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ABSTRACT 

While double negative (DNG) metamaterials (MTMs) were proposed over forty 

years ago, they have been experimentally demonstrated only in the last decade. The 

adaptation of a variety of epsilon-negative (ENG), mu-negative (MNG), and double 

negative (DNG) metamaterials, as well as single ENG, MNG,and DNG MTM unit cells, 

to achieve antenna systems exhibiting enhanced performance characteristics has received 

considerable research attention. These include, for example, electrically small antennas, 

multi-functional antennas, leaky-wave antenna arrays, and higher directivity antennas. 

Inspired by these metamaterial concepts, several metamaterial-engineered antennas have 

been investigated in this dissertation to achieve additional enhanced performance 

characteristics. First, several fabricated and tested variations of the three dimensional (3D) 

magnetic EZ (easy) antenna at 300 MHz and 100 MHz were examined. The 3D magnetic 

EZ antenna is composed of an electrically small loop antenna that is coaxially-fed 

through a finite ground plane and that is integrated with an extruded capacitively loaded 

loop (CLL) element. This 3D CLL structure is designed to be a near-field resonant 

parasitic (NFRP) element. With the proper placement of the NFRP element in the very 

near field of the driven element, it was demonstrated that the overall antenna system 

achieved complete matching to the source without any external matching network, along 

with an enhancement of the overall radiation efficiency. Additionally, multi-functional 

3D magnetic EZ antennas were designed for wireless communication applications. For 

instance, by incorporating multiple NFRP elements, several dual-band versions were 
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realized. Second, by properly combining and phasing their effective magnetic dipoles, 

electrically small multi-band, circular polarized (CP), metamaterial-inspired wire 

antennas were perfected that are nearly completely matched to a 50 Ω source and have 

high radiation efficiencies. Again, they were accomplished by incorporating multiple 

NFRP elements into their designs. Finally, two tri-band-notched UWB antennas were 

developed and tested successfully. The notched filters were achieved by introducing 

printed, electrically small CLL resonators into the UWB antenna design. Each CLL 

element has a high-Q characteristic and a compact size, which made it a very suitable 

candidate for a band-stop filter function. Like the split ring resonator (SRR) element, the 

CLL element is self-resonant and has a resonance frequency that is determined primarily 

by its loop inductance and the capacitances resulting from the cuts which opened the loop. 

In contrast, the CLL element has a much simpler, more compact design. It was 

demonstrated that by placing one, two or three CLL elements near the feedline of the 

UWB antenna and by tuning their sizes, one can control the band-notched frequencies of 

the radiator, while minimizing their space requirements, to achieve single, dual, and tri-

band notched-filter UWB antennas. 
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Chapter 1.  INTRODUCTION 

The worldwide wireless communication technology thirst and demands have 

revived the usage of small antennas on different kinds of applications, such as sensors, 

RFIDs, handsets and mobile units, MIMO systems, implantable medical devices, etc.  

Architectures for future wireless communication systems are gradually coming to the 

realization that antennas play a critical role in their optimal and efficacious performance. 

In particular, the need for electrically small antennas that are efficient and have 

significant bandwidth has become a vital issue for the implementation of these wireless 

applications. It is now expected that these antennas will operate within a very limited 

available area within the devices while simultaneously maintaining the desired 

performance. However, the size reduction of the antenna leads to difficulties. Electrically 

small antenna designs are expected to have small radiation resistances and large 

reactances; and, hence, they are extremely difficult to impedance match to the source at 

the desired frequency. Moreover, there are fundamental limitations on the frequency 

bandwidth available from a given antenna size. Nonetheless, new types of artificial 

materials, known as metamaterials, which have engineered electromagnetic properties 

that can produce desired but unusual electromagnetic behaviors, have been incorporated 

into a variety of applications.  With the new properties provided by metamaterials, the 

antenna design space is more flexible, which enables possibilities to achieve the desired, 

but normally conflicting, performance characteristics.   
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1.1. Metamaterials (MTMs) 

Artificial electric and magnetic materials, often called metamaterials, are artificial 

electromagnetic media whose physical properties are engineered by assembling 

microscopic and nanoscopic structures in unusual combinations. These materials usually 

gain their properties from structure rather than composition, using the inclusion of small 

inhomogeneities to enact effective macroscopic behavior. There are several categories of 

metamaterials, which are classified by their fundamental properties, i.e., by the signs of 

their permittivity (є) and permeability (µ). The classifications are shown in Figure 1-1.   

The double positive (DPS) metamaterials have both є > 0 and μ > 0. The epsilon-negative 

(ENG) metamaterial have є < 0 and μ > 0. The mu-negative (MNG) metamaterial have 

є > 0 and μ < 0. The double negative (DNG) metamaterials have both є < 0 and μ < 0.  

Examples of well-known metamaterial applications include artificial magnetic conductors 

(AMCs), lenses, cloaking, and  metamaterial-based antennas [1-3] 
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Figure 1-1. Classification of metamaterials based on the signs of their effective 

permittivity and permeability. 

 

1.2. Metamaterial Antennas 

Metamaterials are generally volumetric structures and behave like a medium 

when they are interacting with EM waves. Typical examples are shown in Figure 1-2 [4-

6].  The DNG versions are built with a combined (infinite) wire and split ring resonator 

(SRR) unit cell; they have been shown to exhibit a negative index of refraction. The SRR 

unit cell flexible MNG version has been used to achieve an artificial magnetic conductor 

(AMC) surface. Since their radiating elements will act differently when a metamaterial is 

present, this dissertation considered the interesting paradigm of introducing them into 
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antenna designs to see whether or not metamaterials can help achieve desired 

performance characteristics.  Specifically, we focused on the interactions between the 

electrically small antennas and metamaterials and the resulting efficiency, bandwidth and 

directivity enhancements.  

 

     

                                 (a)                                                           (b) 

   

(c) 

Figure 1-2. Common metamaterial structures (a) Left-handed metamaterial construct 

employs periodic lattices of metallic rods and split-ring resonators [4], (b) Left-handed 

metamaterial flat lens consisting of an array of SRR unit cells [5], (c) Conductive silver 

ink split rings for metamaterial experiments on polymer flexible substrate [6]. 
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1.2.1. Common Antenna Terminologies 

Since this dissertation investigated the performance characteristics of a variety of 

electrically small antennas (ESAs), it is necessary to review for the reader some basic 

ESA terminologies related to our studies. This brief review will help the reader better 

understand the presentation, as well as the design decisions that were made. 

 What is meant by an ESA? As discussed in [7-9], consider the smallest sphere 

that surrounds the antenna system.  If its radius is a and the antenna is driven by a source 

whose frequency is fo and, hence, whose free-space wavelength is λ0 = c / fo, c being the 

speed of light, then the antenna is electrically small if ka = 2π (a / λ0) ≤ 1, i.e., if the 

antenna system fits within a radiansphere.  If a ground plane is present, then only half of 

the radiansphere is involved and the criterion becomes ka = 2π (a / λ0) ≤ 0.5.  In this 

dissertation, ka ≤ 0.5 is selected for the electrically small criterion since those designs 

involve a ground plane.  For example, in this dissertation, when an antenna operates at 

300 MHz in the presence of a ground plane, the radius of the antenna system must be 

approximately smaller than or equal to 80mm in order for it to be treated as an ESA. 

There are several important quantities that are involved in the description of the 

power efficiency of an antenna system. From the IEEE standard definition of terms [10], 

the accepted power (AP) is the power delivered to the antenna terminals from the source.  

It contains information about any mismatch between the source, the feedline and the 

antenna. Let Pinput be the input power of the source and Zo be the characteristic impedance 

of both the source and feed line, i.e., assume that the feedline is matched to the source.  
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Let Zinput be the input impedance of the antenna. The reflection coefficient at the antenna 

is Γ = (Zinput - Zo)/ (Zinput + Zo) and the AP at the antenna terminals is then  

 2AP  (1 | | ) .inputP    (1.1) 

The radiation efficiency (RE) is the ratio of the total radiated power, Prad, to the AP, i.e., 

 RE .radP

AP
  (1.2) 

We also introduce another term that takes into account all of the possible losses in a given 

antenna system, i.e., the overall efficiency (OE).  The overall efficiency of the antenna 

system is the ratio of the total power radiated to the input power, i.e.,  

 OE .rad

input

P

P
  (1.3) 

For a 1 W source, it describes what portion of that watt is radiated into the far field of the 

antenna system.  

For any antenna, it has a quality factor, Q, that is defined as the ratio: ω = 2πf0 

times the energy stored in the smallest enclosing sphere divided by the average power 

loss.  The Q value has a well-known ideal lower bound, called the Chu limit [7], which 

will be denoted as Qchu and is given by the expression 

 
 

3

1 1
  .chuQ

ka ka
   (1.4) 

Taking into account the radiation efficiency of the antenna, the realizable lower bound 

will be denoted Qlb; it is defined by the product of the radiation efficiency RE and Qchu 

[11]: 
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 (1. 5) 

The ratio between Q and the lower bound Qlb will be denoted as Qratio, i.e., 

 .ratio

lb

Q
Q

Q
  (1.6) 

Because it takes into account the RE value and the minimum enclosing sphere properties, 

the Qratio value is an effective term with which to make comparisons between the quality 

factors of different antenna designs. The Q value is an intrinsic property of an antenna. 

The frequency bandwidth of an antenna is related to its Q value in several ways.  

The bandwidth of an antenna, as it will be discussed in this dissertation, is a 

particular choice of the impedance bandwidth, i.e., a quantity which is defined by the 

frequency range over which the magnitude of the reflection coefficient |S11| is lower than 

a prescribed value. When it is defined by the −10 dB values, the bandwidth will be 

labeled as BW10dB and will be called the 10dB bandwidth. When it is defined by the       

−3 dB values, the bandwidth will be labeled as BW3dB and is called the 3dB bandwidth. 

The 3dB bandwidth is also called the VSWR half-power bandwidth. The VSWR half-

power fractional bandwidth is defined by 

 3

0

.dB
VSWR

BW
FBW

f
  (1.7) 

The Q factor and this fractional bandwidth are related as [11] 

 
3

2 2

VSWR dB

Q
FBW FBW

   (1.8) 
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 The directivity of an antenna is a measure of its ability to radiate its power into a 

particular direction [12]. The average power density at the observation point  , ,r    of a 

time harmonic electromagnetic field, denoted by the electric and magnetic field vectors, 

E  and H , is given by Poynting’s vector: 

 

      
1

, , Re , , , ,
2

aveS r E r H r           (1.9) 

 

The total radiated power of an antenna is defined by the flux of the Poynting’s vector 

through a sphere in its far-field: 

 

     2

Sphere of radius 
ˆlim , , , sinrad R R ave RP S R n R d d           (1.10) 

where  ˆ ,Rn    is the normal to the sphere of radius R  in the direction  ,  . The 

directivity of an antenna is then defined by the ratio of the power radiated into the 

direction  ,   to the power radiated in that direction by an equivalent isotropic radiator, 

i.e., 

  
   

2

ˆ, , ,
,

/ 4

ave R

rad

S R n
D

P R

   
 




  (1.11) 

The gain of an antenna in the direction  ,   is the product of its radiation efficiency and 

its directivity  ,D   : 

    , ,G RE D      (1.12) 

The realized gain of an antenna then takes into account the mis-match losses, i.e.,  

 

        
2

11, , 1 ,realizedG OE D S RE D            (1.13) 

The gain and realized gain of an antenna are usually quoted in terms of their maximum 

values, i.e, if 
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 (1.14) 

the gain denotes Gmax and the realized gain denotes Grealized,max.   



23 

 

 

1.2.2. Metamaterial Shell-based Antennas 

The idea of using a resonant metamaterial object in the near field of an electrically 

small radiator to significantly enhance its performance was introduced in [13-15]. The 

theoretical models began with enclosing a radiating dipole with double negative or single 

negative, spherical metamaterial shells. For instance, nearly complete matching to a 50 Ω 

source was achieved for a coax-fed dipole (loop) antenna within an ENG (MNG) or DNG 

shell without any external matching circuit and high radiation efficiencies were realized 

giving overall (realized) efficiencies near 100%. One of the original designs is shown in 

Figure 1-3. The bandwidth was commensurate with the electrical size of the antenna. It 

was also demonstrated [16] that with an active ENG shell, the bandwidth could be 

increased considerably beyond the well-known Chu [7] and Thal [17] limits. 
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Figure 1-3. Original metamaterial-based, efficient electrically small antenna consisting of 

a center-fed dipole antenna surrounded by an ENG shell. 

 

It was then realized that the ENG shell is an electrically small resonator, i.e., its 

core is an electrically small region excited by the electric field of the driven dipole and, 

hence, it acts as a capacitive element. Similarly, its shell is also excited by that electric 

field and has a capacitive response but is filled with a negative permittivity and, hence, 

acts as an inductive element. The combination of the lossy capacitive and inductive 

elements yields a lossy (RLC) resonator. The driven element, the electrically small dipole 

antenna, has a large negative reactance, i.e., it too is a capacitive element. Because the 

lossy resonator is in the extreme near-field of the driven element, the fields involved and 

the subsequent responses are large. It was found that the reactance of this near-field 

resonant parasitic (NFRP) element, the ENG shell, can be conjugate matched to the 
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dipole reactance by adjusting their sizes and material properties to achieve an antenna 

resonance at 

1

2
res

eff eff

f
L C


                                                   (1.15) 

where Leff and Ceff are, respectively, the effective inductance and capacitance of the 

system, in order to have the total reactance equal to zero. It is noted that if the derivative 

of the reactance is positive (negative) at the frequency at which the total input reactance 

is zero, the antenna is said to have a resonance (anti-resonance). For the combination of a 

NFRP element and a driven electric (magnetic) ESA, i.e., one that is capacitive 

(inductive) at low frequencies, the system has a resonance (anti-resonance) at the first 

frequency for which a zero of the total reactance occurs. The opposite occurs for the next 

occurrence; this pairing repeats as the frequency increases. Moreover, by tuning the 

effective capacitances and inductances of both the driven and NFRP elements, the entire 

antenna can also be nearly completely matched to the source, i.e., the NFRP element also 

acts as an impedance transformer. By arranging the NFRP element so that the currents on 

it dominate the radiation process, a high radiation efficiency and, consequently, a very 

high overall efficiency can be realized. This basic physics of the NFRP element-based 

electrically small antenna is depicted in Figure 1-4. 
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Figure 1-4. The basic physics governing the behavior of an electrically small, near-field 

resonant parasitic (NFRP) antenna [18]. 

 

1.2.3. Metamaterial-inspired Antennas 

Inspired by the metamaterial shell-based antennas, it was found [19] that a NFRP 

element constructed from a single MTM unit cell is sufficient to achieve the desired 

matching and high radiation efficiency properties. The resulting radiating systems were 

termed metamaterial-inspired antennas rather than metamaterial-based antennas because 

only a single MTM unit cell was used and not a bulk medium. One does not need a large 

resonator around the entire radiating element, but rather only a single unit cell – an 

electrically small resonator – in the near field of the driven radiator to achieve nearly 

complete matching to the source without any matching circuit and nearly 100% overall 
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efficiency. The initial designs made use of the analytical results that matched the type of 

driven element with the appropriate type of MTM. Both electric and magnetic coupling 

mechanisms between the driven and NFRP elements have now been explored. These 

metamaterial-inspired NFRP elements have led to a variety of interesting electrically 

small antenna systems. Several of these metamaterial-inspired NFRP designs have been 

fabricated and tested [20-22]. All of these designs are proved to have high radiation 

efficiencies without any external matching network. 

1.3. Dissertation Outline 

In this dissertation, several antennas, which incorporate NFRP elements to 

achieve the desired functionalities, were investigated. In particular, three-dimensional 

(3D) metamaterial-inspired magnetic EZ antennas were designed based on the integration 

of an electrically small half-loop driven element with a 3D capacitively-loaded loop 

(CLL) NFRP element, which could act as the unit cell of an MNG media.  Single band 

3D EZ antennas were developed and experimentally verified at VHF and UHF frequency 

bands. By introducing two 3D CLL NFRP elements, several dual-band 3D magnetic EZ 

antennas were developed. These design principles were then extended to electrically-

small wire antennas and NFRP elements. Single and multiband, linear and circular 

polarization NFRP wire antenna designs were established. The ability of the CLL 

elements to act as electrically small resonators were then exploited for ultrawide band 

(UWB) antenna applications. In particular, it was demonstrated that these electrically 

small CLL NFRP elements could be used as filters to avoid electromagnetic interference 
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(EMI) problems within the UWB bands. Single, dual, and tri-band notched filter UWB 

antennas were designed and experimentally verified. 

The dissertation is divided into five chapters. This first chapter has introduced a 

brief description about MTMs and their history and has highlighted past research on the 

metamaterial-inspired engineering of antenna systems and the related specific 

accomplishments of this dissertation. In the following chapter, Chapter 2, several 

variations of 300 MHz and 100 MHz versions of the electrically small coax-fed three-

dimensional (3D) magnetic EZ antenna will be described. Both of these UHF and VHF 

NFRP antennas were designed and experimentally verified. Their final versions were low 

profile, i.e., their heights were 0/25, and had electrical sizes that were, respectively, ka ~ 

0.437 at 300.96 MHz and ka ~ 0.46 at 105.2 MHz.  Nearly complete matching to a 50 Ω 

source and high overall efficiencies (higher than 95 %) were achieved. The numerically 

predicted and the measured results are shown to be in good agreement. Comparisons of 

the same driven element connected to the source with an appropriate external matching 

network confirm the performance enhancement achieved with this metamaterial-inspired, 

NFRP antenna over a conventionally matched loop antenna of a similar size. Several 

dual-band 3D magnetic EZ antenna designs and their simulated performance 

characteristics will then be presented. The proposed dual-band antennas are formed by 

integrating multiple CLL NFRP elements with a coaxially-fed electrically-small semi-

circular loop antenna. It will be shown that they can be designed for a broad range of 

frequencies by tuning the NFRP elements separately. The design details, radiation 
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efficiencies and fractional bandwidths of these antenna systems for their different dual-

band frequency ranges are reported.  

In Chapter 3, several electrically small wire antenna systems that utilize the 

magnetic couplings between a coaxially-fed semi-loop wire antenna and wire-based CLL 

NFRP elements are presented. Both one and two gap CLL elements will be reported. The 

impact of the gap configurations on the system performance, particularly their effects of 

the resonance frequencies and the corresponding Q values, will be evaluated. It will be 

demonstrated how multiple NFRP CLL wire elements can be integrated with the 

coaxially-fed semi-circular loop wire antenna to achieve electrically small multi-band 

systems. It will be demonstrated that they can be designed for a broad range of 

frequencies by tuning the NFRP elements separately. Dual band designs are reported that 

achieve operation at the GPS L1 (1.5754 GHz) and L2 (1.2276 GHz) frequencies. Their 

operational modes and performance characteristics will be discussed. These lead to 

additional electrically small antenna designs, which feature only one driven loop antenna 

and two NFRP CLL elements and which achieve circularly polarized (CP) operation. A 

CP antenna whose electrical size is ka = 0.495 at the GPS L1 frequency is presented in 

detail. It will be shown that it has, respectively, a simulated bandwidth of 7.8 MHz and a 

beamwidth, for which the axial ratio (AR) is less than 3 dB, of 76°.   

Two compact, printed, ultra-wideband (UWB) monopole antennas with tri-band 

notched characteristics are introduced in Chapter 4.  The notched filters are achieved by 

introducing printed, electrically small, CLL NFRP elements into the UWB system. It will 

be shown that the directly driven elements consist of printed top-loaded CLL-based 
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monopoles and 50 Ω microstrip feed lines. It will be demonstrated that by adding three 

CLL elements close to the feed line, band-notch properties in the WiMAX (3.3-3.6GHz), 

lower WLAN (5.15-5.35GHz) and higher WLAN (5.725-5.825GHz) are achieved. It will 

be reported that each antenna system is contained on a 27 × 34 mm
2
 sheet of Rogers 

Duroid
TM

 5880 substrate. One is designed with three additional CLL elements; the other 

is achieved with only two. It will be shown with comparisons between the simulation and 

measurement results that these UWB antennas have broadband matched impedance 

values, the predicted notched filters, and stable radiation patterns for all of the radiating 

frequencies.   

Chapter 5 summarizes the research findings established in this dissertation and 

provides recommendations for future research directions. 
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Chapter 2. DESIGN AND EXPERIMENTAL VERIFICATION OF 3D 

MAGNETIC EZ ANTENNAS  

An efficient, electrically-small antenna design methodology has been presented 

previously in [15,19,23-24]. The main innovation of those designs was the introduction 

of an electrically small metamaterial-inspired parasitic element in the very near field of 

the electrically small radiator. “Inspired” refers to the fact that the parasitic element could 

be used as the unit cell inclusion in a conventional metamaterial. The metamaterial-

inspired parasitic structure facilitates the antenna system being resonant (reactive 

matching) and resistively matched to the source (50 Ω), without any external matching 

network. If a is the radius of the smallest enclosing sphere and k = 2π / λ0 , where λ0 is 

the free-space wavelength corresponding to the resonance frequency f0 = c / λ0 , it was 

demonstrated experimentally [19] that the overall efficiency of a 2D electric EZ antenna 

with  fres = 1.37 GHz and  ka ~ 0.49 was ~ 94 %, with a 4.1 % fractional bandwidth. The 

S-parameters were also measured for two 2D magnetic EZ antennas in the 430 MHz 

range. However, no 3D cases were fabricated and tested.  

2.1. Three-dimensional Realization at 300 MHz 

As reported in [25], it was desirable to move the 3D magnetic EZ antennas to 

lower frequencies for several applications. In this section, we report the design, 

fabrication and testing of several versions of the 3D magnetic EZ antenna at 300 MHz. 
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These types of metamaterial-inspired antennas help overcome the loss issues associated 

with an actual metamaterial-based antenna design [26]. 

2.1.1. Initial Designs and Measurements 

The near-field resonant parasitic element of the 3D magnetic EZ antennas is an 

extruded capacitively-loaded loop (CLL). It is driven by a semi-loop antenna coaxially-

fed through a ground plane. As shown in [19,23], the resonance frequency of these EZ 

antennas is given by the expression 

1

2
res

eff eff

f
L C

 ,                                                       (2.1)                                                                     

where Leff and Ceff are the effective inductance and capacitance of the system. 

Consequently, one can adjust fres simply by changing either of these effective values. For 

instance, the effective capacitance of the CLL element can be tuned by changing the 

dimensions of its capacitive gap or the permittivity in this gap region. All of the designs 

reported here used a quartz slab in the gap region. Quartz was selected because it is a 

very low loss dielectric at the frequencies of interest and has єr = 3.78. This higher-than-

vacuum relative permittivity value lowered fres for a given CLL element size and, hence, 

allowed us to consider parasitic elements that were smaller than in previous vacuum-

based designs to achieve the same effective capacitance. 

A 3D magnetic EZ antenna was designed for operation at approximately           

300 MHz using ANSOFT’s High Frequency Structure Simulator, HFSS™, (mention of 

this product is not an endorsement, but only serves to clarify the software used). The 
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baseline design size had right-angled corners and its size: length × width × height, was  

80 mm × 80 mm × 40 mm. To fabricate it, a coaxial, panel mount connector was attached 

to the back of a circular copper plate that was ultimately inserted into a larger ground 

plane so that the dielectric was flush with the front surface. Then, a copper wire was bent 

to form the loop; and the ends were soldered into the connector and a corresponding hole 

drilled into the insert. The bent sections of the antenna were formed by cutting copper 

sheets to the correct dimensions and then bending them to form the corners; they were 

mechanically stabilized by cutting slots through the ground plane insert and sliding the 

vertical sections into those holes. Subsequently, these sections were laser welded into 

place from the back of the insert. When the CLL pieces are laser welded to the circular 

plate, the resulting bending can change the gap size. Placing the quartz slab into the 

connective gap of the CLL element helps maintain this critical dimension, i.e., the quartz 

slab also provides structural (mechanical) stability. The quartz was attached with a low 

loss adhesive.  

The S-parameters and power efficiency of the fabricated antennas were measured 

in the reverberation chambers at the National Institute of Standards and Technology 

(NIST) in Boulder. Reverberation chambers (RCs) have become increasingly popular as 

an alternative test facility for a wide variety of electromagnetic measurements [28, 29]. 

While pattern measurements are unavailable, RCs are nonetheless ideal environments for 

measuring the total radiated power and efficiency of an antenna [28-31]. Furthermore, the 

RC approach to measure the radiation efficiency of an antenna has been demonstrated to 

be a reliable alternative to the traditional Wheeler Cap and anechoic chamber methods 
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[29-31]. All radiated power measurements reported here were made relative to a 

reference antenna, an ETS-LINDGREN model 3106 dual-ridged waveguide horn that is 

about 94 % efficient in its 200 MHz – 2 GHz frequency band. The reverberation chamber 

was 2.8 × 3.1 × 4.6 m
3
 in size for the antenna characterization. This NIST chamber used 

two rotating paddles in order to reduce the uncertainties in the measurements to 1.0 dB or 

less [32]. 

The fabricated EZ antenna in its large ground plane configuration is shown in 

Figure 2-1. Note that, as fabricated, the antenna has a small (120.6 mm diameter copper 

plate) ground plane. It is then inserted into a larger (18 in ×18 in = 457.2 mm × 457.2 

mm) copper ground plane (or not), as shown in Figure 2-1, for measurement. To verify 

the efficacy of using the quartz slab as a tuning element, the antenna was measured in 

three configurations: no slab, half of the slab, and full slab. The measured relative total 

radiated power results for these configurations are shown in Figure 2-2. Three basic 

results can be inferred from these initial measurements. The resonance frequency of the 

EZ antenna was tunable by the amount of quartz in the capacitive gap of its CLL element. 

The total radiated power was enhanced near the resonance frequency of the CLL element. 

The resonance frequencies were far from the predicted value of 300 MHz. 

Careful examination of the fabricated parasitic led us to analyze further the design 

through a series of parametric studies with HFSS. It was found that the rounded corners, 

particularly in the capacitive gap, have a very significant impact on the resonance 

frequency, i.e., they have a dramatic effect on the capacitance produced by the dielectric-
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filled gap. This rounding of the corners occurs during the bending of the copper. The 

antenna was thus redesigned to account for the rounded corners. 

 

Figure 2-1. Fabricated 3D magnetic EZ antenna integrated into its large ground plane. 

The CLL capacitive gap is partially filled with quartz slabs. 
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Figure 2-2. Measured total radiated power relative to the reference horn for three 

different amounts of quartz in the capacitive gap of the CLL element. 

 

2.1.2. Final Design and Measurements 

The final design (in cross sectional view) and its dimensions are shown in Figure 

2-3.  The length, width and height of the CLL element remained, respectively, at 80 mm, 

80 mm, and 40 mm. This is a low profile design, i.e., its height is only λres / 25. The 

fabricated final design is shown in Figure 2-4. All predicted values agree reasonably well 

with the measured values. The predicted resonance frequency was fres = 300.77 MHz 

giving ka = 0.437; i.e., a ~ λres / 15. The antenna is electrically small at the design 

frequency. The HFSS-predicted value of the overall efficiency (total radiated power to 

total input power) was 99 %. The predicted fractional bandwidth (FBW), based on the 
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half-power VSWR bandwidth, was 1.83 %. This means the Q value was 7.43 times the 

Chu limit [5] and 2.48 times the (magnetic-based antenna) Thal limit [17].  

 

Figure 2-3. Final design of the rounded corner, 3D magnetic EZ antenna. 

 

Figure 2-4. The fabricated 3D magnetic EZ antenna with its small ground plane. As 

constructed, the extruded CLL element has all rounded corners. 
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Figure 2-5. Comparison of the measured relative total radiated power of the 3D magnetic 

EZ antenna and the bare loop antenna. 

 

The measured relative total radiated power of the EZ antenna as a function of the 

frequency, when it was placed on the wall and in the center of the reverberation chamber, 

is given in Figure 2-5. In the former antenna-under-test (AUT) configuration, the 

measured fres = 309.8 MHz, where S11 = –22.40 dB, and FBW = 1.29 %. In the latter, the 

measured fres = 297.75 MHz, where S11 = –30.73 dB, and FBW = 1.36 %. The slight 

differences in the observed resonance frequencies are due to the different AUT 

measurement setups. The center-of-the-chamber AUT configuration measurements were 

also performed with several other cable layouts to confirm that the cable was not 

contributing to the measured total radiated power. These included loading the cable with 

a variety of ferrite beads at numerous different cable locations. The chamber wall 
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measurements eliminated this issue since the cable was located in its exterior. Both AUT 

configurations yielded similar results; they both demonstrated that the EZ antenna is 

radiating more efficiently than the reference horn. The observed fractional bandwidth was 

smaller than predicted; the FBW values were obtained from the average of many 

measurement samples. A separate stand-alone vector-network analyzer (VNA) 

measurement gave FBW = 1.77 %, in much better agreement with the HFSS-predicted 

value. 

Results for the bare semi-loop antenna placed in the center-of-the-chamber AUT 

configuration are also given in Figure 2-5.  The HFSS-predicted input impedance of the 

bare 15.0 mm radius semi-loop antenna at 300.77 MHz was 0.03 + j44.38 Ω. This 

corresponds to a –28.7 dB value for the accepted power for the 50 Ω feedline. The 

measured relative total radiated power of the bare semi-loop is approximately –30 dB. 

Consequently, agreement between all of the simulation and experimental results was 

obtained. This particular comparison was performed to confirm that, as predicted, the 

metamaterial-inspired near-field resonant parasitic acts as an internal matching network, 

which produces nearly complete matching to the source, and enhances the total radiated 

power by acting as a transducer, which changes the reactive field of the driven element 

into a propagating field. 

We also tested the bare semi-loop with two different kinds of external matching 

network devices. They were an MFJ-902H Travel Tuner and an MFJ-922 VHF/UHF 

dual-band antenna tuner. It was expected that these comparison cases would further 

confirm that the near-field resonant parasitic provided more than just an internal 
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matching network. In both instances, measured S11 values below –30 dB were obtained 

between 300 MHz and 310 MHz. A comparison of the relative total radiated power 

measured as a function of the frequency for the EZ antenna and the corresponding bare 

semi-loop in the center-of-the-chamber AUT configuration is shown in Figure 2-6. The 

peaks of the MFJ-902H and the MFJ-922 total radiated power results were –20.61 dB at 

304.55 MHz and –22.9148 dB at 309.95 MHz, respectively. Thus, the matched semi-loop 

values were more than 20 dB smaller than the EZ antenna results. Again, these 

measurements were confirmed with several alternate ferrite bead-loaded cable 

configurations. Additional simulations were conducted with several coax-based stub 

tuner external matching networks, and similar very low total radiated powers were 

obtained. They indicated that the bare semi-loop is so electrically small that the resistive 

loss in the copper is significantly larger than the radiation loss. However, because the 

losses could have been caused simply by the component losses in the MFJ tuners, we 

proceeded to retest these results using a single stub tuner of our own design. These 

measurements provided additional comparisons between the various EZ antenna 

configurations and a well-matched semi-loop antenna. They were taken in the new 2.95 × 

3.63 × 4.27 m
3
 reverberation chamber at NIST, Boulder.  

We thus designed, fabricated and tested a single stub tuner that matched the 15.0 

mm semi-loop antenna to the assumed 50 Ω source. The stub of the tuner was offset from 

the antenna terminals by 388.41 mm and the coaxial stub itself had a length equal to 

260.37 mm. Taking into account the copper losses in the antenna and the coax lines, the 

HFSS-predicted values were: radiation efficiency RE = 1.9 % (–17.21 dB) with S11 =       
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Figure 2-6. Comparison of the measured relative total radiated power of the 3D magnetic 

EZ antenna, the bare loop antenna, and two external matching network augmented semi-

loop antennas. 

 

–33.3 dB at 299.715 MHz and, thus, a –17.48 dB relative total radiated power value. 

While the radius of the semi-loop gives ka = 0.094 at that frequency, including the 

matching network for a fair size comparison then yields ka = 1.51, 3.46 times larger than 

the EZ antenna value. The physically tested tuner had a stub length that was 220 mm; it 

was inserted into the feedline about 420 mm from the end of the coax. This design was 

obtained by experimentally testing the S11 values and adjusting the cable length until 

matching was obtained. The S11 value was measured to be approximately –47 dB at     

320 MHz. The overall system was not electrically small at that frequency, i.e., including 

the stub tuner, ka ~ 1.63, making it about 3.74 times larger than the EZ antenna.  
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A comparison of the total radiated power measured as a function of the frequency 

in the center-of-the-chamber AUT configuration for the EZ antenna with the large ground 

plane, the EZ antenna with the small ground plane, and the corresponding HFSS 

simulation results are shown in Figure 2-7. Also included are the corresponding results 

for the bare semi-loop antenna and for the stub-tuner matched semi-loop antenna. The 

resonance of the small (large) ground plane version of the EZ antenna occurred at fres = 

300.96 MHz (311.78 MHz) with ka = 0.437 (0.453) and FBW = 1.66 % (2.83 %). The 

stub-tuner results were consistent with the MFJ tuner results. We believe that the extra 

stub length and the multiple pieces of coax needed to create the stub caused the relative 

total radiated power value to be lower than the HFSS-predicted values. Consequently, the 

EZ antenna was measured to be about 30 dB more efficient than the matched semi-loop 

antenna and is slightly more efficient than the reference horn antenna at the design 

frequency. These experimental results again confirm that the near-field resonant parasitic 

of the EZ antenna leads to both nearly complete matching to the source and to an 

improved radiation efficiency. 

Further comparisons were made numerically by redesigning the HFSS model to 

be a rectangular semi-loop wire antenna having the same dimensions as the cross section 

of the extruded CLL element, i.e., 40 mm × 80 mm, and a 2.0 mm wire diameter. The 

HFSS-predicted input impedance of this much larger semi-loop antenna was Zin = 2.65 + 

j360.06 Ω at 300.77 MHz. The coax stub-tuner designed to match this antenna to the 

assumed 50 Ω source was offset from the antenna terminals by 281.29 mm and had a 

length equal to 239.37 mm. The HFSS-predicted values for the resulting single-stub 
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tuned semi-loop antenna were: RE = 9.68 % (–10.14 dB) with S11 = –31.8 dB at      

300.94 MHz, giving –10.41 dB as the relative total radiated power value. Accounting for 

the additional losses encountered in the other tuner comparison cases (either the general 

purpose commercial box or the fabricated design), this value would be even lower in 

practice. Thus, even if the physical size of the semi-loop antenna were comparable to the 

parasitic, the EZ antenna would still have more than a ten-times larger relative total 

radiated power value even though it is 2.89 times smaller electrically, i.e., while the 

minimum enclosing radius of the rectangular semi-loop alone gives ka = 0.357, including 

the associated matching network then yields ka = 1.26.  

 

Figure 2-7. Comparison of the predicted and measured (new NIST reverberation chamber) 

relative total radiated power of the EZ antenna with the small ground plane and with the 

large ground plane, the bare semi-loop antenna, and the stub-tuner matched semi-loop 

antenna. 
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2.2. Three-dimensional Realization at 100 MHz 

Several fabricated and tested variations of a 300 MHz version of the three 

dimensional (3D) magnetic EZ antenna [20] were reported in previous section.  The 

measured results for the 3D magnetic EZ antenna demonstrated that for an electrical size, 

ka ~ 0.43, at 300.96 MHz, nearly complete matching to the 50 Ω source, and a high 

overall efficiency, i.e., the ratio of the total radiated power to the total input power, was 

achieved ( > 94% ).  There has been considerable interest in using metamaterial 

constructs to decrease the size of an antenna system (see, for example, [33]-[36]). 

Antenna miniaturization could have a particularly significant impact on many low 

frequency applications. Consequently, it was desirable to redesign the magnetic EZ 

antennas for operation at yet lower frequencies. In this section, we report the design, 

fabrication and testing of a 3D magnetic EZ antenna at 100 MHz and provide the design 

for an even lower frequency, 20 MHz.   

2.2.1. Design 

The proposed VHF 3D magnetic EZ antenna is shown in Figure 2-8. It is a low 

profile design, i.e., at its design frequency, 100 MHz, the height 118 mm = λ / 25.4. Real 

copper values were used in those simulations, i.e., the conductivity σ = 5.8×10
7
 

Siemens/m. While the actual antenna with its small ground plane, as fabricated by Boeing 

Research and Technology in Seattle, is shown in Figure 2-8, the ground plane size for the 

simulations was fixed by the HFSS requirement that the radiation box walls be a quarter-

wavelength (for the lowest frequency considered) away from the radiating elements. 
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Again, a quartz slab was inserted into the capacitive gap region of the parasitic CLL 

element. Other low-loss dielectrics could be used as the gap spacer to achieve different 

resonance frequencies. The resonance frequency can also be changed further by adjusting 

the stub height or the gap length for a fixed slab permittivity in order to tune the effective 

capacitance.  

  

 

     (a)                                                             (b) 

 

(c) 

Figure 2-8. Detailed design specifications of the 3D magnetic EZ antenna. (a) XZ plane, 

(b) XY plane.  All dimensions are in mm: W = 116.25, G = 4.5, H1 = 118.0, H2 = 11.0, 

R1 = 1.0, R2 = 1.016, T = 1.016, rwire = 1.0, rantenna = 54.0, and D = 250.0, (c) The 

fabricated 3D magnetic EZ antenna. 
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2.2.2. Measurements 

A comparison of the measured and HFSS-predicted values of |S11| for the antenna 

shown in Figure 2-8 is given in Figure 2-9 (a). The predicted resonance frequency was fres 

= 100.2 MHz, while the measured value was fres = 105.2 MHz, where |S11| = –18.8 dB. 

The slight upshift in the resonance frequency is due to the smaller ground plane size of 

the measured antenna (as required by the HFSS program, the simulation space boundaries 

were a quarter-wavelength away from the antenna in all directions at the lowest 

frequency of interest). The measured radiation efficiency values as a function of the 

frequency are shown in Figure 2-9 (b). The measured results presented in Figure 2-9 were 

obtained in the reverberation chamber at NIST, Boulder. The NIST chamber again used 

two rotating paddles in order to reduce the uncertainties in the measurements to 1.0 dB or 

less. Similar measurements for another electrically small antenna are discussed in [20]. A 

log-periodic dipole array antenna was used as the reference antenna. The total radiated 

power of the 3D magnetic EZ antenna was measured relative to that reference antenna. 

The radiation efficiency values of the 3D magnetic EZ antenna shown in Figure 2-9 (b) 

were then generated by taking into account the accepted power values for each antenna, 

i.e., the power delivered to the antenna terminals was determined from the corresponding 

S-parameter measurements. The measured radiation efficiency was approximately 95% at 

fres = 105.2 MHz. At that resonance frequency one has ka = 0.46; the measured fractional 

bandwidth (based on the half-power VSWR bandwidth) was 1.52 % and the 

corresponding Qratio was Qratio = Q / Qlb = 11.06, where, as explained in Sec. 1.2.1, the 
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lower bound on Q, Qlb, equals the radiation efficiency times the Chu lower bound [5], 

[11]. The measured results are in good agreement with the HFSS simulation values. The 

gain patterns are shown in Figure 2-10(a); the maximum gain value was 5.94 dB. 

Because the gain patterns are symmetric, it is immediately inferred that the surface 

currents induced on the electrically small cylindrical CLL element by the flux of the 

driven semi-loop antenna are uniform and symmetric. This behavior is verified with the 

HFSS-predicted vector surface current distributions shown in Figure 2-10(b). This 

current distribution also demonstrates that this electrically small antenna system is 

radiating as a magnetic dipole over a finite ground plane. 

One can scale the 3D magnetic EZ antenna design to other frequencies simply by 

changing the effective capacitance and inductance values.  The simplest way to change 

the resonant frequencies without altering the physical dimensions is by varying the Ceff  

values. In particular, the effective capacitance of the CLL element can be varied simply 

by changing the spacer in the capacitive gap. To illustrate this potential control of the 

resonance frequency, we replace the quartz spacer with a K-100 dielectric material which 

has high dielectric constant value (real part of the relative permittivity, εr =100) and low 

dielectric loss tangent (9 × 10
-4

) [38]. One would then expect the resonant frequency to be 

around 20 MHz since the ratio of the relative permittivity between the quartz and K-100 

is about 26.4. The HFSS-predicted |S11| values and gain patterns for this antenna are 

given in Figure 2-11. The resonance frequency was 22.86 MHz where the minimum |S11| 

= –32.8 dB. The predicted overall efficiency and fractional bandwidth were, respectively, 

11 % and 0.25 %. The reason why the overall efficiency drops to the lower value is 
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because we did not change the physical size of the antenna and only replaced the quartz 

with the K-100 material. The electrical size is now much smaller, i.e., ka = 0.1 at 22.86 

MHz. To illustrate this size dependence of the radiation efficiency, the HFSS-predicted 

radiation efficiencies versus ka values are presented in Figure 2-11 (b). For ka values at 

and slightly below 0.4, the radiation efficiency remains in excess of 90%. However, it 

diminishes quickly and goes below 10 % when the ka value decreases below 0.1. This 

behavior was expected because we know that the radiation resistance of a small loop 

antenna with 0.5kr    is proportional to  
4

kr  [39], where rℓ is the radius of the loop. 

Consequently, if one would like to have a high radiation efficiency EZ antenna, the 

simplest way is to increase the ka value in order to obtain the desired radiation efficiency.  

Note that one can obtain straightforwardly an electrically small antenna working even in 

the high frequency (HF) band or even at lower frequencies that has a high radiation 

efficiency by utilizing this design concept. 
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(a) 

 

Figure 2-9. 3D magnetic EZ antenna: (a) Measured and simulated values of |S11|,          

(b) measured radiation efficiency. 
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(a) 

 

(b) 

Figure 2-10. 3D magnetic EZ antenna with the quartz spacer at 100.2 MHz: (a) Simulated 

gain patterns (in dB) in the yz-and xz-planes, (b) simulated vector current distribution. 



51 

 

 
(a) 

 
(b) 

Figure 2-11. 3D magnetic EZ antenna with the K-100 spacer: (a) HFSS-predicted |S11| 

values and gain patterns at 22.86 MHz, (b) radiation efficiency versus ka values. 
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2.3. Dual-band 3D Magnetic EZ Antenna 

Recently, technical developments have changed the requirements for emergency 

and military communication designs, especially the expectations for their antennas. An 

efficient ESA system operating at multi-frequency bands would be an attractive design 

for many of these new applications. This section introduces a dual-band, efficient, 

magnetic-based, 3D metamaterial-inspired antenna. These dual-band designs require the 

use of two extruded 3D CLL elements. Two versions are introduced: split and nested 

CLL elements in the near field of the driven element. It is demonstrated that these 

antenna systems are naturally matched to a 50 Ω source in addition to having high 

radiation efficiencies at the desired operational frequencies. 

2.3.1. Split CLL Elements Versions  

The proposed configurations of the dual-band 3D magnetic EZ antennas are 

shown in Figure 2-12. These antenna systems produce the desired dual-band operation by 

combining two CLL elements: CLL element 1 and CLL element 2, with an electrically-

small semi-circular loop antenna that is coaxially-fed through a finite PEC ground plane. 

The CLL element 1, the first matched radiating element, is excited directly by the semi-

loop antenna. It thus directly captures the magnetic flux generated by the semi-circular 

loop antenna; it is designed to provide the necessary capacitance to achieve the first and 

lower of the two resonance frequencies. In the split design, the CLL element 2 is located 

in very close proximity to CLL element 1. It is coupled strongly to CLL element 1 by the 

magnetic flux produced by it; it is also driven by a weaker coupling to the driven semi-
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loop antenna. The manner in which these dual-band 3D magnetic-based EZ antennas 

operate is not only closely related to the single-band version, but it also now depends on 

the mutual coupling between the two CLL elements. In the split design, the gaps of the 

CLL elements are filled purposely with a dielectric material, quartz.  

Tables 1 and 2 give the values of the design variables for the split (Design 1) and 

nested (Designs 2 and 3) dual-band EZ antenna designs indicated in Figure 2-12 and 

Figure 2-19. Real copper was used in all of the simulations, with conductivity σ = 

5.8×10
7
 Siemens/m. The copper thickness for all designs was 1.016 mm, a value selected 

corresponding to the fabricated EZ antennas reported in [20]. The split configuration was 

designed to achieve a low-frequency dual-band system for the low-earth-orbit (LEO) 

satellite communication bands: uplink with: 148~150.5 MHz, and downlink: with 

137~138 MHz. Note that these frequencies are separated by only 11 MHz.  
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(a) 

 

(b) 

Figure 2-12. The dual-band 3D magnetic EZ antenna geometries (a) split CLL elements 

version, (b) nested CLL elements version. 
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Table 2-1. The dimension parameters for the wire loop 

 Loop antenna radius (mm) Metal wire diameter (mm) 

Design 1 27.0 4.0 

Design 2 5.75 0.5 

Design 3 6.3 1.0 

 

Table 2-2. The dimension parameters for the CLL elements 

 CLL element 1 

 Length 1 

(mm) 

Height 1 

(mm) 

Depth 1 

(mm) 

Stub height 1 

(mm) 

Gap 1 

(mm) 

With quartz CLL separation 

/Offset (mm) 

Design 1 113 106 90 5.35 1.40 Yes 117.5 

Design 2 31 28.5 25 8.0 1.17 Yes 7.0 

Design 3 31 27.5 25 8.0 1.12 Yes  

 

 CLL element 2 

 Length 2 

(mm) 

Height 2 

(mm) 

Depth 2 

(mm) 

Stub height 2 

(mm) 

Gap 2 

(mm) 

With quartz 

Design 1 113 106 40 9.70 1.80 Yes 

Design 2 22 17 10 4.175 1.05 No 

Design 3 22 13 10 4.175 1.07 No 

 

  Table 2-3. Summary of the proposed antenna radiation characteristics  

 fresonant (MHz) ka FBWVSWR (%) Radiation efficiency (%) 

Design 1 137.475 0.498 1.273 96.4 

 149.150  0.2 71.5 

Design 2 429.8 0.32 0.62 85.3 

 1.5756  0.29 78.8 

Design 3 430.87 0.313 0.56 83.8 

 1575.1  1.69 97.5 
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The HFSS (v11.1.3) simulated |S11| results of Design 1 with the dimensions given 

in Table 2-1 and Table 2-2 are shown in Figure 2-13. Table 2-3 summarizes the HFSS 

predicted radiation characteristics of Design 1 for the dual operating bands. In Figure 

2-13, the HFSS predicted resonant frequencies are fres,1 = 137.475 MHz and fres,2 =  

149.15 MHz, while the minimum |S11| values achieved were all below -35 dB at those 

resonance frequencies. Also provided in Figure 2-13 are the HFSS predicted |S11| values 

of the EZ antennas formed by the driven semi-loop and the CLL elements 1 and 2 

separately. With CLL element 1 only, there is a smaller effective capacitance. 

Consequently, the antenna shows a resonant frequency approximately at 139.115 MHz, 

which is slightly higher than the desired LEO downlink frequency.  On the other hand, 

with only CLL element 2, the resonant behavior is not even present because it does not 

capture enough of the magnetic flux produced by the electrically-small semi-circular loop 

antenna to have a significant effect. However, with both CLL elements 1 and 2 being 

present, CLL element 2 is close enough to CLL element 1 to capture the magnetic flux it 

produces; and, hence,  CLL element 2 can then generate the additional resonance.  

The HFSS-predicted vector current distributions on the radiating elements are 

given in Figure 2-14. When the currents on CLL elements 1 and 2 are in-phase, they act 

as two capacitors in parallel and thus produce a larger overall effective capacitance. 

Consequently, the in-phase current distributions create the lower resonance frequency. 

On the other hand, when the currents on the CLL elements 1 and 2 are out-of-phase, they 

act as two capacitors in series and, thus, they produce a smaller overall effective 

capacitance. Therefore, the corresponding resonance frequency is the higher one. 
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The radiation efficiencies for the two resonant frequencies of Design 1,     

137.475 MHz and 149.15 MHz, are 96.4 % and 71.5 %, respectively. The reason why the 

higher resonant frequency has a lower radiation efficiency is due to the currents being in 

opposition in these two CLL elements, i.e., they are out-of-phase. Thus, the overall 

transformation of the currents to radiation is reduced in Design 1 at the higher resonance 

frequency. Additionally, since the out-of-phase currents create a much longer current 

path than that for the in-phase currents and since the conductor loss is considered in the 

simulation, the radiation efficiency would be expected to be lower for the higher 

resonance frequency, i.e., the copper losses are stronger relative to the radiation losses. 

The HFSS-predicted complex input impedance behavior for Design 1 is shown in Figure 

2-15; it exhibits the expected anti-resonant behavior of an electrically-small semi-loop 

antenna, i.e., a magnetic dipole, which is the same behavior exhibited by the single 

resonant EZ antennas shown in [19,20,23]. The HFSS-predicted gain patterns for Design 

1 are shown in Figure 2-16. In Figure 2-16 (b), the H-plane gain pattern is slightly 

asymmetric at the high frequency point because the structure is asymmetric in that 

direction with most of the current flow being in the offset CLL element 2.  This pattern 

yet again demonstrates, as shown in [19,20,23], that the EZ antenna is acting like a 

horizontal magnetic dipole over a ground plane. 
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Figure 2-13. HFSS predicted |S11| values for Design 1. 
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(a) 

 

(b) 

Figure 2-14. Magnitude of the surface current vectors for Design 1 (a)out-of-phase 

current (137.475 MHz), (b) in-phase current (149.15 MHz ). 
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Figure 2-15. Complex input impedance values for Design 1. 

 

 
                          (a)                                                                  (b) 

Figure 2-16. E- and H-plane patterns for Design 1 (a) 137.475 MHz, (b) 149.15 MHz. 
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Table 2-3 shows the fractional bandwidth for both resonance frequencies of 

Design 1, i.e., as explained in Section 1.2.1, the values of FBWVSWR = (f+3dB - f-3dB) / fres, 

where f±3dB are the frequencies for which the |S11| values have increased to -3 dB on either 

side of the resonance frequency. The fractional bandwidth at the higher resonance 

frequency is much smaller than that for the lower resonance frequency. Since the out-of-

phase currents reduce the total radiated power, the stored energy will be larger in this 

case than for the in-phase current case associated with the lower resonance frequency. 

Consequently, the fractional bandwidth for the higher resonance frequency will be 

smaller than its value at the lower resonance frequency. 

2.3.2. Nested CLL Elements Version 

Design 2 is another version of the dual-band magnetic EZ antenna. As shown in 

Figure 2-12 (b), it is formed by the electrically-small coaxially-fed semi-circular loop 

antenna and the nested CLL elements. In the nested design, the CLL element 2 is located 

within the confines of CLL element 1. It is strongly coupled to the driven semi-loop 

antenna, as well as to CLL element 1. The nested configuration was designed to operate 

at 430 MHz (satellite communication band) and 1575.5 MHz (GPS L1 band).  These 

frequencies are separated by 1145.5 MHz, a much larger amount. 

The corresponding HFSS-predicted |S11| values and radiation characteristics are, 

respectively, shown in Figure 2-17 and given in Table 2-3. The HFSS-predicted resonant 

frequencies were fres,1 = 429.8 MHz (SATCOM) and fres,2 = 1575.6 MHz (GPS L1), while 

the corresponding minimum |S11| values were all below -25 dB. As expected, we found 
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that the radiation efficiencies are 85.3 % and 78.7 %, respectively. In particular, as given 

in Table 2-3, the ka value for the nested CLL element Design 2 is smaller. As discussed 

previously in [19], smaller ka values lead to smaller radiation efficiencies once ka is 

below about 0.4. For example, the radiation efficiency drops to 56 % when ka is equal to 

0.216.  Moreover, as shown in Figure 2-18, the out-of-phase current still exists at the 

higher resonance frequency, while it also remains in-phase for the lower one. 

Consequently, the radiation efficiency and fractional bandwidth for Design 2 still remain 

lower than the values associated with the lower resonance frequency. 

 

Figure 2-17. HFSS predicted |S11| values for Designs 2 and 3. 
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Figure 2-18. Magnitude of the surface current vectors for Design 2 at 1575.6 MHz. 

 

Because an out-of-phase current distribution causes a low radiation efficiency, 

high Q and small bandwidth, we developed the nested orthogonal CLL element 

configuration, Design 3, shown in Figure 2-19. It provides a way to decrease the impact 

of the out-of-phase current flow. In fact, it causes the currents on CLL elements 1 and 2 

to flow orthogonal to each other. The semi-loop antenna is first rotated relative to its 

original position orthogonal to the capacitor gap so that its flux is captured by each CLL 

element. The optimized rotation angle of the antenna design, Φa= 31°, provides the 

necessary impedance matching when the two CLL elements are oriented orthogonal to 

each other. The HFSS-predicted S11 values for Design 3 are also shown in Figure 2-17. 

The minimum |S11| values achieved were all below -20 dB at the predicted resonance 

frequencies: fres,1 = 430.96 MHz and fres,2 = 1575.4 MHz. The corresponding radiation 
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efficiencies were 83.8 % and 97.5 %, respectively. The current distribution on CLL 

element 1 for the lower SATCOM resonance frequency remained the same as shown in 

Figure 2-14, while it was negligible on CLL element 2. Because the current on CLL 

element was not in-phase with that of CLL element 1, a slightly lower radiation 

efficiency was produced. On the other hand, the current distribution for the L1 GPS 

resonance frequency is shown in Figure 2-20. The strong current flow is now almost 

entirely on CLL element 2. The magnetic flux through CLL element 2 comes from the -x 

to the +x axis and is directly driven by the semi-loop. However, there is some current 

flow in the two arms of CLL element 1 along the y axis as expected from the equivalent 

current ˆ
sJ n H   , where ˆ ˆn x  and the magnetic field H   now rotates around the y-

axis in the zx-plane. This additional in-phase current flow results in the larger radiation 

efficiency at this higher resonance frequency.   
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(a) 

 

(b) 

Figure 2-19. The detailed geometry and specifications of the dual-band 3D magnetic-

based EZ antenna with nested orthogonal CLL elements and rotated semi-loop antenna. 

(a) 3D view, (b) xy-plane view. 
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Figure 2-20. Magnitude of the surface current vectors for Design 3 at 1575.4 MHz. 

 

2.4. Summary 

We have demonstrated that the metamaterial-inspired electrically small 3D 

magnetic EZ antenna, which consists of a directly driven semi-loop antenna, coaxially 

fed through a finite ground plane with a resonant near-field parasitic element (an 

extruded capacitively-loaded loop), performs as predicted at 300 MHz and 100 MHz.  

Several versions of the antenna were designed and fabricated; the designs had to take into 

account the actual fabrication nuances to achieve good agreement between the simulated 
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and measured results. Nearly complete matching with no external matching circuit for a 

ka = 0.437 sized EZ antenna was demonstrated at 300.96 MHz with a fractional 

bandwidth of 1.66 %. Measurement of its total radiated power in the reverberation 

chamber demonstrated a greater than 95 % overall efficiency at that resonance frequency. 

Direct comparisons with a comparable semi-loop antenna with several different external 

matching networks were also obtained. The EZ antennas were more than 20 dB more 

efficient than any of the externally matched semi-loop antennas. Another EZ antenna 

(height ~ λ/25) had an electrical size that was ka ~ 0.46 at 105.2 MHz.  Nearly complete 

matching to the 50 Ω source and a high overall efficiency (nearly 95 %) were achieved. 

The numerically predicted and the measured results were in good agreement.   

Additionally, several electrically small, dual-band 3D magnetic EZ antennas were 

introduced in which two distinct CLL elements are driven by an electrically-small semi-

circular loop antenna coaxially-fed through a finite ground plane. The performance of 

these antenna designs were characterized numerically. It was demonstrated that the 

resonance frequencies of these antenna systems can be designed for a broad range of 

values by tuning separately the two near field resonant parasitic CLL elements. The 

radiation efficiencies and fractional bandwidths of the antenna systems were shown to 

depend critically on the correlation of the current flow on both of the parasitic elements. 

The impact of the designs on these correlations and, hence, the performance 

characteristics of the antenna systems was presented. We note that the radiation 

efficiency can also be increased by allowing a larger ka value. For instance, the radiation 
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efficiency for the higher resonant frequency point of Design 1 can be increased from 

71.5 % to 90.7 % simply by increasing the ka value from 0.498 to 0.58. 
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Chapter 3. MULTI-FUNCTIONAL, MAGNETICALLY-COUPLED, 

ELECTRICALLY SMALL, NEAR-FIELD RESONANT PARASITIC 

WIRE ANTENNA DESIGNS 

Several varieties of electrically small resonant antennas composed of SRRs or 

CLLs and monopoles have been reported [40]-[47]. The main difference between the 

SRR and CLL elements is that the SRRs consist of a pair of concentric split annular rings 

and the CLLs consist of only one split ring. The pairing in an SRR produces additional 

capacitance to lower its resonance frequency; the gap region of the CLL can have an 

augmented design to enhance its capacitance. Thus, one can view the CLL as a 

simplification of the SRR. A CLL-based metamaterial block was designed to act as a 

volumetric artificial magnetic conductor (AMC) [40] and then was used as the enabling 

technology for low-profile antennas [40], [41]. Several other CLL or SRR configurations 

have been considered to improve various performance characteristics of antennas. For 

instance, the metasolenoid [48], [49] was investigated to improve the impedance 

bandwidth of PIFA and patch antennas. Miniaturization and bandwidth improvements of 

patch antennas with various MNG unit cells have been considered [50]-[52]. Dual-

frequency and other multi-functionalities have been investigated with split-rings and 

complementary split-rings [53], [54]. Higher directivity with a split-ring-based mu-near 

zero substrate has been considered [55]. 

The 3D magnetic-based EZ antenna introduced in [23] is composed of the 

electrically small loop antenna integrated with an extruded CLL element. As discussed in 
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Chapter 2, this 3D CLL structure is designed to be a near-field resonant parasitic (NFRP) 

element and measured results for the 3D magnetic EZ antenna at UHF [20] and VHF [22] 

frequencies have demonstrated that it provides nearly complete matching to the 50 Ω 

source and a high overall efficiency (OE), i.e., the ratio of the total radiated power to the 

total input power. These results demonstrate that CLL-based elements can work over a 

very wide range of frequencies. While negative permeability can not be ascribed to the 

CLL element itself because it is essentially the inclusion for one unit cell and not an 

entire periodic structure, resonant CLL structures still provide a tuning capability to 

match an electrically small antenna to the source and act as a parasitic to aid in the 

radiation process to achieve high radiation efficiencies. Because these CLL-based 

antennas are engineered by controlling the strong magnetic flux generated by the small 

driven loop antenna and turning it into the currents flowing on the CLL element, we term 

this excitation process a magnetic-coupling.   

Circularly polarization is another exciting issue for electrically small antenna 

applications. Loop antennas such as circular, square, triangular, rectangular, and rhombic 

loops are usually used as linearly polarized (LP) antennas [33].  There is [56] a useful 

way to distinguish two different types of circularly polarized (CP) electrically small 

antennas. The first one, Type 1, uses a superposition of two orthogonal electric dipoles or 

equivalently two orthogonal magnetic dipoles driven in phase quadrature. For instance, 

crossed dipoles, crossed slots, turnstile antennas, and square (or circular) microstrip 

patches with feeds that excite two orthogonal modes are Type 1 CP antennas. The other 

one, Type 2, utilizes a superposition of two collinear electric and magnetic dipoles. 
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Examples of Type 2 CP antennas include dipole/loop antennas, monopole/slot antennas, 

Alford loop/monopole antennas, short helix antennas, and the spherical helix antenna 

[11]. An electrically small CP antenna based on NFRP CLL elements has not been 

demonstrated previously. 

In this chapter, a directly driven semi-loop antenna, coaxially fed through a finite 

ground plane, is integrated with several different types of near-field resonant parasitic 

(NFRP) CLL elements to achieve electrically small single-band and dual-band, LP and 

CP systems. Several types of magnetically-coupled CLL-based antennas are introduced 

in 3.1. Performance comparisons of these structures are given. The proposed dual-band 

designs, which work at the GPS L1 and L2 frequencies, will be introduced in Section 3.2. 

The crucial dual-band design factor that we will exploit to achieve the CP antenna 

designs will be discussed. The electrically small, magnetically-coupled, CP CLL-based 

NFRP antenna will be discussed in Section 3.3. Section 3.4 will summarize our results. 

We note that all of the antenna designs were numerically simulated using ANSOFT 

HFSS version 11.1.3. Real copper was used in all of the simulations, the conductivity 

being set to σ = 5.8×10
7
 S/m. Additionally, the ground plane size is fixed in all of the 

designs by the HFSS requirement that the radiation box walls be a quarter-wavelength 

(for the lowest frequency considered) away from the radiating elements. We note that all 

of the measured results for the EZ antennas [20], [22] have demonstrated good agreement 

with these simulation models, even when much smaller ground planes were realized.  
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3.1. Antenna Designs Using Magnetic Coupling Methodologies 

3.1.1. Modified 3D Magnetic EZ Case 

As discussed in Chapter 2, it has been demonstrated [20] that the metamaterial-

inspired, electrically small 3D magnetic EZ antenna, which consists of a directly driven 

semi-loop antenna, coaxially fed through a finite ground plane, integrated with a NFRP 

element (the rectangular extruded CLL element), performs as predicted. A ka = 0.43 

sized version was demonstrated to have approximately a 95% overall efficiency at 300.96 

MHz with a fractional bandwidth (based on the half-power VSWR bandwidth) of 1.66 % 

and a corresponding Qratio= Q/Qlb = 7.43. The rule of thumb on how to achieve the lowest 

Q, however, is that an antenna should occupy as efficiently as possible the volume of the 

minimum enclosing sphere [7], [57]. In fact, it has been demonstrated mathematically [58] 

that the minimum Q is obtained with an antenna that occupies a spherical volume rather 

than a dipole-like or planar structure. To verify this idea, we have redesigned the original 

3D EZ antenna with a cylindrical CLL element instead of the original rectangular one. 

The proposed modified 3D magnetic EZ antenna is shown in Figure 3-1. Real copper was 

used in all of the simulations, with the conductivity σ = 5.8×10
7
 Siemens/m. For the 

antenna shown in Figure 3-1, the resonance frequency can also be changed by adjusting 

the stub height or the gap length for a fixed slab permittivity in order to tune the effective 

capacitance. 

The HFSS-predicted values of |S11| and the gain patterns for the antenna shown in 

Figure 3-1 are given, respectively, in Figure 3-2 and Figure 3-3. The resonance frequency 

was 299.91 MHz with the minimum |S11| = –47.6 dB. The overall efficiency was 
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predicted to be 99.5 %. The predicted fractional bandwidth was 2.76 %. This means the 

Qratio = 4.87 was decreased 34.5% from its value in the rectangular case. As anticipated, 

filling the enclosing sphere more efficiently reduced the Q value. The maximum gain 

value is 5.78 dB. From the symmetric gain patterns it is immediately inferred that the 

surface currents induced on the electrically small cylindrical CLL element by the flux of 

the driven semi-loop antenna are uniform and symmetric. This behavior is verified with 

the current distributions also shown in Figure 3-2. 

Since we know the basic approach to reach lower Qratio values is to fill the 

enclosing sphere more efficiently, the spherical EZ antenna, shown in Figure 3-4, was 

considered as a comparison with the modified EZ antenna (cylindrical EZ antenna). The 

ka = 0.43 case is provided and its corresponding dimensions are shown in Figure 3-4. The 

HFSS-predicted values of |S11| of the antenna shown in Figure 3-4 are given in Figure 3-5. 

The resonance frequency was 300.2 MHz with the minimum |S11| = –44.1 dB. The overall 

efficiency was predicted to be 98.7 %. The predicted fractional bandwidth was 3.65 %. 

This means the Qratio = 3.69 was decreased 50.3% from its value in the rectangular EZ 

case and 24.2 % from its value in the cylindrical EZ case, respectively. As anticipated, 

the Q value of an antenna, which is contained within a specified minimum enclosing 

radius sphere, can be improved if the antenna efficiently utilizes, with its geometrical 

configuration, the available volume within the sphere.  
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(a) 

 

(b) 

Figure 3-1. The modified 3D magnetic EZ antenna geometry and detailed specifications. 

(a) 3D view, (b) 2D cross-sectional view. All dimensions are in mm: R1 = 21.0, Rinner = 

54.684, Router = 55.7, R1_wire radius = 2.0, Thickness=1.016, Gap=1.01, Stub 

Height=1.427, and Depth = 80.0. 
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Figure 3-2. HFSS-predicted values of the magnitude of S11 and the surface current 

vectors at the resonant frequency, 299.91 MHz. 

 

Figure 3-3. Gain patterns in the xz- and yz-planes for the modified 3D magnetic EZ 

antenna shown in Figure 3-1. 
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(b) 

Figure 3-4. The spherical magnetic EZ antenna geometry and detailed specifications.    

(a) 3D view, (b) 2D cross-sectional view. All dimensions are in mm: R1 = 28.0, R1_wire 

radius = 2.0, Thickness= 1, Gap= 7, Stub Height= 15.1, and the radius of the sphere is 

68.43. 
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Figure 3-5. HFSS-predicted values of the magnitude of S11 at the resonant frequency, 

300.2 MHz, for the antenna shown in Figure 3-4. 

 

3.1.2. One Gap Case 

Since an additional simplification of the design for the modified 3D magnetic EZ 

antenna was desired, we replaced the extruded cylindrical CLL element with a split thick 

wire. The proposed magnetically-coupled antenna with a one-gap CLL NFRP element is 

shown in Figure 3-6. The quartz-filled cylindrical gap was rotated from the middle to the 

end of the wire-based CLL element to potentially simplify the fabrication process. The 

electrically small semi-circular loop antenna generates a magnetic flux in the x direction, 

normal to the plane of the CLL element. This time-varying magnetic flux in turn induces 

currents on the CLL element and produces large electric fields across the gap. These 
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strong electric fields generate the effective capacitance of the CLL element. The total 

effective inductance is the sum of the inductance due to the current path in the CLL 

element and the inductance of the electrically small semi-circular loop antenna. Thus, the 

CLL element can be matched to the reactance part of the electrically-small semi-loop 

circular antenna. Because the simulated surface current is not symmetrical along the 

entire CLL element shown in Figure 3-7 (a) (the magnitude of the surface current is 

proportional to the marker size), the system produces the correspondingly asymmetric 

gain pattern shown in Figure 3-7 (b). The maximum gain is 3.49 dB at  = 90° and  = 

26°. The corresponding HFSS-predicted |S11| and input impedance values are shown in 

Figure 3-8. The input impedance exhibits an anti-resonance behavior  (∂f X(f1) < 0) at 

the first critical point (X(f1) = 0) of this magnetic-based antenna. However, the real part of 

the input impedance is much larger than 50 Ω 

the antenna is not impedance matched to the source there. This is in contrast to previous 

3D magnetic EZ antennas which were operated at their first anti-resonance [19]. On the 

other hand, the one-gap magnetically-coupled CLL-based NFRP antenna is nearly 

completely matched to the source at its second critical frequency (X(f2) = 0), at which it 

has a resonance (∂f X(f2) > 0). The HFSS-predicted frequency for this second resonance 

was fres = 299.864 MHz. Consequently, the antenna is electrically small at this resonance 

since there its electrical size was ka = 0.43. The HFSS-predicted minimum |S11| value at 

the resonance frequency was –27.1 dB, and the corresponding overall efficiency was 

97.8 %. The predicted fractional bandwidth was 2.77 %. This means the Qratio = 4.59. We 

note that because the anti-resonance and resonance frequencies are very close to each 
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other, we could have elected to tune the antenna to be matched to the source at the first, 

anti-resonance frequency. However, we have found that the bandwidth at an anti-

resonance frequency is always less than that obtained at a resonance frequency. 

 

 

Figure 3-6. Wire-based antenna which consists of a one-gap CLL NFRP element that is 

magnetically-coupled to the coaxially-fed semi-loop antenna. All dimensions are in mm: 

R1 = 36.0, R2 = 66.4, R1_wire_radius = 3.5, R2_wire_radius = 2.0, and gap = 1.15. 
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(a) 

 

(b) 

Figure 3-7. HFSS-predicted values at the resonance frequency, 299.864 MHz, for the 

one-gap, magnetically-coupled CLL-based NFRP wire antenna shown in Figure 3-6.     

(a) Magnitude of the surface current vectors on the wire elements, (b) gain patterns (dB) 

in the xz-and yz-planes. 
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(a) 

 
(b) 

Figure 3-8. HFSS-predicted values for the one-gap, magnetically-coupled CLL-based 

NFRP wire antenna shown in Figure 3-6. (a) Complex input impedance, (b) magnitude of 

S11. 
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3.1.3. Two Gap Case 

An electrically small antenna system in which the CLL element has two gaps, but 

remains magnetically-coupled to the driven semi-circular loop, is illustrated in Figure 3-9. 

The two gaps are introduced symmetrically at the both ends of the CLL element and are 

again filled purposely with quartz. Again, the electrically small semi-circular loop 

antenna generates a strong time-varying magnetic flux that induces a current on the CLL 

element and produces correspondingly large electric fields across the gaps. The current 

on the CLL element enhances the radiation process; the electric fields across the gaps 

generate the capacitance that allows impedance matching to the source.  

The HFSS-predicted |S11| values are shown in Figure 3-10 for the two-gap, 

magnetically-coupled CLL-based NFRP wire antenna whose dimensions are given in 

Figure 3-9. It has a similar impedance behavior to that of the one gap case. It could be 

matched either at the first anti-resonance or resonance frequencies. However, we again 

opt for the larger bandwidth behavior and match at the resonance frequency, fres = 

300.4219 MHz, where the electrical size of the entire system is ka = 0.43. The HFSS-

predicted minimum |S11| value at the resonance frequency was –32.9 dB. The 

corresponding overall efficiency was 96 %; the fractional bandwidth was 1.88 %, giving 

Qratio = 7.74. The HFSS-predicted symmetric gain patterns due to the symmetric structure 

are shown in Figure 3-11. Additionally, these patterns clearly demonstrate that this ESA 

system is radiating as a magnetic dipole over a finite ground plane. We further note that, 

as shown in Figure 3-11(a), the currents in the ground plane are very localized in the 

neighborhoods of the wire connections to the ground plane. 
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Figure 3-9. Two gaps, magnetically-coupled CLL-based NFRP wire antenna. All 

dimensions are in mm: R1 = 26.0, R2 = 66.4, R1_wire_radius = 2.5, R2_wire_radius = 

2.0, and Gap = 0.165. 

 

Figure 3-10. HFSS-predicted magnitude of the S11 values for the two gap, magnetically-

coupled CLL-based NFRP wire antenna. 



84 

 

 
(a) 

 
(b) 

Figure 3-11. HFSS-predicted values at the resonant frequency, 300.4219 MHz, for the 

two-gap, CLL-based NFRP antenna. (a) Magnitude of the surface current on the wire 

elements and ground plane, (b) gain patterns (dB) of the xz-and yz-planes. 
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3.1.4. Parametric Studies of the Two Gap Case 

An investigation of the radiation efficiency and Qratio versus ka value was 

conducted for the two-gap magnetically-coupled CLL-based NFRP wire antenna. Its 

radiation behavior is determined primarily by the NFRP element. Consequently, as we 

changed the ka values, we maintained the wire radius of the CLL element to be 2.0 mm 

to make the comparisons fair. The HFSS-predicted radiation efficiency versus ka results 

are presented in Figure 3-12. For ka values at and just below 0.5, the radiation efficiency 

remains in excess of 95 %. However, it diminishes quickly and goes below 10 % when 

the ka value was decreased below 0.1. This behavior was expected because we know, as 

discussed in Sec. 2.2.2, that the radiation resistance of a small loop antenna with krℓ < 0.5 

is proportional to rℓ
4
 [39], where rℓ is the radius of the loop. Furthermore, the free space 

portion of the loop to the loop area based on its outer radius finally begins to decrease as 

ka decreases when the R2_wire_radius is fixed. Consequently, at very small values of ka, 

the driven semi-loop creates much less flux and the CLL element becomes much less 

capable of capturing whatever flux is produced. Thus, the radiation efficiency actually 

decreases more rapidly than expected. This behavior also impacts the Qratio. The HFSS-

predicted Qratio values versus ka are shown in Figure 3-13. The Qratio decreases as ka 

decreases until the latter is very small and then the Qratio begins to increase again. Further 

analysis revealed that when it is not too small, the antenna efficaciously occupies a larger 

percentage of the minimum spherical volume than when it is physically bigger (but still 

electrically small). Consequently, Qratio initially is smaller as ka decreases. However, 
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because the radiation efficiency decreases much more rapidly, it eventually begins to 

increase. One observes that the cross-over point occurs around ka = 0.12 for the antenna 

under consideration. 

 

Figure 3-12. Radiation efficiency versus ka values for the two-gap magnetically-coupled 

CLL-based NFRP wire antenna shown in Figure 3-9. 

 

Figure 3-13. Qratio values versus ka values for the two-gap, magnetically-coupled CLL-

based NFRP wire antenna. 
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In section 3.1.3, the CLL element was oriented in the best way to capture the 

entire magnetic flux produced by the driven semi-loop. Therefore, it can provide the best 

near-field magnetic coupling between the driven loop and the CLL element. To illustrate 

the importance of this relative orientation, the driven loop with different rotation angles α, 

as shown in Figure 3-14, was studied. 

As shown in Figure 3-15, when the angle α was increased from 0 to 90 degrees, 

the value of |S11| changed from –32.8 dB to 0 dB, i.e., when α = 90°, nearly all of the 

incident power is reflected because there is no magnetic coupling between the driven 

semi-loop and the CLL element. At that angle, the reactance will only be inductive 

because no electric field will be induced across the capacitive gaps. Consequently, the 

overall system can not create the necessary capacitance to achieve internal matching to 

the source. When α = 45°, the HFSS-predicted value of |S11| at the resonance frequency 

292.9 MHz was –8.9 dB. Although it does not have a good impedance matching at that 

resonance frequency, there is still enough magnetic coupling that the CLL element and 

the driven semi-loop could be readjusted in size to achieve nearly complete matching. 

The simplest way to accomplish this is to change the gap size and the radius of the driven 

semi-loop to obtain the necessary capacitance. However, once the angle α increases 

beyond 45°, the magnetic coupling is too small and impedance matching becomes too 

difficult to achieve. The HFSS-predicted values of |S11| for α = 45° after fine tuning are 

shown in Figure 3-16. The detailed design parameters are shown in Table 3-1. 
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(a) 

 

(b) 

Figure 3-14. Configuration of the two-gap, magnetically-coupled CLL-based NFRP wire 

antenna when the driven semi-loop is rotated α° with respect to the plane of the CLL 

element. (a) 3D view, and (b) top view. 
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Figure 3-15. HFSS-predicted |S11| values versus the rotation angle α of the driven semi-

loop antenna shown in Figure 3-14. 

 

Figure 3-16. HFSS-predicted |S11| values when the relative orientation angle between the 

driven semi-loop and the plane containing the CLL element is α = 45°, with and without 

fine tuning to achieve nearly complete matching to the 50 Ω source. 
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Table 3-1. Design parameter comparison for two different values of the                  

relative orientation angle α 

 = 0°  = 45° 

R1 (mm) 26.0 36.2 

R2 (mm) 66.4 66.4 

R1_wire_radius (mm) 2.5 2.5 

R2_wire_radius (mm) 2.0 2.0 

Gap (mm) 0.165 0.167 

fres (MHz) 300.41 299.80 

ka 0.43 0.43 

RE (%) 96.1 96.1 

Qratio 7.74 7.83 

 

 

 

 

A comparison of the α = 0° and α = 45° cases shows that their Qratio values are 

similar even though we changed the design parameters to re-attain impedance matching. 

This was not entirely expected because these design parameter changes have an impact 

on the effective capacitance and inductance in the system. However, this helped confirm 

that the CLL element, which was not changed, truly dominates the radiation mechanisms. 

As a result, the Qratio does not vary much when only the driven element parameters are 

varied some. Understanding how the magnetic coupling affects the performance 

characteristics of the system is critical to the following dual-band and circularly polarized 

antenna designs. 

The performance characteristics of the single band antenna systems are 

summarized in Table 3-2. The radiation and overall efficiencies in all of these cases are 

very high. In the 3D cases, the lowest Qratio is clearly achieved by the 3D spherical EZ 

antenna case. However, if one compares the wire antennas, the asymmetric one-gap case 

has the second lowest Qratio. Moreover, even though it does not fill the minimum sphere 
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as efficiently as the 3D cylindrical case, its Qratio value is lower. Again looking at the 

current distributions on the NFRP elements, the asymmetric CLL element case is the one 

that has both monopole-like and loop current components on it, while only loop current 

distributions are generated in the symmetric CLL element cases. 

 

Table 3-2. Comparison of Qratio values for the various single band,                             

CLL-based NFRP designs 

 3D rectangular 

EZ 

3D cylindrical 

EZ 

3D spherical 

 EZ 

Two-gap CLL 

wire element 

One-gap CLL 

wire element 

 

     
RE (%) 99 99.5 98.6 96.0 98.1 

OE (%) 99 99.5 98.6 96.0 97.8 

Qchu 14.90 14.90 14.90 14.90 14.90 

Qratio 7.43 4.87 3.69 7.74 4.59 

 

 

3.2. Dual-band Designs 

Electrically small dual-band antennas have been obtained by integrating multiple 

CLL-based NFRP elements with a coaxially-fed semi-circular loop antenna [59]. A 

similar approach can be applied to the single band wire-based antennas discussed in 

Section 3.1. The proposed dual-band CLL-based NFRP wire antenna is shown in Figure 

3-17. It is designed for operation in the GPS L1 and L2 frequency bands. It produces the 

desired dual-band operation by introducing two two-gap NFRP CLL elements with an 
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electrically-small semi-circular loop antenna that is coaxially-fed through a finite PEC 

ground plane. These two NFRP CLL elements are excited directly by the magnetic flux 

produced by the semi-loop antenna. The larger (smaller) one is responsible for the lower 

(higher) frequency band of operation. However, because there is a strong flux linkage 

between the two CLL elements, their individual resonance frequencies are shifted from 

their single-band operational values. 

 

 

Figure 3-17. Geometry of the magnetically coupled dual-band antenna that consists of 

two, two-gap NFRP CLL elements excited by a coaxially-fed semi-loop antenna. All 

dimensions are in mm: R1 = 4.0, R1_wire_radius = 1.0, R2 = 10.0, R2_wire_radius = 1.0, 

R3 = 18.5, R3_wire_radius = 1.0, G 1 = 0.0664, and   G2 = 0.27. 
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The HFSS-predicted |S11| values, along with the surface vector current 

distributions at the indicated resonance frequencies, and the corresponding gain patterns 

are given in Figure 3-18 and Figure 3-19, respectively. When the currents on the two 

CLL elements are in-phase, they act as two capacitors in parallel and thus produce a 

larger overall effective capacitance. Consequently, these in-phase current distributions 

create the lower resonance frequency. On the other hand, when the currents on the two 

CLL elements are out-of-phase, they act as two capacitors in series and thus produce a 

smaller overall effective capacitance. Therefore, they produce the higher resonance 

frequency. The gain patterns for each resonance frequency are similar to their single-band 

two-gap case counterparts. The maximum gains are 4.96 dB and 6.32 dB for the 1.225 

GHz and 1.575 GHz resonance frequencies with 95.9 % and 92.4 % radiation efficiencies, 

respectively. Note that, as in the single-band designs, the patterns are being generated by 

horizontal magnetic dipoles oriented along the x-axis over the finite ground plane. 
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Figure 3-18. HFSS-predicted |S11| values for the dual-band CLL-based NFRP wire 

antenna shown in Figure 3-17. The surface current vector distributions are given at the 

indicated resonance frequencies. 

 

 

Figure 3-19. Gain patterns (dB) in the xz- and yz-planes for the dual-band CLL-based 

NFRP wire antenna at the GPS L1 and L2 resonance frequencies shown in Figure 3-17. 
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As shown in Section 3.1, the driven semi-loop can be rotated relative to the NFRP 

and still provide the necessary magnetic flux to have the NFRP generate the necessary 

capacitance to achieve internal impedance matching and generate sufficient current 

strength to maintain the radiation efficiency. One can design a dual band antenna with the 

same approach. This structure is shown in Figure 3-20. The rotation angle, optimized to 

provide the necessary impedance matching, is α = 45°. Note that an increase in the 

rotation angle α acts in the same manner as a decrease in the radius of the driven loop. 

The most efficient way to retune the system when the driven semi-loop is rotated is to 

modify its outer radius. A comparison of the dual-band cases with and without rotation of 

the driven semi-loop shows that the radius of the latter had to be increased from 4.0 mm 

to 5.3 mm, which is similar to the increase in the single band case. 
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(a) 

 

(b) 

Figure 3-20. The geometry of the dual-band magnetically-coupled CLL-based NFRP 

wire antenna with the rotated driven semi-loop. (a) Side view. The two CLL elements are 

located in the YZ plane. All dimensions are in mm: R1 = 5.3, R1_wire_radius = 1.0, R2 = 

10.0, R2_wire_radius = 1.0, R3 = 18.5, R3_wire_radius = 1.0, G1 = 0.0663, and G2 = 

0.27. (b) Top view showing the angle of rotation, α, of the coax-fed semi-loop. 
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Figure 3-21. HFSS-predicted |S11| values for the dual-band CLL-based NFRP, rotated 

semi-loop, wire antenna shown in Figure 3-20. The surface current vector distributions 

are given at the indicated resonance frequencies. 

  

The associated HFSS-predicted |S11| values are shown in Figure 3-21. The 

minimum |S11| values achieved were all below –20 dB at the predicted resonance 

frequencies: fres,1 = 1.227 GHz and fres,2 = 1.574 GHz. The corresponding radiation 

efficiencies were 95.7 % and 91.7 %, respectively. The surface current vector 

distributions on CLL elements 1 and 2 again show in-phase behavior for the lower 

resonance frequency and out-of-phase behavior for the higher resonance frequency, 

respectively. The corresponding gain patterns are similar to that of Figure 3-19 and have 

maximum values equal to 4.96 dB and 6.3 dB, respectively. Comparing these results to 

the unrotated design, it becomes clear that the overall radiation behavior is dominated by 

the CLL elements instead of the driven semi-loop even when the angle α is varied. 
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Nonetheless, we have found that the rotation angle α of the driven loop actual provides 

more flexibility to tune the multiband antenna designs. Moreover, we note again note that 

the currents are highly localized near the wire connections to the ground planes 

The rotated driven semi-loop results suggest that one can produce a horizontal 

magnetic dipole in a direction at an angle with respect to the source simply by rotating 

the parasitic CLL element. Now consider placing the two, two-gap CLL elements in 

orthogonal planes and exciting them with a single rotated semi-loop as shown in Figure 

3-22. By rotating the semi-loop, it can still produce enough flux in both CLL elements to 

have them go into resonance. One CLL element is designed for the GPS L1 frequency 

band, the other for the L2 frequency band. This dual-band configuration produces two 

orthogonal, horizontal magnetic dipoles, one along the x-axis and one along the y-axis. 

The rotation angle, optimized to provide the necessary impedance matching of the system 

to the source, is α = 30°. 
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(a) 

 

(b) 

Figure 3-22. Geometry of the dual-band magnetically-coupled two orthogonal two-gap 

CLL-based NFRP wire antenna whose coax-fed semi-loop being rotated α° with respect 

to the ZY-plane. (a) 3D view. All dimensions are in mm: R1 = 5.0, R1_wire_radius = 1.0, 

R2 = 10.6, R2_wire_radius = 1.0, R3 = 14.0, R3_wire_radius = 1.0, G1 = 0.105, and G2 

= 0.098. (b) Top view showing the angle of rotation, α, of the coax-fed semi-loop. 
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The HFSS-predicted |S11| values and the surface current vector distributions at the 

resonance frequencies for this optimized configuration are shown in Figure 3-23. The 

performance characteristics of this dual band design are: the minimum |S11| = –26.3 dB 

and the radiation efficiency equals 93.1 % at 1.227 GHz, and the minimum |S11| =            

– 42.4 dB and the radiation efficiency equals 94.7 % at 1.572 GHz.  The corresponding 

gain patterns are similar to that of Figure 3-19 with the maximum gains being 4.76 dB 

and 5.96 dB for the GPS L2 and L1 bands, respectively. From the corresponding gain 

patterns, one observes that each CLL element radiates in a LP magnetic dipole mode, 

each having its maximum value at θ = 0°.  

From the surface current vector distribution plots in Figure 3-23, one observes 

that the current is almost entirely on only one parasitic CLL element at each resonance 

frequency. In particular, only the bigger CLL element radiates at 1.227 GHz and only the 

smaller CLL element radiates at 1.572 GHz. This basically independent behavior is 

different from that of the previous dual band designs in which the two CLL elements are 

strongly coupled to each other. This point is critical to the following CP design because a 

low level of coupling strength between the parasitic CLL elements leads to the capability 

to individually tune each NFRP element. 
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Figure 3-23. HFSS-predicted |S11| values for the dual-band two orthogonal, two-gap 

CLL-based NFRP, rotated semi-loop, wire antenna shown in Figure 3-22. The surface 

current vector distributions are given at the indicated resonance frequencies. 

 

3.3. Electrically Small Circularly Polarized Designs 

As discussed in the introduction, one can achieve a circularly polarized 

electrically small antenna with one of two approaches [56]. The first one utilizes a 

superposition of two orthogonal electric dipoles or equivalently two orthogonal magnetic 

dipoles driven in phase quadrature. The second one uses a superposition of collinear 

electric and magnetic dipoles. We use the first approach here to obtain the desired CP 

design. 

We start with the dual band, two orthogonal, two-gap CLL NFRP wire antenna 

with the rotated coax-fed semi-loop design.  Simply by making the two CLL elements 
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have similar dimensions, we can generate two equivalent, orthogonal magnetic dipoles, 

one along the x axis and the other along the y axis. What remains to achieve the CP 

behavior is generating the needed phase quadrature between them. From the discussion in 

Section 3.1, we know that a wire loop driven antenna can have a resonance or an anti-

resonance. By designing the CLL elements and the semi-loop properly, we can design 

one to operate on its resonance mode and the other to work on its anti-resonance mode, 

i.e., these elements are tuned to operate at slightly different frequencies f1 and f2. Then we 

can bring these two resonant modes close to each other and create the impedances R(f1) + 

jX(f1) and R(f2) - jX(f2), which are introduced by the anti- resonance at f1 and the 

resonance at f2, respectively. This approach is facilitated by the fact that the resistances 

generally vary much more slowly than the reactances do, i.e., R(f1) ~ R(f2) but X(f1) ≠ 

X(f2). Under this circumstance, we generate the (π/2) phase difference between these two 

parasitic CLL elements required for CP operation. The proposed structure, which is 

shown in Figure 3-24, is a simple and electrically small CP antenna. Only one driven 

loop antenna was used to excite the two parasitic orthogonal CLL elements 

simultaneously. These two CLL elements are the same size and are connected to each 

other simply because we want to efficiently occupy the radian sphere and, hence, obtain 

the maximum possible bandwidth. The two loops are designed to have different 

resonance frequencies by adjusting the sizes of their capacitive gaps. These two 

resonance frequencies, 1.5695 GHz and 1.5865 GHz, are closely spaced. The HFSS-

predicted |S11| values are shown in Figure 3-25(a). The operating frequency is 1.5754 

GHz, which means ka = 0.495. The –10 dB bandwidth is 30.8 MHz. As shown in Figure 
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3-25(b), this design leads to an axial ratio equal to 0.66 dB at 1.5754 GHz. We note that 

the bandwidth can be increased further if one does not consider the axial ratio, i.e., there 

is a trade off between the bandwidth and axial ratio.  

The HFSS-predicted gain patterns at 1.5754 GHz are given in Figure 3-26. The 

system has a 96.9 % radiation efficiency with a maximum gain of 6.28 dB. The 

maximum gain occurs at θ = 0° because both of the CLL elements are radiating in a 

magnetic dipole mode at the operating frequency. They produce an azimuthally 

symmetric pattern along the xy-ground plane. The axial ratio as a function of the angle is 

shown in Figure 3-27. These results demonstrate that the system can still maintain CP 

behavior  (≤ 3 dB axial ratio) down to θ = ± 38°, even though it is an electrically small 

antenna. Consequently, the axial ratio beamwidth of the system is 76°. This means that 

this CP antenna has a very reasonable spatial CP coverage, which is important for any 

electrically small CP antenna application.  
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(a) 

 

(b) 

Figure 3-24. Geometry of the GPS L1, CLL-based NFRP CP wire antenna whose coax-

fed semi-loop is rotated α=30
o 
with respect to the ZY-plane. (a) 3D view. All dimensions 

are in mm: R1 = 5.9, R1_wire_radius = 1.0, R2 = R3 = 14.0, R2_wire_radius = 

R3_wire_radius = 1.0, G1 = 0.193, and G2 = 0.182. (b) Top view showing the angle of 

rotation, α, of the coax-fed semi-loop. 
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(a) 

 

(b) 

Figure 3-25. HFSS-predicted values for the GPS L1, CLL-based NFRP CP wire antenna 

shown in Figure 3-24. (a) |S11| values, and (b) axial ratio. 
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Figure 3-26. Gain patterns (dB) in the xz- and yz-planes for the GPS L1, CLL-based 

NFRP CP wire antenna shown in Figure 3-24.  

 

 

Figure 3-27. Spatial axial ratio for the GPS L1, CLL-based NFRP CP wire antenna 

shown in Figure 3-24. 
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3.4. Summary 

We first reported numerical evaluations of the performance of several electrically 

small, efficient near-field resonant parasitic (NFRP) antennas based on the magnetic 

coupling of their coaxially-fed semi-loop antenna with single CLL elements.  These 

included the original 3D EZ antenna, the modified EZ antenna, and the CLL-based wire 

antennas having either one or two capacitive gaps. For all of these antennas, the CLL 

elements provided the means to achieve nearly complete impedance matching to the 

source and more than a  90 % overall efficiency for ka values at or slightly above 0.4. 

The Qratio values obtained for these designs varied from 7+ to 4+ by filling the enclosing 

hemisphere more efficiently.   

Several electrically small, dual band antennas were also introduced. They utilized 

two distinct CLL NFRP elements driven by an electrically-small semi-circular loop 

antenna coaxially-fed through a finite ground plane. The performance of these antennas 

was designed to operate at the GPS L1 and L2 bands; their performance was 

characterized numerically. It was demonstrated that the resonance frequencies of these 

antenna systems can be designed for a broad range of values by tuning separately the two 

near field resonant parasitic CLL elements. Again, these CLL elements not only provided 

the tuning ability to achieve nearly complete matching to the source, but they also help 

produce the high overall efficiencies at both resonant frequencies. Additionally, designs 

based on rotating the driven semi-loop with respect to the CLL elements were shown to 
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provide an additional flexibility to tune these multiband systems. It led to the final CP 

antenna design.    

The electrically small CP antenna design was based on two equivalent magnetic 

dipoles in phase quadrature. The proposed antenna had only one driven loop with two 

orthogonal, two-gap NFRP CLL elements having different but nearby resonance 

frequencies. The overall electrical size of the final CP design was ka = 0.495 at       

1.5754 GHz. This electrically small CP antenna was shown to have a 96.5 % radiation 

efficiency, a –10 dB bandwidth of 30.8 MHz, and a 76° axial ratio beamwidth. This 

bandwidth and spatial axial ratio are attractive values for many electrically small CP 

antenna applications.  
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Chapter 4. SINGLE, DUAL AND TRI-BAND-NOTCHED ULTRA-

WIDEBAND (UWB) ANTENNAS USING CAPACITIVELY LOADED 

LOOPS (CLLS)  

Ultra-wideband (UWB) communication systems have become an attractive 

wireless topic since the Federal Communication Commission (FCC) first approved in 

2002 the rules for the utilization of the 3.1–10.6 GHz unlicensed band for commercial 

UWB communications [60]. The high demands on such communication systems have 

stimulated research into many UWB antenna designs. Nonetheless, antenna designs for 

UWB applications face many challenges including their impedance matching, radiation 

stability, compact size, low manufacturing cost and electromagnetic interference (EMI) 

problems. The EMI problems are quite serious for UWB systems since there are several 

other existing narrowband services which occupy frequency bands within the designated 

UWB bandwidth. These include world interoperability for microwave access (WiMAX) 

service from 3.3 to 3.6 GHz; wireless local area network (WLAN) services such as IEEE 

802.11a in the USA (5.15 to 5.35 GHz, 5.725 to 5.825 GHz) and HIPERLAN/2 in 

Europe (5.15 to 5.35 GHz, 5.47 to 5.725 GHz). To mitigate any interference with these 

coexisting systems, it is necessary to introduce a UWB antenna that has intrinsic filtering 

properties at their service frequencies. To minimize the footprint of the antenna system, 

the signal processing requirements, and the cost, it is highly desirable for those filters to 

be intrinsically handled rather than through any additional external band-stop filter 

devices. 
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There are several methods with which one can achieve a band-notched UWB 

antenna. The most popular approach is to embed different shaped slots in the radiating 

element or in its ground plane. Examples include U-shaped, H-shaped or C-shaped slots 

[61-65]. However, most UWB antennas have been designed with only one or two 

notched-frequency bands. On the other hand, the complimentary split ring resonator 

(CSRR) structure, for instance, was proposed recently to reject more than one of the 

unwanted frequency bands [66-68]. Although those designs are low profile, achieve 

stable radiation patterns, and have constant gain, the lower WLAN band (5.15-5.35GHz) 

was not rejected successfully.   

Two tri-band-notched UWB antennas are investigated in this dissertation. One 

design utilizes three electrically small resonators, each being realized as a capacitively-

loaded loop (CLL). Each CLL element has a high-Q characteristic and a compact size, 

making it a very suitable candidate for a band-stop filter function. Like the SRR element, 

the CLL element is self-resonant and has a resonance frequency that is determined 

primarily by its loop inductance and the capacitances resulting from the cuts which open 

the loop. In contrast, the CLL element has a much simpler, more compact design. It will 

be demonstrated that by placing one, two or three CLL elements near the feedline and 

tuning their sizes, one can control the band-notched frequencies of the radiator, while 

minimizing their space requirements, to achieve single, dual, and tri-band notched-filter 

UWB antennas. A second design employs a CLL-based slot element in the top-loaded 

monopole element and two CLL elements located along the feedline. It overcomes the 
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tuning sensitivities associated with the first design. Comparisons between the ANSOFT 

HFSS version 12.1 results and experiments for both designs show very good agreement.    

4.1. UWB Antennas with and without Band-notched Filters 

4.1.1. Baseline UWB Design 

Figure 4-1 (a) and (b) show the top and bottom views of the baseline design. It is 

a top-loaded CLL-based UWB antenna that is implemented with Rogers Duroid
TM

 5880 

board material. The latter has a relative permittivity εr = 2.2, loss tangent tan δ = 0.0009, 

0.5 oz electrodeposited copper (17 μm thickness) and 31 mil thickness. Its overall size is 

27 (W) × 34 (L) × 0.787 (H) mm
3
; it is fed by a microstrip line (W4 = 2.4 mm) to achieve 

a 50 Ω input impedance when connected by an SMA connector to the source. The SMA 

connector is included in the HFSS model. The radiating portion of the antenna associated 

with the microstrip feed line is on one side (front) of the board; the conducting ground 

plane is on the other (back) side. Both the radiating monopole and the ground plane have 

curved shapes to help tailor the input impedance to a 50 Ω source, to increase the 

radiation efficiency and to help produce smooth transitions from one resonant mode to 

another. This characteristic ensures a good impedance match (i.e., VSWR ≤ 2) over the 

entire UWB frequency range, 3.1-10.6 GHz. The copper thickness and realistic values of 

its conductivity were included. The final optimization parameters for the UWB antenna 

were W = 27.0 mm, W1 = 1.8 mm, W2 = 1.0 mm, W3 = 6.0 mm, W4 = 2.4 mm, W5 =     

2.4 mm, L = 34.0 mm, L1 = 18.0 mm, L2 = 16.9 mm, L3 = 1.0 mm, L4 = 5.0 mm, L5 =  

1.6 mm, L6 = 14.5 mm, L7 = 10.0 mm, and L8 = 1.5 mm. The measured and simulated 



112 

 

VSWR values of the proposed UWB antenna are shown in Figure 4-2. It is below 2 not 

only over the entire UWB band, but also at even higher frequencies.  

 

(a) 

 

(b) 

Figure 4-1. Geometry of the baseline UWB antenna. (a) top view, (b) bottom view. 
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Figure 4-2. Comparisons of the measured and simulated VSWR values for the baseline 

UWB antenna shown in Figure 4-1. 

 

4.1.2. Single Band-Notched UWB Antenna Design 

In order to reduce the EMI with the WiMAX band, a band-notched function 

covering the interval 3.3–3.6 GHz is desired. The proposed single-notched UWB antenna 

is illustrated in Figure 4-3. Notice that the gap region of the CLL1 element has an 

augmented design to enhance its capacitance. By placing the CLL1 element close to the 

feed line, this resonator is strongly coupled to it. It captures and stores all of the input 

energy at its resonance frequency and thus creates a single band-notched frequency filter. 

Note that with this design, there is no need to change the dimensions of the original UWB 

antenna. Rather, one simply needs to tune the resonance of the CLL1 element by 
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adjusting its dimensions to achieve the desired band-notched function. Moreover, this 

electrically small resonator has a minimal impact on other frequencies.  

A parametric study of the CLL1 element provides a necessary understanding of 

the interaction between the main radiator and the CLL1 element.  The band-notched 

frequency is given approximately by the expression 

                            
2

notch

CLL eff

c
f

L 



                                            (4.1) 

where LCLL is the total length of the CLL1 element, εeff  is the effective dielectric constant, 

and c is the speed of the light.  Given a desired resonance frequency, one can use (4.1) to 

define the initial total length of the CLL1 element for an initial design. One can then use 

numerical simulations to adjust the dimensions of the CLL1 element to obtain the final 

design.  Table 4-1 shows a comparison between the simulated and theoretical predictions 

of the resonance frequency corresponding to different total lengths of the CLL1 element. 

Note that the ability to further tune the CLL element by modifying its gap region is not 

only advantageous for achieving a specific band-notched function, but it also allows one 

to shrink the overall size of the CLL element. This provides one with the ability to add 

extra parasitic elements in a limited space and, hence, leads to a smaller-sized antenna 

without a loss in the desired functionality.    
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Figure 4-3. Geometry of the single band-notched UWB antenna. 

 

Table 4-1. Comparisons between simulations and theoretical predictions of the band-

notched frequency 

LCLL (mm) Simulated frequency (GHz) Theoretical frequency (GHz) 

29 3.693 3.927 

30 3.538 3.796 

31 3.438 3.674 

32 3.342 3.559 
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The HFSS-predicted VSWR values for the single-notched UWB antenna are 

shown in Figure 4-4 and Figure 4-5, respectively, for different lengths and sizes of the 

gap in the CLL element. Clearly, one can see that the length of the CLL1 element and the 

size of its gap play critical roles in defining the band-notched frequency. For instance, the 

band-notched frequency decreases from 3.927 to 3.559 GHz as the length LCLL 

increases from 29.0 to 32.0 mm. Similarly, because the capacitance decreases as the CLL 

gap size, G3, increases, the band-notched frequency increases from 3.342 to 3.703 GHz as 

G3 is varied from 0.5mm to 2.0mm. Note, however, that differences between the 

theoretical and simulated results in Table 4-1 also occur because of the coupling between 

the feedline and the CLL element. When the CLL1 element is close to the feed line, the 

increased coupling produces extra capacitance, which then leads to a slightly lower band-

notch frequency. 

A comparison of the VSWR values for several gap sizes between the CLL1 

element and the feed line, G2, is given in Figure 4-6. One finds that as the CLL1 element 

is moved closer to the feed line, a significant increase in the bandwidth of the band-

notched frequency response occurs. For instance, the bandwidth increases from 0.216 

GHz to 1.108 GHz as G2 decreases from 0.45 mm to 0.15 mm. Consequently, the 

location of the CLL1 element also provides a means to adjust the bandwidth of the band-

notched filter. These results further illustrate that when G2 changes, there is only a small 

effect on the band-notch frequency, e.g., the shift is only 0.1GHz in Figure 4-6. We note 

that having control of the bandwidth of the band-notch filter is very important to 
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achieving the desired, practical performance characteristics of a band-notched UWB 

antenna.  

 

 

  

Figure 4-4. HFSS-predicted VSWR characteristics for various total lengths (LCLL) of the 

CLL element. The gap size (G3) is fixed at 0.5 mm. 
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Figure 4-5. HFSS-predicted VSWR characteristics for various CLL element gap sizes, G3. 

The total length (LCLL) of the CLL element is fixed at 32.0 mm. 

 

Figure 4-6. HFSS-predicted VSWR values for various gap sizes (G2) between the CLL 

element and the feedline. The total length (LCLL) of the CLL element and its gap size (G3) 

are fixed at 32.0 mm and 0.5 mm, respectively. 
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The final dimensions of the CLL1 element for the single band-notched frequency 

design, as shown in Figure 4-3, are R1 = 6.4 mm, R2 = 5.9 mm, S1 = 2.3 mm, W6 =       

0.5 mm, G1 = 1.3 mm, G2 = 0.35 mm, and G3 = 0.5 mm. The HFSS-predicted current 

distributions at 3.0, 3.342 and 10.0 GHz are shown in Figure 4-7. The currents flow 

mainly on the CLL1 element at the notch frequency 3.342 GHz, while the currents on the 

radiating elements (the feedline and the monopole) at that frequency are very small. In 

contrast, the currents on the feedline and the monopole are large and negligible on the 

CLL1 element away from the frequency band of the effective notched-filter. 

The measured and simulated VSWR values versus frequency of the single band-

notched UWB antenna are compared in Figure 4-8.  The measured bandwidth of the 

band-notched is from 3.25 to 3.62 GHz. As expected, the desired band-notched frequency 

is introduced by the CLL1 element. Additionally, when compared to the original UWB 

antenna, the single band-notched UWB antenna successfully blocks the WiMAX band 

(3.3-3.6 GHz) and still maintains good impedance matching at the rest of the UWB band.  

The HFSS-predicted overall efficiency and maximum realized gain values are shown in 

Figure 4-9 as a function of the frequency. As designed, significant drop of these values is 

observed within the rejection band. 
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              (a)                                                            (b) 
 

 

             (c) 

Figure 4-7. HFSS-predicted surface current distributions at different frequencies.           

(a) 3.0 GHz,  (b) 3.342 GHz, and (c) 10.0 GHz. 
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Figure 4-8. Measured and HFSS-predicted VSWR values for the single band-notched 

UWB antenna. 

 

Figure 4-9. The HFSS-predicted overall efficiency and realized gain for the single band-

notched UWB antenna. 
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4.1.3. Dual Band-Notched UWB Antenna Design 

In addition to the WiMAX services from 3.3–3.6 GHz, the lower WLAN (5.15-

5.35GHz) band may also cause interference within the UWB band. To avoid EMI in this 

band, the dual band-notched UWB antenna shown in Figure 4-10 is proposed. It is 

achieved simply by adding an additional CLL element near the feed line; i.e., the CLL2 

element is introduced on the other side of the feed line. To design a notch-band filter for 

the lower WLAN frequency set, one can still use equation (4.1) as the initial design to 

predict the approximate length of the CLL2 element. Even though the CLL2 element is 

added near the feed line, it was found (rather attractively) that the dimensions of the main 

radiator and CLL1 element remain the same. Therefore, each CLL element is acting 

independently and, consequently, one obtains two band-stop filters at the different, 

desired frequencies. The optimized design parameters for the CLL2 element are R3 = 3.75 

mm, R4 = 3.25 mm, S2 = 2.69 mm, W7 = 0.5 mm, G4 = 6.6 mm, G5 = 0.25 mm, and G6 = 

0.4 mm. 

The measured and simulated VSWR values versus frequency for the dual band-

notched UWB antenna with two CLL elements (one on each side of the feedline) are 

compared in Figure 4-11. Good agreement is observed. The measured dual band-notched 

frequencies cover 3.23-3.70 GHz and 5.09-5.58 GHz. The HFSS-predicted overall 

efficiency and realized gain values versus frequency are shown in Figure 4-12. They 

show the anticipated dramatic drop in these values at both band-notched frequency bands.    
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Figure 4-10. Geometry the dual band-notched UWB antenna. 

 

 

Figure 4-11. Comparison of the measured and simulated VSWR values of the dual band-

notched UWB antenna. 
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Figure 4-12. The HFSS-predicted overall efficiency and realized gain for the dual band-

notched UWB antenna. 

 

4.1.4. Tri- Band Notched UWB Antenna Design 

Besides the WiMAX and lower WLAN bands, the higher WLAN band also 

operates within the UWB band. Again, to reduce the potential EMI effects, a tri-band 

notched design is presented. As with the single and dual band cases, the tri-band design 

begins with Eq. (4.1) to obtain the approximate length of the additional CLL element. 

However, the available area near the feed line limits where one can put a third CLL 

element. Nevertheless, as mentioned above, the benefit of the CLL element is its flexible 
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tuning ability, i.e., the size of the gap region in the CLL element provides an extra degree 

of freedom to obtain the band-notched frequency within a specific area. Therefore, we 

simply shorten the total length of the CLL2 element and decrease the gap size 

simultaneously to not only maintain the desired band-notched frequency, but also provide 

the extra area to add the additional CLL3 element to realize the third band-notched 

frequency filter. Additionally, since the higher frequency WLAN band is narrower than 

the lower one, the gap between the CLL3 element and the feed line should also increase. 

Again, the size of the main radiator and the ground plane size remain the same. Moreover, 

the dimension of the CLL1 element also remains the same. Thus, the only difference 

between the dual and tri band-notched designs is to change the dimensions of the CLL2 

element in order to add the CLL3 element. The proposed tri-band-notched UWB antenna 

is shown in Figure 4-13 and the correspondingly optimized parameters are R3 = 3.25 mm, 

R4 = 2.75 mm, R5 = 3 mm, R6 = 2.5 mm, S2 = 2.7 mm, S3 = 2.2 mm, W7 = 0.5 mm, W8 = 

0.5 mm, G4 = 0.6 mm, G5 = 0.18 mm, G6 = 0.15 mm, G7 = 0.9 mm, G8 = 0.5 mm, G9 = 

0.15 mm.   

Good agreement between the HFSS-predicted and the measured VSWR values 

versus frequency is shown in Figure 4-14 for the tri-band notched UWB antenna. The 

measured tri-band notches cover the bands: 3.29-3.67 GHz, 5.12-5.35 GHz and 5.67- 

5.83 GHz. As shown in Figure 4-15, the antenna gain and radiation efficiency 

significantly decrease over these three band-notched frequency sets. The HFSS-predicted 

current distributions shown in Figure 4-16 demonstrate that the currents flow around each 

CLL element only at the corresponding band-notch frequency. Additionally, one observes 
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a small coupling between the CLL2 and CLL3 elements. Since the frequencies of the 

lower and higher WLAN bands are very close, less coupling would be desirable. One 

way to reduce this coupling is to increase the distance between the CLL2 and CLL3 

elements. One could, for example, shorten the total length of each CLL element and 

decrease the gap size in order to have a much smaller sized CLL element and then 

increase the distance between the CLL2 and CLL3 elements.  Unfortunately, this simple 

approach requires a much narrower gap in both the CLL2 and CLL3 elements; it leads 

difficulties due to limitations on the fabrication techniques. The HFSS-predicted and 

measured far-field radiation patterns for the proposed tri-band notched UWB antenna at 

3.1, 5.5 and 10.6 GHz are shown in Figure 4-17 and Figure 4-18, respectively.   Note that 

if the radiating element is assumed to be printed on the xy-plane, its radiation pattern is x-

polarized because its monopole lies along the x-direction. Therefore, the E-plane is the 

xy-plane, while the H-plane is the yz-plane. The results shown in Figure 4-18 

demonstrate, as anticipated, that the H-plane patterns are omni-directional in all cases, 

while the E-plane patterns similarly exhibit the expected monopole-like behaviors.  

Distortions in the E-plane patterns begin to occur at higher frequencies because the 

radiating elements are no longer small relative to those wavelengths.  
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(b) 

Figure 4-13. The tri-band notched UWB antenna. (a) Geometry, and (b) design 

dimensions. 
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Figure 4-14. Comparison of the measured and simulated VSWR values of the tri-band 

notched UWB antenna. 

 

Figure 4-15. The HFSS-predicted overall efficiency and realized gain for the tri-band 

notched UWB antenna. 
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    (a)                                                          (b) 

 

     (c) 

Figure 4-16. HFSS-predicted current distributions at each band-notched frequency. (a) 

3.342 GHz, (b) 5.279 GHz, and (c) 5.821 GHz. 
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(a) 

 

(b) 

 

(c) 

Figure 4-17. HFSS-predicted radation patterns (dB), E-Plane (left) and H-Plane (right),  

for the tri-band notched UWB antenna. (a) 3.1 GHz, (b) 5.5 GHz, (c) 10.6 GHz. Solid 

line: co-polarization; dashed line: cross-polarization. 



131 

 

 

(a) 

 

(b) 

 

(c) 

Figure 4-18. Measured radation patterns (dB), E-Plane (left) and H-Plane (right),  for the 

tri-band notched UWB antenna. (a) 3.1 GHz, (b) 5.5 GHz, (c) 10.6 GHz. Solid line: co-

polarization; dashed line: cross-polarization. 
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4.2. Alternative Tri-band Notched UWB Antenna Design 

Recall while the coupling between the CLL2 and CLL3 elements in the tri-band 

notched design shown Figure 4-13 was small, the dimensions of those elements still had 

to be retuned to achieve the desired band-notched frequencies. As a consequence, the 

design becomes sensitive to the associated small gap regions needed to maintain their 

resonance frequencies while being smaller in size. Thus, it requires some effort to tune 

the entire system properly. To remove this sensitivity issue, we propose an alternative tri-

band notched UWB antenna. It is shown in Figure 4-19. It has one CLL-based slot 

element embedded in the top-loaded monopole and two additional CLL elements near the 

feedline. The idea is to tune the CLL-based slot element for the longer wavelength, lower 

frequency rejection band and then have the two, basically independent CLL elements 

near the feedline create the second and third band-notched filters. As the widths and 

lengths of this slot element are adjusted, its band-notch frequency can be tuned. This is 

illustrated with the single-notch version shown in Figure 4-20. The measured and HFSS-

predicted VSWR values are given along with the surface current distribution at 3.35 GHz, 

its band-notch frequency. Most of the currents are seen to flow around the gap region of 

the CLL-based slot element.  

This embedded CLL-based design provides a more flexible tuning ability, 

particularly within the limited area close to the feed line. The two additional CLL 

elements are again located on opposite sides of the feedline. They were initially designed 

using Eq. (4.1). The final optimization parameters for this second tri-band notched UWB 

antenna were W = 27.0 mm, W1 = 1.9 mm, W2 = 2.0 mm, W3 = 9.0 mm, W4 = 2.4 mm, 
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W5 = W6 = 0.5 mm, L = 34.0 mm, L1 = 16.5 mm, L2 = 14.4 mm, L3 = 2.0 mm, L4 = 13.5 

mm, L5 = 3.1 mm, R1 = 3.5 mm, R2 = 3.0 mm, R3 = 3.5 mm, R4 = 3.0 mm, S1 = 2.3 mm, 

S2 = 2.09 mm, G1 = 7.0 mm, G2 = 0.2 mm, G3 = 0.16 mm, G4 = 7.0 mm, G5 = 0.4 mm, 

and G6 = 0.4 mm.  Figure 4-21 shows the performance comparison between the measured 

and simulated values of the VSWR versus frequency for the fabricated antenna. The 

measured tri-band notches cover 3.29-3.72 GHz, 5.07-5.40 GHz and 5.62-5.93 GHz. As 

shown in Figure 4-22, the antenna gain and radiation efficiency significantly decrease at 

these three band-notched frequencies and have high values away from them.   
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Figure 4-19. Geometry of the tri-band notched UWB antenna with one slot CLL-based 

element in the top-loaded monopole and two CLL elements near its feedline. 

 

 

Figure 4-20. Measured and simulated VSWR values for the single-notched UWB antenna. 

A CLL-based slot element is introduced into the top-loaded monopole to achieve the 

desired band-notched response at 3.35 GHz. The surface current distribution at this 

rejection frequency is localized near the slot element. 
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Figure 4-21. Measured and simulated VSWR values versus frequency for the tri-band 

notched UWB antenna displayed in Figure 4-19. 

 
 
 

 

Figure 4-22. The HFSS-predicted overall efficiency and realized gain for the tri-band 

notched UWB antenna displayed in Figure 4-19. 



136 

 

4.3. Summary 

Two CLL-based tri-band notched UWB antennas were investigated in this 

dissertation. They were obtained by using either three additional CLL elements or by 

embedding a CLL-based slot element into the top-loaded monopole and adding two CLL 

elements near the feed line. Single- and dual-notched band antennas were also considered 

to explain the performance characteristics of the tri-band designs. Parametric studies of 

all of these antennas provided guidelines on how to control not only the band-notched 

frequencies, but also the bandwidth of the rejected frequencies as well. The tri-band 

notched design with the three CLL elements had some sensitivities to achieve the band-

notched characteristics for the closely adjacent frequencies associated with the lower and 

higher WLAN band that were overcome with the other design. By introducing the CLL-

based slot element in the top-loaded monopole, the area limitations near feed line and the 

couplings introduced from the close proximity of two CLL elements were avoided. This 

design thus provided three independently tunable band-notch sets. The comparisons 

between the measured and simulated values for both tri-band notched UWB designs 

verified their predicted performance characteristics, including stable radiation patterns, 

high gain and radiation efficiencies, and broadband matched impedance values for all 

radiating frequencies. 
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Chapter 5. CONCLUSIONS AND FUTURE WORK  

The research described in this dissertation was focused on a variety of antennas 

that have been engineered with metamaterial-inspired constructs to improve their 

performance characteristics. Examples include electrically small, near-field resonant 

parasitic (NFRP) antennas that require no matching network and have high radiation 

efficiencies. Experimental verification of their predicted behaviors has been obtained.  

The first part of the dissertation research work emphasized that the NFRP element 

can be excited with the magnetic field of the driven element. In conjunction with the 

analytical solutions, we first considered a driven magnetic semi-loop antenna, coaxially 

fed through a finite ground plane. The NFRP element is a capacitively loaded loop (CLL), 

which was originally used successfully to achieve an artificial magnetic conductor 

metamaterial (without any ground plane). This led to the 3D magnetic EZ antenna. The 

measured results for the 3D magnetic EZ antenna demonstrated that for an electrical size, 

ka ~ 0.43, at 300.96 MHz, nearly complete matching to a 50 Ω source, and a high overall 

efficiency, i.e., the ratio of the total radiated power to the total input power, was achieved 

( > 94%). These results and those in [40] demonstrate that CLL-based NFRP elements 

can work from the ultra-high frequency (UHF) band to the X band. While negative 

permeability can not be ascribed to the 3D CLL elements themselves, a metamaterial 

constructed with them as its unit cell inclusion would exhibit MNG properties. The NFRP 

element enhances the radiation process to achieve high radiation efficiencies. In 
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particular, the CLL element can be engineered to control the strong magnetic flux 

generated by the small driven loop antenna and convert it into the appropriate currents 

flowing on the CLL element. Furthermore, this magnetic coupling process between the 

driven loop and the NFRP CLL element can be adjusted to tune the resonance of the 

entire antenna system according to Eq. (2.1). These metamaterial-engineered NFRP 

antennas again help overcome the loss issues associated with an actual metamaterial-

based antenna design.  

A similar low profile (height ~ λres/25) 3D magnetic EZ antenna was designed for 

operation at 100MHz. The measured and simulated results were in very good agreement. 

This ka = 0.46 antenna was measured to have OE ~ 95% and a half-power VSWR 

fractional bandwidth of 1.52% (Q = 11.06 Qlb) at fres = 105.2 MHz. This design utilized a 

quartz spacer (εr = 3.78) to help lower the resonance frequency and to provide 

mechanical stability during shipping and operation. Similar antennas have been designed 

for operation at 20MHz using simply a εr  = 100 spacer. 

The dual-band, asymmetric split EZ antenna system was designed to achieve a 

low-frequency dual-band system for low-earth-orbit satellite (LEOS) communications: 

137.475 MHz uplink and 149.15 MHz downlink bands. Note that these frequencies are 

separated by only 11 MHz. The radiation efficiencies for those resonant frequencies are 

96.4 % and 71.5 %, respectively. The reason why the higher resonant frequency has a 

lower radiation efficiency is due to the currents being in opposition in these two CLL 

elements, i.e., they are out-of-phase. At the lower frequency, they are in-phase. These EZ 

design results have provided us with the insight into the need for careful recognition of 
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the relative current flows on the set of NFRP elements to achieve the highest possible 

radiation efficiencies. By controlling the relative phases of the currents, a related dual-

band 429.8 MHz (SATCOM) and 1575.6 MHz (GPS L1) design, in which the two 3D 

CLL NFRP elements are nested and the semi-loop antenna is diagonally oriented to 

excite each element, has radiation efficiencies of 83.8 % and 97.5 %, respectively. 

The second part of this dissertation was concerned with multi-functional 

electrically small antennas. Because of the known need for more functionally in a given 

antenna, we have extended our single antenna designs to multi-antenna ones while trying 

to maintain the same footprint (overall size). By properly combining and phasing their 

magnetic dipoles, we have obtained electrically small single band, multi-band, and 

circular polarized (CP) antennas that are nearly completely matched to a 50 Ω source and 

have high radiation efficiencies. Several electrically small antenna systems that utilize the 

magnetic couplings between a coaxially-fed semi-loop antenna and capacitively-loaded 

loop (CLL)-based near-field resonant parasitic (NFRP) elements are presented. Both one 

and two gap CLL elements are considered; their impact on the system performance, 

particularly their effects of the resonance frequencies and the corresponding Q values, is 

evaluated. By integrating multiple NFRP CLL elements with the coaxially-fed semi-

circular loop antenna, electrically small multi-band systems are achieved. They can be 

designed for a broad range of frequencies by tuning the NFRP elements separately. Dual 

band designs are reported that achieve operation at the GPS L1 (1.5754 GHz) and L2 

(1.2276 GHz) frequencies. Their operational modes and performance characteristics were 

studied. These led to additional electrically small antenna designs, which feature only one 
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driven loop antenna and two NFRP CLL elements and which achieve circularly polarized 

(CP) operation. A CP antenna whose electrical size is ka = 0.495 at the GPS L1 

frequency was presented in detail. Its simulated bandwidth and beamwidth, for which the 

axial ratio (AR) is less than 3 dB, are, respectively, 7.8 MHz and 76°.   

The final research effort was to achieve ultra-wideband (UWB) antennas with 

desired band-notched functions associated with the CLL elements. Two compact, printed, 

UWB monopole antennas with tri-band notched characteristics were reported. The 

notched filters were achieved by introducing printed, electrically small, capacitively-

loaded loop (CLL) resonators. The directly driven elements consisted of printed top-

loaded CLL-based monopoles and 50 Ω microstrip feed lines. By adding three CLL 

elements close to the feed line, band-notch properties in the WiMAX (3.3-3.6GHz), 

lower WLAN (5.15-5.35GHz) and higher WLAN (5.725-5.825GHz) were achieved. 

Each antenna system was contained on a 27 × 34 mm
2
 sheet of Rogers Duroid 5880 

substrate. One was designed with three additional CLL elements; the other was achieved 

with only two. Comparisons between the simulation and measurement results showed 

that these UWB antennas have broadband matched impedance values and stable radiation 

patterns for all radiating frequencies. 

At the heart of any wireless system is an antenna. As described in this dissertation, 

metamaterials, whether explicitly introduced into an antenna system as physical 

constructs or implicitly introduced using their often exotic properties to guide specifics of 

a design, have provided exciting new opportunities to antenna engineers to meet the 

needs of a continually increasing demand for wireless products. The design methodology 
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for the driven antenna associated with the NFRP elements provide the enabling 

technology needed for many future wireless communication such as WiMAX, MIMO 

(Multiple Input Multiple Output), and sensor systems and networks. 

 



142 

 

REFERENCES 

1. N. Engheta and R. W. Ziolkowski, Eds., Metamaterials: Physics and Engineering 

Explorations, pp. 5-83, John Wiley & Sons, Inc., Hoboken,NJ, 2006. 

2. R. W. Ziolkowski and A. Erentok, “Metamaterial-based efficient electrically 

small antennas,” IEEE Trans. Antennas Propagat., vol. 54, pp. 2113-2130,  Jul. 

2006. 

3. Filippo Capolino, Applications of Metamaterials, pp. (6-1)-(8-26), CRC Press, 

Abingdon, UK, 2009. 

4. D. R. Smith, W. J. Padilla, D. C. Vier, S. C. Nemat Nasser, and S. Schultz, 

“Composite medium with simultaneously negative permeability and permittivity,” 

Phys. Rev. Lett.,, vol. 84, pp. 4184–4187, May 2000. 

5. R. A. Shelby, D. R. Smith, S. C. Nemat-Nasser, and S. Schultz, “Microwave 

transmission through a two-dimensional, isotropic, left-handed metamaterial,” 

Appl. Phys. Lett., vol. 78, pp. 489-491, Jan 2001. 

6. http://matnano.portici.enea.it/matnano/index.php?/20070125370/MINAPRINT-

Laboratory/The-mission-of-MINAPRINT.html, (08/19/2010) 

7. L. J. Chu, “Physical limitations of omni-directional antennas,” J. Appl. Phys.,     

pp. 1163-1175, 1948. 

8. H. A. Wheeler, “Funadmental limitations of small antennas,” IRE Proc., 35,       

pp. 1479-1484, Dec. 1947. 

9. H. A. Wheeler, “The radiansphere around a small antenna,” IRE Proc., 47,         

pp. 1325-1331, Dec. 1959. 

10. IEEE 145-1993, IEEE standard definitions of terms for antennas, 1993. 

11. A. D. Yaghjian and S. R. Best, “Impedance, bandwidth, and Q of antennas,” IEEE 

Trans. Antennas Propag., pp. 1298–1324, Apr 2005. 

12. C. A. Balanis, Antenna Theory, 3rd Ed. New York: Wiley, 2005, pp. 38-57. 

http://matnano.portici.enea.it/matnano/index.php?/20070125370/MINAPRINT-Laboratory/The-mission-of-MINAPRINT.html
http://matnano.portici.enea.it/matnano/index.php?/20070125370/MINAPRINT-Laboratory/The-mission-of-MINAPRINT.html


143 

 

13. R. W. Ziolkowski and A. Kipple, “Application of double negative metamaterial to 

increase the power radiated by electrically small antennas,” IEEE Trans. Antennas 

Propag., vol. 51, pp. 2626–2640, Oct. 2003. 

14. R. W. Ziolkowski and A. D. Kipple, “Reciprocity between the effects of resonant 

scattering and enhanced radiated power by electrically small antennas in the 

presence of nested metamaterial shells,” Phys. Rev. E., vol. 72, 036602, Sep. 2005. 

15. R. W. Ziolkowski and A. Erentok, “Metamaterial-based efficient electrically 

small antennas,” IEEE Trans. Antennas Propag., vol. 54, pp. 2113–2130, Jul. 

2006. 

16. R. W. Ziolkowski and A. Erentok, “At and beyond the Chu limit: passive and 

active broad bandwidth metamaterial-based efficient electrically small antennas,” 

IET Microwaves, Antennas & Propagation, vol. 1, pp. 116-128, Feb. 2007. 

17. H. Thal, “New radiation Q limits for spherical wire antennas,” IEEE Trans. 

Antennas Propag., vol. 54, pp. 2757-2763, Oct. 2006. 

18. R. W. Ziolkowski, “Efficient electrically small antenna facilitated by a near-field 

resonant parasitic,” IEEE Antennas and Wireless Propag. Lett., vol. 7, pp. 581-

584, 2008. 

19. A. Erentok and R. W. Ziolkowski, “Metamaterial-inspired efficient electrically-

small antennas,” IEEE Trans. Antennas Propag., vol. 56, pp. 691-707, Mar. 2008. 

20. R. W. Ziolkowski, C.-C. Lin, J. A. Nielsen, M. H. Tanielian, and C. L. Holloway, 

“Design and experimental verification of a 3D magnetic EZ antenna at 300 

MHz,” IEEE Antennas Wireless Propag. Lett., vol. 8, pp. 989–993, 2009. 

21. R. W. Ziolkowski, P. Jin, J. A. Nielsen, M. H. Tanielian, and C. L. Holloway, 

“Design and experimental verification of Z antennas at UHF frequencies,” IEEE 

Antennas Wireless Propag. Lett., vol. 8, pp. 1329–1333, 2009. 

22. C.-C. Lin, R. W. Ziolkowski, J. A. Nielsen, M. H. Tanielian, and C. L. Holloway, 

“An efficient, low profile, electrically small, VHF 3D magnetic EZ antenna,” 

Appl. Phys. Lett., vol. 96, 104102, Mar. 2010. 

23. A. Erentok and R. W. Ziolkowski, “An efficient metamaterial-inspired 

electrically-small antenna,” Microw. Opt. Tech. Lett., vol. 49, pp. 1287-1290, Jun. 

2007. 



144 

 

24. A. Erentok and R. W. Ziolkowski, “Two-dimensional efficient metamaterial-

inspired electrically-small antenna,” Microw. Opt. Tech. Lett., vol. 49, pp. 1669-

1673, Jul. 2007. 

25. R. W. Ziolkowski and C.-C. Lin, “Metamaterial-inspired magnetic-based UHF 

and VHF antennas,” in Proceedings of the 2008 IEEE AP-S International 

Symposium and USNC/URSI National Radio Science Meeting, San Diego, CA, 

paper no. 207.3, July 5-12, 2008. 

26. R.B. Greegor, C.G. Parazzoli, D.C. Vier, S. Schultz, C.L. Holloway, and R.W. 

Ziolkowski, “Demonstration of impedance matching using a mu-negative (MNG) 

metamaterial,” IEEE Antennas Wireless Propag. Lett., vol. 9, pp. 92-95, 2009. 

27. P. Wilson, G. Koepke, J. Ladbury, C.L. Holloway, “Emission and immunity 

standards: replacing field-at-a-distance measurements with total-radiated-power 

measurements,” in Proc. IEEE International Symposium on Electromagnetic 

Compatibility, Montreal, Canada, 13-17 Aug. 2001, Vol. 2, pp. 964-969. 

28. C. L. Holloway, D.A. Hill, J.M. Ladbury, P.Wilson, G. Koepke, and J. Coder, 

“On the use of reverberation chambers to simulate a controllable Rician radio 

environment for the testing of wireless devices,” IEEE Trans. Antennas Propag., 

vol. 54, pp. 3167-3177, Nov. 2006. 

29. N. Serafimov, P.-S. Kildal, and T. Bolin, “Comparison between radiation 

efficiencies of phone antennas and radiated power of mobile phones measured in 

anechoic chambers and reverberation chamber,” in Proc. IEEE Antennas and 

Propagation International Symposium, San Antonio, Texas, 16-21 June 2002,  

Vol. 2, pp. 478-481. 

30. A. A. H. Azremi, H. G. Shiraz, and P. S. Hall, “Small antenna efficiency by the 

reverberation chamber and the Wheeler cap methods, in Proc. 13th IEEE 

International Conference on Networks, 2005, Kuala Lumpur, Malaysia, 16-18 

Nov. 2005, pp. 12-16. 

31. G. Le Fur, C. Lemoine, P. Besnier, and A. Sharaiha, “Performances of UWB 

Wheeler cap and reverberation chamber to carry out efficiency measurements of 

narrow band antennas,” IEEE Antennas Wireless Propag. Lett., vol. 8, pp. 332-

335, 2009. 

32. D.A. Hill and M. Kanda, “Measurement uncertainty of radiated emission”, NIST 

Tech. Note. 1389, Boulder, CO, 1997. 



145 

 

33. F. Qureshi, M. A. Antoniades, and G. V. Eleftheriades, IEEE Antennas Wireless 

Propag. Lett., vol. 4, pp. 333-336, 2005. 

34. A. Alù, F. Bilotti, N. Engheta, and L. Vegni, IEEE Trans. Antennas Propag.,    

vol. 55, pp. 13-25, Jan. 2007. 

35.  H. R. Stuart and C. Tran, IEEE Antennas Wireless Propag. Lett., vol. 6, pp. 7-10, 

2007. 

36.  K. B. Alici and E. Ozbay, “Electrically small split ring resonator antennas,”         

J. Appl. Phys., vol. 101, 083104, Apr. 2007. 

37. S. R. Best, “Low Q electrically small linear and elliptical polarized spherical 

dipole antennas,” IEEE Trans. Antennas Propag., vol. 53, pp. 1047-1053,        

Mar. 2005. 

38. http://www.trans-techinc.com/products_detail.asp?ID=106 (11/01/2010) 

39. C. A. Balanis, Antenna Theory, 3rd Ed. New York: Wiley, 2005, pp. 231-269. 

40. A. Erentok, P.L. Luljak, and R. W. Ziolkowski, “Characterization of a volumetric 

metamaterial realization of an artificial magnetic conductor for antenna 

applications,” IEEE Trans. Antennas and Propag., vol. 53, pp.160-172., Jan. 2005. 

41. A. Erentok, D. Lee, and R. W. Ziolkowski, “Numerical analysis of a printed 

dipole antenna integrated with a 3D AMC block,” IEEE Antennas Wireless 

Propag. Lett., vol. 6, pp. 134-136, 2007. 

42. O. S. Kim and O. Breinbjerg, “Minaturized self-resonant split-ring resonator 

antenna,” Electron. Lett., vol. 45, pp. 196–197, Feb. 2009. 

43. O. S. Kim, “Low-Q electrically small spherical magnetic dipole antennas,” IEEE 

Trans. Antennas Propag., vol. 58, pp. 2210-2217, Jul. 2010. 

44. M. Li, X.-Q. Lin, J. Y. Chin, R. Liu, and T. J. C., “A novel miniaturized printed 

planar antenna using split-ring resonator,” IEEE Antennas Wireless Propag. Lett., 

vol. 7, pp. 629-631, 2008. 

45. H. R. Stuart and C. Tran, “Subwavelength microwave resonators exhibiting strong 

coupling to radiation modes,” Appl. Phys. Lett., vol. 87, 151108, Oct. 2005. 



146 

 

46. H. R. Stuart and A. Pidwerbetsky, “Electrically small antenna elements using 

negative permittivity resonators,” IEEE Trans. Antennas Propag., vol. 54,          

pp. 1664–1653, Jun. 2006. 

47. H. R. Stuart, “Eigenmode analysis of small multielement spherical antennas,” 

IEEE Trans. Antennas Propag., vol. 56, pp. 2841–2851, Sep. 2008. 

48. P. Ikonen, S. Maslovski, and S. Tretyakov, PIFA loaded with artificial magnetic 

material: Practical example for two utilization strategies,” Microwave Opt. 

Technol. Lett., vol. 46, pp. 205-210, Aug. 2005. 

49. P. M. T. Ikonen, S. I. Maslovski, C. R. Simovski, and S. A. Tretyakov, “On 

artificial magnetodielectric loading for improving the impedance bandwidth 

properties of microstrip antennas,” IEEE Trans. Antennas Propag., vol. 54,        

pp. 1654-1662, Jun. 2006. 

50. K. Buell, H. Mosallaei, and K. Sarabandi, “A substrate for small patch antennas 

providing tunable miniaturization factors,” IEEE Trans. Microwave Theory Tech., 

vol. 54, pp. 135-14, Jan. 2006. 

51. H. Mosallaei and K. Sarabandi, “Design and modeling of patch antenna printed 

on magneto-dielectric embedded-circuit metasubstrate,” IEEE Trans. Antennas 

Propag., vol. 55, pp. 45-52, Jan. 2007. 

52. F. Bilotti, A. Alú, and L. Vegni, “Design of miniaturized metamaterial patch 

antennas with μ-negative loading,” IEEE Trans. Antennas Propag., vol. 56,        

pp. 1640–1647, Jun. 2008. 

53. F. J. Herraiz-Martínez, L. E. García-Muñoz, D. González-Ovejero, V. González-

Posadas, and D. Segovia-Vargas, “Dual-frequency printed dipole loaded with split 

ring resonators,” IEEE Antennas Wireless Propag. Lett., vol. 8, pp. 137–140, 

2009. 

54. H. Zhang, Y.-Q. Li, X. Chen, Y.-Q. Fu, and N.-C. Yuan, “Design of circular/dual-

frequency linear polarization antennas based on the anisotropic complementary 

split ring resonator,” IEEE Trans. Antennas Propag., vol. 57, pp. 3352-3355,    

Oct. 2009. 

55. Y. G. Ma, P. Wang, X. Chen, and C. K. Ong, “Near-field plane-wave-like beam 

emitting antenna fabricated by anisotropic metamaterial,” Appl. Phys. Lett.,       

vol. 94, 044107, Jan. 2009. 



147 

 

56. D. M. Pozar, “New Results for Minimum Q, Maximum Gain, and Polarization 

properties of Electrically Small Arbitrary Antennas,” in Proceedings of the 3rd 

European Conference on Antennas and Propagation, Berlin, Germany, pp. 1993-

1996, March 23-27, 2009. 

57. J. S. McLean, “A re-examination of the fundamental limits on the radiation of 

electrically small antennas,” IEEE Trans. Antennas Propag., vol. 44, pp. 672–676, 

May 1996. 

58. H. D. Foltz and J. S. McLean, “Limits on the radiation of electrically small 

antennas restricted to oblong bounding regions,” in Proceeding of the 1999 IEEE 

Antennas Propagation International Symposium, Orlando, FL, Vol. 4, pp. 2702–

2705, July 1999. 

59. C.-C. Lin, R. W. Ziolkowski, “Dual-band 3D magnetic EZ antenna,”  Microwave 

Opt. Technol. Lett., vol. 52, pp. 971-975, Apr. 2010. 

60. “Federal Communications Commission Revision of Part 15 of the Commission’s 

Rules Regarding Ultra-Wideband Transmission System from 3.1 to 10.6 GHz,” in 

FEDERAL Communications Commission, Washington, DC: ET-Docket, 2002,   

pp. 98–153, FCC. 

61. W. S. Lee, D. Z. Kim, K. J. Kim, and J. W. Yu, “Wideband planar monopole 

antennas with dual band-notched characteristics,” IEEE Trans. Microw. Theory 

Tech., vol. 54, pp. 2800–2806, Jun. 2006. 

62. S. J. Hong, J. W. Shin, H. Park, and J. H. Choi, “Analysis of the band-stop 

techniques for ultrawideband antenna,” Microw. Opt. Technol. Lett., vol. 49,      

pp. 1058–1062, May 2007. 

63. X.L. Bao, M. J. Ammann, “Printed band-reject UWB antenna with H-shaped 

slot,” in Proceeding of the International Workshop on Antenna Technology: Small 

Antennas and Novel Metamaterials, IWAT 2007, Singapore, pp. 319-322,       

Mar. 2007. 

64. Q. Chu and Y. Yang, “A compact ultrawideband antenna with 3.4/5.5 GHz dual 

band-notched characteristics,” IEEE Trans. Antennas Propag., vol. 56, pp. 3637–

3644, Dec. 2008. 



148 

 

65. H. Zhang, R. Zhou, Z. Wu, H. Xin, and R. W. Ziolkowski, “Designs of ultra 

wideband (UWB) printed elliptical monopole antennas with slots,” Microw. Opt. 

Technol. Lett., vol. 52, pp. 486-471, Feb. 2010. 

66. J. Kim, C. S. Cho, and J. W. Lee, “5.2 GHz notched ultra-wideband antenna using 

slot-type SRR,” Electron. Lett., vol. 42, pp. 315–316, Mar. 2006 

67. J. Liu, S. Gong, Y. Xu, X. Zhang, C. Feng, and N. Qi, “Compact printed ultra-

wideband monopole antenna with dual band-notched characteristics,” Electron. 

Lett., vol. 44, pp. 710-711, Jun. 2008. 

68. Ding, J., Lin, Z., and Ying, Z.: “A compact ultra-wideband slot antenna with 

multiple notch frequency bands,” Microw. Opt. Technol. Lett., 2007, vol. 49,      

pp. 3056–3060. 

 


