23.  

(a) (b) 

(c) (d) 
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Fig. 5.23 Normalized 2D radiation pattern of dual-band spiral 

monopole antenna with shorting strips (Type-II) 

measured at the resonance frequencies (a) 1.4 GHz (b) 3.3 

GHz (c) 6.5 GHz (d) 10.6 GHz with ϵr = 4.4, h = 1.6 mm, 

SL1 = 97 mm, SL2 = 18.2 mm, Lg = 10 mm, Wg = 12 mm, 

Wf = 3 mm, g = 0.3 mm, s = 0.3 mm, gs = 1.5 mm, Ws = 2 

mm, D = 21 mm, P1 = 17 mm, P2 = 18 mm and t = 2 mm 

The E-plane (X-Z) patterns have figure-8 shape at lower frequencies but get distorted 

at higher frequencies due to higher order mode excitation. It is seen that on average the 

X-Z 

(a) 

X-Y

(c) 

(b) 

(d) 

Co- polarization 

Cross-polarization 
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cross polarization levels are good over all operating bands. However, at lower 

frequencies of the UWB band, poor cross polarization is seen towards 150° in the X-Y 

plane. 

5.2.7 Gain and Efficiency of Dual Band Spiral Monopole Antenna with Shorting 
Strips (Type-II) 

The peak gain and efficiency are measured and their plots are shown in Fig. 5.24.  

 
Fig. 5.24 (a) Peak gain and (b) Efficiency of dual-band spiral 

monopole antenna with shorting strips (Type-II) with ϵr = 

4.4, h = 1.6 mm, SL1 = 97 mm, SL2 = 18.2 mm, Lg = 10 

mm, Wg = 12 mm, Wf = 3 mm, g = 0.3 mm, s = 0.3 mm, 

gs = 1.5 mm, Ws = 2 mm, D = 21 mm, P1 = 17 mm, P2 = 

18 mm and t = 2 mm 

The peak gain and efficiency plots show similar variation. At the lower resonance of 

1.4 GHz, peak gain is 8.3 dBi and efficiency is 79 %. In the UWB range, peak gain is 

6.3 dBi while a maximum of 74 % efficiency is achieved.  

5.3 TIME DOMAIN ANALYSIS OF CPW-FED SPIRAL MULTIBAND 

ANTENNAS 

In the previous sections the frequency domain parameters of CPW-fed spiral multiband 

antennas Type-I and Type-II are evaluated. Since time domain analysis is as important 

(a) (b) 
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as frequency domain analysis for UWB antennas, the following section describes the 

time domain analysis of the proposed antennas. 

5.3.1 Group Delay 

Group delay is evaluated keeping two similar antennas 15 cm apart and measured 

values for three different orientations are shown in Fig. 5.25. 

 

Fig. 5.25 Measured group delay of CPW-fed spiral multiband 

antenna (a) Type-I (b) Type-II for different orientations 

For Type-I antenna, face to side orientation shows least group delay variation while in 

Type-II antenna, side to side orientation has the least variation. The variation is high 

occasionally but the antennas are suitable for multi band orthogonal frequency division 

multiplexing (MB-OFDM) UWB systems. For all orientations, Type-I antenna shows 

higher variation than Type-II antenna. Type-II antenna is electrically smaller than 

Type-I antenna and as antenna size decreases, phase difference between the surface 

currents at different parts of the antenna is minimum. Hence lower average group delay 

is seen for Type-II antenna.  

(a) (b) 
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5.3.2 Transfer Function and Impulse Response 

The S21 characteristics of the antenna are measured at 45º intervals over the azimuth 

(X-Y) plane and using these values, the transfer functions are plotted in Fig. 5.26.  

 

Fig. 5.26 Computed transfer function of CPW-fed spiral multiband 

antenna (a) Type-I (b) Type-II for different angles in 

azimuth plane 

Φ=90⁰ 

(a) 

Φ=135⁰ 

Φ=0⁰ 

Φ=0⁰ Φ=45⁰ 

Φ=90⁰ 

(b) 

Φ=45⁰ 

Φ=135⁰ 
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A sharp decrease in values is observed at unintended frequencies between the lower 

resonance and the UWB band in both types of antennas. By taking inverse Fourier 

transform of the obtained transfer functions, impulse response is obtained and the 

corresponding plots in azimuth plane are shown in Fig. 5.27. 

 

Fig. 5.27 Computed impulse response of CPW-fed spiral    multiband 

antenna (a) Type-I (b) Type-II for different angles in 

azimuth plane 

(b) 

Φ=45⁰ Φ=0⁰ 

Φ=90⁰ Φ=135⁰ 

(a) 

Φ=0⁰ Φ=45⁰ 

Φ=90⁰ Φ=135⁰ 
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The variation in amplitude of the impulse response indicates ringing and the duration 

of the ringing is defined as the time period over which the envelope has fallen from the 

peak value to a fraction of the peak. This duration is a measure of the dispersion 

introduced by the antenna. Measured values of full width half maxima (FWHM) and 

ringing of the proposed antennas for different azimuth angles are shown in Table. 5.5. 

Table 5.5 Computed values of FWHM and ringing of CPW- fed 

spiral multiband antennas for different azimuth angles 

 

Azimuth Angle 

Type-I antenna Type-II antenna 

FWHM  
(ps) 

Ringing 
 (ps) 

FWHM  
(ps) 

Ringing  
(ps) 

Φ=0º 206 231 217 181 

Φ=45º 194 150 175 199 

Φ=90º 202 158 169 125 

Φ=135º 226 346 153 237 

 

From the measured results, Type-I design shows higher ringing and dispersion 

compared to Type-II antenna. This is expected due to the higher group delay seen in 

Fig. 5.24. 

5.3.3 Fidelity Factor 

For a UWB system, the received signal is required to match the input pulse with 

minimum distortions because the signal is the carrier of useful information. Assuming 

a fourth order Gaussian pulse is fed as input to the antenna, the normalized received 

pulses for three different orientations are shown in Fig. 5.28 for both types of antennas. 
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Fig. 5.28 Comparison of input and received pulses in CPW-fed 

spiral multiband antenna (a) Type-I (b) Type-II for 

different orientations 

For Type-I antenna, received pulse closely follows the input pulse in all orientations 

but with some ringing. In Type-II antenna the received pulse for face to side orientation 

shows good matching with input pulse while the remaining two orientations show some 

mismatch.  

The degree of correlation between the input and received pulses is evaluated using the 

fidelity factor shown in Fig. 5.29. 

 

Fig. 5.29 Fidelity factor of CPW-fed spiral multiband antenna      
(a) Type-I (b) Type-II in azimuth plane 

(a) (b) 

(b) (a) 
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Fidelity factor is above 90 % for both types of antennas over all angles which shows 

that the input and received pulses are in close agreement with each other.  

5.3.4 Radiated Power Spectral Density 

It is important that UWB systems conform to the limits imposed by the FCC. To check 

whether the proposed antennas are suitable for UWB communication, radiated power 

spectral density (PSD) is evaluated as shown in Fig. 5.30. 

Within the frequency range from 3.1 to 10.6 GHz the radiated power of both proposed 

antennas is compliant with the limit of -41.3 dBm/MHz which confirms their suitability 

for UWB applications.  

 

Fig. 5.30 Power spectral density of the radiated pulse for CPW-fed 

spiral multiband antenna (a) Type-I (b) Type-II against 

the FCC emission mask 

 

5.4 CHAPTER SUMMARY 

Two multiband antennas using a spiral monopole are proposed in this chapter. In Type-

I design the orientation of the spiral with respect to feed line is such that the outermost 

(a) (b) 
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turn of the spiral monopole is similar to the outer edge of a wideband circular monopole 

and results in UWB operation. The spiral arm acts as a ring resonator for operation in 

the GSM band. The operating frequencies of the antenna are 1.75-1.92 GHz and 3.38-

11 GHz and the antenna size is 27.6×28.3 mm2 on a substrate of relative permittivity 

4.4 and thickness 1.6 mm.  

In Type-II design, a shorting strip is introduced between the arms of the spiral in Type-

I design by which the first resonance is lowered to a band suitable for WMTS 

application. However, this degrades impedance matching in the UWB range and so a 

second shorting strip is also used to improve matching in the UWB range without 

disturbing the first resonance. The frequency of operation is lowered without increase 

in the overall dimensions of the antenna and the operating frequencies of the antenna 

are 1.38-1.43 GHz and 3.2-11 GHz suitable for operation in WMTS and UWB bands 

respectively.  

The antennas are compared in terms of lowest operating frequency, size and peak gain 

with some of the wideband and multiband spiral antennas proposed in literature and 

the features are summarized in Table. 5.6. 

In the antenna proposed by Chiu and Chuang (2009), the frequency range of operation 

is lower than the proposed antenna Type-I.  But the antenna is larger in size. A CPW-

fed Archimedean spiral antenna is proposed by Dahalan et al. (2013) in which 

frequency of operation can be switched between wideband and narrow band mode. 

Here also the antenna size is larger. In the antenna by Zhang et al. (2013), multiband 

operation is achieved and the antenna is very compact. The antenna by Wan et al. 
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(2013) is a modification of the geometry proposed by Zhang et al. (2013) and has the 

advantage of CPW-feed as in the proposed antennas. But in both antennas, operation is 

suitable for multiple narrow bands and does not cover the UWB band. Huang and Lv 

(2014), developed a wideband spiral antenna which covers almost the same frequency 

range as the proposed antenna Type-I. However, the spiral has two arms and requires 

a balun for proper impedance matching. 

Table 5.6 Comparison of proposed antennas with existing spiral 

multiband antennas 

Antenna 
No. of 

operating 
bands 

Lowest 
operating 
frequency 

Size(mm3) ϵr Peak Gain 

Chiu and 

Chuang  

(2009) 

2 1.7 GHz 52×47×1.6 4.4 2.5-3.8 dBi 

Dahalan et al. 
(2013) 

1 2 GHz 60×69×1.6 4.6 1-2.5 dBi 

Zhang et al. 
(2013) 

4 2.4 GHz 28×20×1 2.65 1.77-2.45 

dBi 

Wan et al. 
(2013) 

3 2.4 GHz 27.5×20×1 2.55 1.95-2.71 

dBi 

Huang and Lv 

(2014) 
1 1.8 GHz 38×38×0.8 2.2 3.8-6.3 dBi 

Proposed 

antenna  

Type-I 

2 1.75 GHz 27.6×28.3×1.6 4.4 1-8.36 dBi 

Proposed 

antenna  

Type-II 

2 1.38 GHz 27.6×28.3×1.6 4.4 1-8.3 dBi 

 

Good impedance matching, non-directional radiation patterns and stable gain across 

the operating bands show that the antennas are good candidates for wireless 
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communication devices. Frequency and time domain characteristics ensure their 

suitability for UWB applications. The antennas are also of smaller size than the other 

antennas proposed in the thesis.  



�



Chapter 6  

CONCLUSION AND FUTURE WORK 

A summary of all the proposed antennas and conclusions drawn from the study are 

presented. This is followed by some suggestions for future work. 

6.1 THESIS SUMMARY AND CONCLUSION 

The aim of this thesis is to develop compact CPW-fed multiband antennas 

incorporating the UWB band. A comprehensive study on the design, simulation, testing 

and characterization of the proposed antennas is presented taking into account the 

constraints of pulse based operations. Three designs of CPW-fed multiband antennas 

are presented. The first design consists of a CPW-fed circular monopole with a 

hexagonal slot. A fractal pattern is introduced in the monopole for multiband operation. 

In the second design, the hexagonal slot is modified to obtain multiband operation 

suitable for UWB applications. In the third design of antennas a CPW-fed spiral 

monopole is used to obtain multiband operation with UWB applications. Different 

techniques are used to lower the frequency of operation of the designed antennas 

without increase in overall size. The evolutions of the designed antennas are 

investigated in detail for better insight into their multiband behavior.  

From the parametric studies on antenna dimensions carried out using the simulation 

tool and surface current distributions investigated at different resonances, design 

guidelines are formulated for the various antennas. This can help the antenna designer 

to design the antenna on any substrate for the desired frequency range of operation. 

The deduced geometry can act as a precursor to the final optimized design. The 

antennas with optimized dimensions are fabricated and tested and experimental results 
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are compared with simulation values. Characterization in frequency domain is carried 

out for all the antennas in frequency domain.  For the antennas operating in UWB band, 

time domain characterization is also carried out. A comparison of the characteristics of 

all the proposed antennas is shown in Table 6.1. The proposed antennas are summarized 

as: 

CPW-fed fractal multiband antenna- In this design, a hexagonal slot is inserted in a 

circular monopole and then the structure is scaled down to create a fractal pattern. The 

antenna is suitable for GSM, IMT advanced system for 4G mobile communication 

systems and upper WLAN applications. The results are presented in Chapter 3 and have 

been reported in Publication 1. However, since the second and third resonance bands 

are already covered by the wideband circular monopole from which the design has 

evolved, a better design which extends the frequency range of operation is developed 

next. 

CPW-fed slotted multiband antennas- Three types of antennas are presented in 

Chapter 4 using slotted design approach and all the antennas operate over the UWB 

range as well as at lower frequency bands. In these antennas, the slot shape of the CPW-

fed fractal multiband antenna developed in Chapter 3 is modified to obtain dual-band 

operation which covers the entire UWB band. The Type-I antenna is suitable for GSM 

and UWB applications. In Type-II antenna, a fractal pattern is introduced. The fractal 

pattern is created by scaling down the slotted monopole structure and arranging it in 

the space created by the slot. The antenna operates over similar frequency ranges as 

Type-I antenna but has improved matching in the UWB range. In Type-III antenna a 

bent monopole is introduced in the structure. The perimeter of the bent monopole 
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increases the perimeter of the slot and this lowers the first resonance frequency. The 

bent monopole also contributes to a second resonance band which makes the antenna 

suitable for triple-band operation. The antenna is suitable for WMTS, UMTS and UWB 

applications. The results of these designs are reported in Publications 2 and 4. To make 

the antennas more compact, a spiral monopole is used and this is discussed next.  

CPW-fed spiral multiband UWB antennas- Two types of multiband antenna are 

proposed using a spiral design approach in Chapter 5. Type-I antenna consists of a 

spiral that is oriented such that it operates over the UWB band with the spiral arm 

resulting in a lower frequency band. The operating frequencies of the antenna are 

suitable for GSM and UWB applications. In Type-II antenna, a shorting strip is 

introduced between the arms of the spiral by which the first resonance is lowered to a 

frequency which makes the antenna suitable for WMTS and UWB applications. Results 

of the two antennas are reported in Publication 3. The antennas are very compact with 

respect to all the other antennas proposed in this thesis.   

On comparing time domain characteristics of the CPW-fed slotted multiband antennas 

presented in Chapter 4, it is seen that Type-II antenna has highest ringing and lowest 

fidelity. This is due to the complicated current path created by the fractal pattern. This 

suggests that simple designs are preferable for antennas intended to work in the UWB 

range. For the antennas developed using CPW-fed spiral monopole presented in 

Chapter 5, Type-II design exhibits low FWHM and ringing with high fidelity.  
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Table 6.1 Comparison of performance characteristics of the 

proposed antennas 

Proposed 
Antenna 

Size 
(mm2) 

Operating 
bands 
(GHz) 

Peak 
Gain 
(dBi) 

FWHM 
(ps) 

Ringing 
(ps) 

Fidelity 
(%) 

Min Max Min Max Min Max 

CPW-fed fractal multiband antenna 

 

34× 
51.3 

1.63-2.07 2.51 

* 3.63-4.22 2.45 

5.08-6.48 2.67 

CPW- fed slotted multiband antennas 

 

34× 
51.3 

1.68-2.06 2.82 * 

3.27-11 7.35 165 175 112 373 95 97 

 

34× 
51.3 

1.5-2 2.82 * 

3.4-11 6.5 163 171 112 450 78 97 

 

34× 
51.3 

1.35-1.48 6.9 * 

2-2.27 0.2 * 

3.14-10.8 8.17 160 176 126 420 90 97 

CPW-fed spiral multiband antennas 

 

27.6× 
28.3 

1.75-1.92 8.36 * 

3.3-11 5.85 194 226 150 346 90 98 

 

27.6× 
28.3 

1.38-1.43 8.3 * 

3.2-11 6.3 153 217 125 237 92 97 

* Not applicable for narrow resonance band 

I 

II 

III 

I 

II 
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6.2 SUGGESTIONS FOR FUTURE WORK 

The designs proposed in this thesis can be further enhanced and some suggestions for 

future work are outlined here. 

All antenna measurements presented in this thesis have been carried out in an anechoic 

chamber. However, UWB systems are used in WPANs and the antenna might be 

embedded in a laptop or other portable devices. Hence the effect of human body on 

antenna performance as well as the possibility of electromagnetic absorption by the 

human body needs to be investigated.  

Direct time domain measurements may be performed for all the proposed antennas 

using a nano-second pulse generator and a high speed digital storage oscilloscope. 

Lower bands suitable for GSM 800/900 applications can be incorporated. Also, 

biomedical sensors operating at still lower frequencies can be integrated in a similar 

manner wherein the UWB band serves as the indoor communication channel. 

Due to the low power level operation of UWB systems, a typical UWB receiver 

requires a low-noise amplifier. Antenna integration with low-noise amplifier may be 

investigated in future. 
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APPENDIX-A 

COMPACT CPW-FED UWB ANTENNA WITH DUAL 

NOTCH BANDS 

In some European and Asian countries, there exist narrowband wireless services such 

as worldwide interoperability for microwave access (WiMAX) operating from 3.3-3.7 

GHz and wireless local area network (WLAN) operating from 5.15-5.825 GHz within 

the UWB spectrum. The narrowband devices operating at these frequencies can pose 

interference to UWB devices. To address this problem, additional filters may be used 

in the UWB system to notch out the interfering bands. But this will increase the 

complexity of the UWB system. A simpler band notching technique is to insert a thin 

slot in the patch antenna with a length that is an integral multiple of λn /4 where λn is the 

guide wavelength of the notched frequency (Yu and Wang, 2009). Other reported 

techniques include using a parasitic strip or stub, an electric LC resonator and using a 

transmission line with band stop characteristic to feed the antenna (Kelly et al., 2011; 

Li et al., 2013; Mansouri et al., 2016; Sayidmarie and Najm, 2013). Recently, hybrid 

techniques have been adopted to attain two notched bands (Vyas et al., 2014; Wu and 

Guan, 2013; Li and Ye, 2011). But all these methods introduce a slot in the radiating 

patch which reduces the gain. Here, a CPW-fed UWB antenna with dual notch bands 

is presented by inserting L and U-shaped slots in the ground plane and feed line 

respectively. 

A.1 ANTENNA GEOMETRY 

The geometry of the proposed antenna is shown in Fig. A.1. The substrate used is of 

thickness h=1.6 mm, relative permittivity ϵr = 4.4 and loss tangent tan δ = 0.02. A 

semicircular disc monopole of diameter D is used as the radiating patch. The antenna 
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of size W×L is fed using a 50 Ω CPW feed of width Wf. The feed line is spaced by a 

gap g from the ground plane of width Wg and length Lg (Liang, 2005b). 

 

Fig. A.1 Geometry of the antenna with optimized dimensions  

L = 32 mm, W = 31.6 mm, D = 30 mm, Lg = 15 mm, Wg = 

14 mm, RL = 1 mm, RW = 0.5 mm, Wf = 3 mm, g = 0.3 mm, 

s = 0.3 mm, LS1 = 1.5 mm, LS2 = 11.5 mm, LSt = 0.3 mm, 

Lp = 1.5 mm, US1 = 7 mm, US2 = 2.4 mm, USt = 0.3 mm, 

USs = 0.5 mm and Up = 4 mm 

The monopole is fed with a spacing s from the ground plane. The L-shaped slot is 

inserted in the ground plane and has two arms of length LS1 and LS2 and width LSt. 

Both L-shaped slots have the same dimensions and are positioned at a distance Lp from 

the outer edge of the ground plane. The overall length of each slot is approximately a 

quarter wavelength of the notched frequency.  

The U-shaped slot inserted in the CPW feed line has two vertical arms each of length 

US1, one horizontal arm of length US2 and the slot width is USt. The slot is spaced at a 

Wf 
s RW 

RL 

LS1 

Z 

Y 
X 
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distance USs from the edge of the feed line and Up from the end of the feed line. The 

overall length of this slot is approximately a half wavelength of the notched frequency. 

A.2 PARAMETRIC ANALYSIS 

Optimized parameters for band notch performance in the WiMAX and WLAN range 

are obtained by conducting a parametric analysis on the slot dimension position. 

A.2.1 Optimization of L-slot Parameters 

First, only the L-slot is introduced in the ground plane and its effects are studied. 

Effect of length ‘LS1+LS2’ of L-slot 

The lengths of the two segments are optimized by a parametric analysis in which the 

overall length is kept constant and simulated S11 results are shown in Fig. A.2. 

 

Fig. A.2 Simulated S11 vs frequency of the antenna for different 

lengths of L-slot segments with ϵr = 4.4, h = 1.6 mm, L = 

32 mm, W = 31.6 mm, D = 30 mm, Lg = 15 mm, Wg = 14 

mm, RL = 1 mm, RW = 0.5 mm, Wf = 3 mm, g = 0.3 mm, s 

= 0.3 mm, LSt = 0.3 mm, Lp = 2 mm, US1 = 7 mm, US2 = 

2.4 mm, USt = 0.3 mm, USs = 0.5 mm and Up = 4 mm 
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The L-shaped slot is made up of two segments and the overall length of each slot is 

approximately a quarter wavelength of the WiMAX frequency. 

                 �!� + �!� ≈  §�̈                 (A.1) 

where λg is 
§7©�ª««  and ϵreff  is the effective dielectric constant. All combinations of the 

segment lengths result in a rejection of the WiMAX band. However, for LS1 = 1.5 mm 

and LS2 = 11.5 mm, maximum rejection over the required band is obtained and so this 

combination is chosen as the optimum value. 

Effect of position of L-slot, Lp  

For the chosen length of the two segments of the L-slot, the position is varied and 

simulated S11 results are shown in Fig. A.3. 

 

Fig. A.3 Simulated S11 vs frequency of the antenna for different 

positions of L-slot with ϵr = 4.4, h = 1.6 mm, L = 32 mm, 

W = 31.6 mm, D = 30 mm, Lg = 15 mm, Wg = 14 mm, RL 

= 1 mm, RW = 0.5 mm, Wf = 3 mm, g = 0.3 mm, s = 0.3 

mm, LS1 = 1.5 mm, LS2 = 11.5 mm, LSt = 0.3 mm, US1 = 

7 mm, US2 = 2.4 mm, USt = 0.3 mm, USs = 0.5 mm and Up 

= 4 mm 
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As the distance Lp of the slot from the edge of the ground plane increases, the rejection 

capability at WiMAX band is lost. This is seen in the case of Lp = 2.5 mm and is because 

for this position, the top portion of the ground plane gets separated by the slot. For Lp 

= 1.5 mm, optimum results are obtained as seen in the figure.  

A.2.2 Optimization of U-slot Parameters 

A second notched band is realized by embedding a U-shaped slot in the coplanar 

waveguide (CPW) feed line. Since the two types of slots are implemented on different 

elements of the antenna, the notched bands can be controlled independently.  

Effect of length of U-slot, US1+US2+US1 

Keeping the overall length of the slot at a fixed length corresponding to WLAN 

frequency, the segment lengths are varied and results are shown in Fig. A.4. 

 

Fig. A.4 Simulated S11 vs frequency of the antenna for different 

lengths of U-slot segments with ϵr = 4.4, h = 1.6 mm, L = 

32 mm, W = 31.6 mm, D = 30 mm, Lg = 15 mm, Wg = 14 

mm, RL = 1 mm, RW = 0.5 mm, Wf = 3 mm, g = 0.3 mm, s 

= 0.3 mm, LS1 = 1.5 mm, LS 2= 11.5 mm, LSt = 0.3 mm, 

Lp = 2 mm, USt = 0.3 mm, USs = 0.5 mm and Up = 4.5 mm 
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The U-shaped slot inserted in the CPW feed line has two vertical segments each of 

length US1 and one horizontal segment of length US2. The overall length of this slot is 

approximately a half wavelength of the notched frequency. 

             ¬­® + ¬­¯ + ¬­® ≈ °± ¯⁄                                        (A.2) 

As US2 is increased, the bandwidth of the notched band increases and impedance 

matching decreases. Due to the limited space, available in the CPW-feed line, the 

horizontal segment length US2 cannot be increased beyond 2.4 mm. For US1 = 7 mm 

and US2 = 2.4 mm, high rejection is obtained throughout the WLAN band. For all 

combinations of segment lengths, the first notched band remains unaffected. 

Effect of position of U-slot, Up 

By varying the position of the U-slot the bandwidth can be controlled as shown in Fig. 

A.5.  

 

Fig. A.5 Simulated S11 vs frequency of the antenna for different 

positions of U-slot with ϵr = 4.4, h = 1.6 mm, L = 32 mm, 

W = 31.6 mm, D = 30 mm, Lg = 15 mm, Wg = 14 mm, RL 

= 1 mm, RW = 0.5 mm, Wf = 3 mm, g = 0.3 mm, s = 0.3 

mm, LS1 = 1.5 mm, LS2 = 11.5 mm, LSt = 0.3 mm, Lp = 2 

mm, US1 = 7 mm, US2 = 2.4 mm, USt = 0.3 mm and USs = 

0.5 mm 
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While it is necessary that the antenna has very poor impedance matching in the intended 

rejection band, the bandwidth of the notched band is also an important parameter that 

needs to be controlled. As position of the U-slot is lowered, the notched band shifts to 

the lower frequency side. At Up = 4 mm, the intended WLAN band is properly notched 

out and so this dimension is chosen as the optimum value. 

A.3 SURFACE CURRENT DISTRIBUTION 

The antenna with optimized dimensions is simulated in HFSS™ and surface current 

distributions at the notched frequencies are shown in Fig. A.6. 

At the notch frequency corresponding to WiMAX band, the current is mainly 

concentrated around the L-shaped slots while at WLAN frequency the current 

distribution on the U-shaped slot is very high. 

 

Fig. A.6 Surface current distribution of the antenna at notched 

frequencies (a) 3.5 GHz (b) 5.7 GHz with ϵr = 4.4, h = 1.6 

mm, L = 32 mm, W = 31.6 mm, D = 30 mm, Lg = 15 mm, 

Wg = 14 mm, RL = 1 mm, RW = 0.5 mm, Wf = 3 mm, g = 

0.3 mm, s = 0.3 mm, LS1 = 1.5 mm, LS2 = 11.5 mm, LSt = 

0.3 mm, Lp = 1.5 mm, US1 = 7 mm, US2 = 2.4 mm, USt = 

0.3 mm, USs = 0.5 mm and Up = 4 mm 

(a) (b) 
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At both the notched frequencies, the currents on the corresponding slots flow in 

opposing directions which leads to the band rejection.  

A.4 REFLECTION CHARACTERISTICS 

The antenna prototype is printed on a substrate with relative permittivity 4.4, loss 

tangent 0.02 and thickness 1.6 mm and tested using Agilent PNA E8362B. Simulated 

and measured reflection characteristics are compared in Fig. A.7. 

The peak rejected level is -1.69 dB in the first notch band corresponding to WiMAX 

and -2.37 dB in the second notched band for WLAN. Measured results are found to be 

in good agreement with simulated results in the second notch band. The bandwidth of 

the first notch band is however slightly higher than simulated results. 

 

Fig. A.7 Simulated and measured reflection characteristics of the 

antenna with ϵr = 4.4, h = 1.6 mm, L = 32 mm, W = 31.6 

mm, D = 30 mm, Lg = 15 mm, Wg = 14 mm, RL = 1 mm, 

RW = 0.5 mm, Wf = 3 mm, g = 0.3 mm, s = 0.3 mm, LS1 = 

1.5 mm, LS2 = 11.5 mm, LSt = 0.3 mm, Lp = 1.5 mm, US1 

= 7 mm, US2 = 2.4 mm, USt = 0.3 mm, USs = 0.5 mm and 

Up = 4 mm 
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There is a mismatch in readings at higher frequencies but this can be attributed to 

soldering effects that have not been accounted for in simulation studies. 

A.5 RADIATION PATTERN 

The simulated 3D radiation patterns are shown in Fig. A.8.  

 

Fig. A.8 Simulated 3D radiation patterns of the antenna at (a) 3.1 

GHz (b) 3.5 GHz (c) 5.7 GHz (d) 6.8 GHz with ϵr = 4.4, h 

= 1.6 mm, L = 32 mm, W = 31.6 mm, D = 30 mm, Lg = 15 

mm, Wg = 14 mm, RL = 1 mm, RW = 0.5 mm, Wf = 3 mm, 

g = 0.3 mm, s = 0.3 mm, LS1 = 1.5 mm, LS2 = 11.5 mm, 

LSt = 0.3 mm, Lp = 1.5 mm, US1 = 7 mm, US2 = 2.4 mm, 

USt = 0.3 mm, USs = 0.5 mm and Up = 4 mm 

The patterns are shown at two radiated frequencies in the UWB operating range as well 

as at two notched frequencies. At the notched frequencies of 3.5 GHz and 5.7 GHz, the 

(a) (b) 

(c) (d) 



178 

radiation patterns show a significant decrease in strength of the radiated field compared 

to strength at other frequencies.  

The normalized measured radiation patterns of the antenna at various radiated 

frequencies are plotted in two principle planes and shown in Fig. A.9.  

 

Fig. A.9 Normalized measured radiation patterns of the antenna at 

(a) 3.1 GHz (b) 6.8 GHz (c) 10 GHz with ϵr = 4.4, h = 1.6 

mm, L = 32 mm, W = 31.6 mm, D = 30 mm, Lg = 15 mm, 

Wg = 14 mm, RL = 1 mm, RW = 0.5 mm, Wf = 3 mm, g = 

0.3 mm, s = 0.3 mm, LS1 = 1.5 mm, LS2 = 11.5 mm, LSt = 

0.3 mm, Lp = 1.5 mm, US1 = 7 mm, US2 = 2.4 mm, USt = 0.3 

mm, USs = 0.5 mm and Up = 4 mm 

 

X-Z X-Y 

(a) 

(b) 

(c) 

Co- polarization 

Cross-polarization 
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Measurements in each principle plane are taken for two orthogonal orientations of the 

horn antenna to obtain co-polarization and cross-polarization readings. Throughout the 

operating range, the antenna has non-directional pattern in the H (X-Y) plane.  

 

A.6 PEAK GAIN 

The measured peak gain of the antenna is shown in Fig. A.10.  

 

Fig. A.10 Measured peak gain of the antenna with ϵr = 4.4, h = 1.6 

mm, L = 32 mm, W = 31.6 mm, D = 30 mm, Lg = 15 mm, 

Wg = 14 mm, RL = 1 mm, RW = 0.5 mm, Wf = 3 mm, g = 

0.3 mm, s = 0.3 mm, LS1 = 1.5 mm, LS2 = 11.5 mm, LSt 

= 0.3 mm, Lp = 1.5 mm, US1 = 7 mm, US2 = 2.4 mm, USt 

= 0.3 mm, USs = 0.5 mm and Up = 4 mm 

Gain is low in the notch bands and decreases sharply at 3.5 GHz and 6 GHz. In the rest 

of the UWB range gain is positive with a peak gain of 6.44 dBi at 7 GHz. 

A.7 CONCLUSION 

A compact CPW-fed UWB antenna with dual notched characteristic is presented. Slots 

are inserted in the ground plane and feed line to notch out the frequency bands 
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corresponding to WiMAX and WLAN applications which can cause possible 

interference to UWB applications. The design allows independent control of the two 

notch bands with strong rejection. Since the radiating patch is left undisturbed, omni-

directional radiation pattern is obtained throughout the UWB range.  



APPENDIX-B 

FREQUENCY AND TIME DOMAIN CHARACTERIZATION 

OF CPW-FED DUAL BAND SPIRAL ANTENNA WITH UWB 

APPLICATION 

The complete characterization of the CPW-fed spiral multiband antenna (Type-II) 

presented in Chapter 5 on Rogers RT/Duroid 5880 substrate is presented here. 

B.1 ANTENNA GEOMETRY 

The geometry of the proposed antenna is shown in Fig. B. 1. The substrate used is of 

relative permittivity �r = 2.2 and thickness h = 0.79 mm. The spiral consists of two 

complete turns of metal strips of width Ws with uniform spacing gs between the turns.

 

Fig. B.1 Geometry of the antenna with optimized dimensions  

W = 38.6 mm, L = 38 mm, Lg = 12.3 mm, Wg = 15.4 mm, 

RL = 2.6 mm, RW = 1 mm, Wf = 6.9 mm, g = 0.48 mm, s = 

0.48 mm, gs = 1.83 mm, Ws = 2.44 mm, r = 13 mm, P = 

92.36 mm and t = 2.44 mm 

Y 
X 

Z 
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The 50 Ω CPW-feed line has a width, Wf and is spaced at a distance, g from the ground 

plane of length, Lg and width, Wg on both sides. The monopole is spaced at a distance 

s from the ground plane and the overall size of the antenna is 38.6×38 mm2. A small 

section of the ground plane of size RW×RL is cut away near the feed line to improve 

matching at higher frequencies. The spiral is asymmetrically oriented with respect to 

the feed line such that its outermost turn with radius r mimics the outer edge of a simple 

circular monopole (Liang, 2005a) and this results in UWB operation. The spiral 

monopole with two shorting strips between its turns results in a lower band suitable for 

WMTS application. One strip is placed at a distance, P along the length of the spiral 

monopole from feed line and it has a width, t. The position of this shorting strip 

determines the resonance frequency of the lower band. By placing a second shorting 

strip of same width at the inner end of the spiral, improved impedance matching is 

obtained in the UWB band without disturbing the first resonance. The design equations 

and parametric analysis are presented and validated in Chapter 5.  

B.2 FREQUENCY DOMAIN CHARACTERISTICS 

B.2.1 Reflection Characteristics 

A prototype of the antenna is fabricated on Rogers RT/Duroid 5880 substrate and tested 

using Agilent PNA E8362B. Measured reflection characteristics are compared with 

simulation results and shown in Fig. 5.2.7 (b).  

Simulated and measured values are in good agreement. There is a mismatch in readings 

at higher frequencies but this can be attributed to soldering effects that have not been 

accounted for in simulation studies. The antenna operating frequency ranges are 1.35-

1.52 GHz and 3.1-11 GHz for S11 ≤ -10 dB.  
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B.2.2 Radiation Pattern 

The normalized measured radiation patterns of the antenna at various radiated 

frequencies are plotted in two principle planes and shown in Fig. B. 2. 

 

Fig. B.2 Normalized measured radiation patterns of the antenna at 

(a) 1.4 GHz (b) 4 GHz (c) 7 GHz (d) 10 GHz with ϵr = 2.2, 

h = 0.79 mm, W = 38.6 mm, L = 38 mm, Lg = 12.3 mm, 

Wg = 15.4 mm, RL = 2.6 mm, RW = 1 mm, Wf = 6.9 mm, g 

= 0.48 mm, s = 0.48 mm, gs = 1.83 mm, Ws = 2.44 mm, r 

= 13 mm, P = 92.36 mm and t = 2.44 mm 

X-Z 

(a) 

(b) 

(c) 

(d) 
Co- polarization 

Cross-polarization 

X-Y 



184 

Measurements in each principle plane are taken for two orthogonal orientations of the 

horn antenna to obtain co-polarization and cross-polarization readings. At first 

resonance and lower frequencies of the UWB band, a doughnut pattern is observed in 

the X-Z plane and almost non-directional pattern in the X-Y plane. At upper end of the 

UWB band, the pattern is slightly distorted due to the excitation of higher order modes 

in the monopole. But the antenna exhibits nearly non-directional characteristics in the 

X-Y plane throughout the operating range. 

B.2.3 Peak Gain 

The peak gain measured using two-antenna method (Balanis, 2007) is shown in Fig. B. 

3.  

 

Fig. B.3 Measured peak gain of the antenna with ϵr = 2.2, h = 0.79 

mm, W = 38.6 mm, L = 38 mm, Lg = 12.3 mm, Wg = 15.4 

mm, RL = 2.6 mm, RW = 1 mm, Wf = 6.9 mm, g = 0.48 mm, 

s = 0.48 mm, gs = 1.83 mm, Ws = 2.44 mm, r = 13 mm, P 

= 92.36 mm and t = 2.44 mm 

The antenna has a peak gain of 7.5 dBi at 1.4 GHz. Within the UWB range, gain is 

steady with a peak value of 5.2 dBi. 
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B.3 TIME DOMAIN CHARACTERISTICS 

B.3.1 Group Delay 

To evaluate the group delay, two antennas with identical radiation characteristics are 

placed 15 cm apart in three different orientations: face to face, face to side and side to 

side and measured results are shown in Fig. B. 4.  

 

Fig. B.4 Measured group delay of the antenna for different 

orientations with ϵr = 2.2, h = 0.79 mm, W = 38.6 mm, L = 

38 mm, Lg = 12.3 mm, Wg = 15.4 mm, RL = 2.6 mm, RW = 

1 mm, Wf = 6.9 mm, g = 0.48 mm, s = 0.48 mm, gs = 1.83 

mm, Ws = 2.44 mm, r = 13 mm, P = 92.36 mm and t = 2.44 

mm 

Group delay variation for face to face and face to side orientations is within an 

acceptable limit of 1 ns. In side to side orientation the group delay variation 

occasionally exceeds 2 ns.  

B.3.2 FWHM and Ringing 

Frequency domain measurements are done by modeling the antennas as a linear time 

invariant (LTI) system. Measurement is performed for different spatial orientations of 
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the two antennas in azimuth plane. The impulse response of the antenna is obtained by 

taking the inverse Fourier transform of the transfer function.  

The envelope of the impulse response localizes the distribution of energy versus time 

and hence is a direct measure for the dispersion of an antenna. Measured values of 

FWHM and ringing of the proposed antenna for different azimuth angles are quite low 

as shown in Table.1. 

Table B.1 Computed FWHM and ringing of antenna impulse 

response for different azimuth angles 

Azimuth Angle FWHM 
(ps) 

Ringing 
 (ps) 

Φ=0º 202 274 

Φ=45º 190 267 

Φ=90º 166 115 

Φ=135º 220 474 

 
 
B.3.3 Fidelity Factor 

For a UWB system, the received pulse is required to match the input pulse with 

minimum distortions because the pulse carries useful information. To examine the 

time-domain characteristic of the antenna, the incident pulse spectrum is multiplied by 

the normalized antenna transfer function. Then an inverse Fourier transform is 

performed to obtain time domain response of the output waveform at the receiving 

antenna terminal. The normalized received pulses for three different orientations are 

shown in Fig. B. 5. 
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Fig. B.5 Comparison of input and received pulses of the antenna for 

different orientations 

The degree of correlation between the input and received pulses is evaluated using the 

fidelity factor and is shown in Fig. B. 6. 

Fidelity factor values are consistently above 0.9 which shows very good matching 

between input and received pulses. 

 

 

Fig. B.6 Fidelity factor of the antenna in azimuth plane 
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B.3.4 Radiated Power Spectral Density 

According to FCC regulations, UWB systems must comply with stringent emission 

limits in the frequency band of operation. Radiated power spectral density of the 

antenna is plotted in Fig. B. 7.  

 

Fig. B.7 Power spectral density of the radiated pulse for the antenna 

against the FCC emission mask 

Within the frequency range from 3.1 to 10.6 GHz the radiated power of the proposed 

antenna is compliant with both the indoor and outdoor limits imposed by the FCC 

which confirms their suitability for UWB applications. 

B.4 CONCLUSION 

A compact CPW-fed spiral antenna for dual-band applications is presented. The 

antenna is designed on Rogers RT/Duroid 5880 substrate as per equations given in 

Chapter 5. The operating bands are suitable for WMTS and UWB applications. Good 

impedance matching and stable gain across the operating bands make the antenna a 

good candidate for wireless communication devices. To check the suitability of the 



189 

antenna for pulsed communication in UWB systems, time domain characterization is 

also performed. Measured results show that the antenna has low pulse distortion with 

a fidelity factor consistently above 0.9 in the azimuth plane. The antenna radiated 

power spectral density is also within the limits specified by FCC.  

  



�
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