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Abstract

This work presents a novel technique for miniaturizing folded dipole antennas using a

simple series reactive loading scheme that enables the input impedance to be engineered, such

that the antenna can be matched inherently to either a real or a complex source impedance at

a specified level of miniaturization. This ability to achieve good matching with respect to an

essentially arbitrary source impedance allows these miniaturized antennas to be integrated

into various wireless systems without using an external matching network, which usually

increases the overall size and complexity.

First, the well-known analytical model of an unloaded folded dipole antenna is extended

to include the effects of reactive loading. Initially, a symmetric loading scheme is chosen,

where it has been shown that in order to realize good matching conditions, an extremely large

loading inductance and an extremely small loading capacitance will be necessary. However,

if asymmetries are introduced in the loading scheme, the required loading values can become

much smaller and more easily realizable.

The conclusions from this study are then applied in order to realize a practical example,

where a printed folded dipole antenna is miniaturized to 25% of its resonant length by

employing a fully asymmetric loading scheme, i.e., one arm of the antenna is made inductive

and the other is made capacitive, and excellent matching is achieved with respect to a

selected source impedance. The widths of the folded dipole arms are also made unequal in

order to use as an additional degree of freedom. A unique feed structure is also designed
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to provide a balanced input to the antenna. It is shown that any effects from this feed or

other practical losses can be compensated easily by adjusting the loading reactance values.

Furthermore, it is found that the miniaturized folded dipole antenna has a radiation efficiency

that is comparable to that of an equivalent loaded conventional dipole antenna, however by

virtue of being inherently matched (and therefore not requiring a potentially lossy and bulky

external matching network), the folded dipole antenna exhibits a better realized gain, and

hence a higher radiated power. The antenna is fabricated and experimental results are found

to be in excellent agreement with the simulated.

Finally, the applicability of this miniaturization technique is studied for narrowband

electrically small sensor antennas. A 75% miniaturized fully printed folded dipole proto-

type is designed for matching to a real source impedance at the UHF ISM frequency band

(902-928 MHz) specified for sensing applications in North America. In the next step, the

input-impedance engineering technique is extended to match an equally miniaturized folded

dipole antenna to a complex source impedance, and its suitability as a RFID tag antenna

is discussed. Once again, excellent agreement is found between the measured and simulated

results for both designs.
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Preface

This thesis presents a miniaturization technique for folded dipole antennas, where the

end product is an electrically small and inherently matched antenna that does not require

any external matching network. My supervisor Prof. A. K. Iyer provided me with the initial

idea, and I developed the corresponding miniaturization technique, including performing

the simulations and measurements for all the reported antennas. Prof. Iyer played a strong

supervisory role throughout the work.

A portion of this research was conducted under collaboration with Sensors and Software

Inc., Mississauga, ON, Canada, which have been reported in Chapter 4 and Section 5.2. Dr.

Nectaria Diamanti and Dr. A. Peter Annan from Sensors and Software helped with their

ideas and opinions during the course of this collaboration. My colleague David J. Sawyer

helped me with setting up the measurements and in the design/layout of the feed network

for the fabricated prototype. This part of the work resulted in two abstract submissions:

[1] S. Das, A. K. Iyer, A. P. Annan, and N. Diamanti, “Study of reactive loading for

the miniaturization of folded dipole antennas,” IEEE International Symposium on

Antennas and Propagations and North American Radio Science Meeting, San Diego,

CA, USA, July 2017,

[2] S. Das, D. J. Sawyer, N. Diamanti, A. P. Annan, and A. K. Iyer, “Design of strongly

miniaturized, inherently matched, and scalable folded dipole antennas,” presented in
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the Special Session: Low-Profile Antennas from Gigahertz to Terahertz at the USNC-

URSI National Radio Science Meeting, Boulder, CO, USA, January 2019.

Additionally, the contents of Chapter 4 have been communicated as:

[3] S. Das, D. J. Sawyer, N. Diamanti, A. P. Annan, and A. K. Iyer, “A strongly minia-

turized and inherently matched folded dipole antenna for narrowband applications,”

under fourth round of review in IEEE Transactions on Antennas and Propagation,

2019.

The contents of Section 5.3 were performed in collaboration with Hossein Saghlatoon, a

Ph.D. student of Prof. P. Mousavi of the University of Alberta, Canada. Hossein provided

me with the required specifications and also helped me in the measurements. The work has

been published as:

[4] S. Das, H. Saghlatoon, P. Mousavi, and A. K. Iyer, “A highly miniaturized and inher-

ently conjugately matched folded dipole-based RFID tag antenna,” IEEE Access, vol.

7, pp. 101658-101664, July 2019.
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Chapter 1

Introduction

1.1 Motivation

In recent years, there has been an increasing demand for wireless transceiver systems that

are compact and portable. With advancements in microwave and solid state technologies,

there has been significant success in reducing the size of various Radio Frequency (RF) circuit

elements and components inside a transmit/receive module. However, miniaturization of

antennas, which are possibly the most important and often the largest components in a

wireless system have always been a topic of conflicting interest, since the process of size

reduction significantly degrades the bandwidth and the radiation efficiency of the antenna,

thus affecting the performance of the whole system in the expense of portability.

The performance of an antenna is largely dependent on its electrical size, i.e., size with

respect to wavelength, which is usually of the order of one-half of a wavelength, or sometimes

a full wavelength. An antenna that is much smaller than this size, usually exhibits a small

input resistance and large input reactance that makes it difficult to match to a practical

source impedance, which in turn results in poor bandwidth and efficiency. External matching

networks are often employed as a remedy, but not without increasing the overall size and

complexity of the system, which defeats the purpose of miniaturization to some extent.
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Thus, it remains an open challenge to realize a sufficiently small antenna with an adequate

bandwidth and efficiency, such that the overall system performance is not affected.

The use of electrically small antennas goes a long way back to the late 1800s, when

Edison used vertical top-loaded grounded antennas for a communication system, or Hertz

performed his groundbreaking spark-gap experiments, and in the early 1900s, when Mar-

coni performed his trans-Atlantic communication using fan-shaped monopole [1]. Antenna

technology experienced a remarkable development during the two World Wars, which es-

sentially paved the way for smaller-sized wireless communication systems. In that pursuit,

the operating frequency has also been gradually raised from MF and HF band to VHF,

UHF and SHF band in the recent years. Apart from broadcasting and mobile communi-

cations, electrically small antennas have been employed extensively in sensing/monitoring

applications, some examples of which include Machine-to-Machine (M2M) communications,

Internet of Things (IoT), Radio-Frequency Identification (RFID), biomedical implants, and

various other body-centric sensor systems. These systems usually transmit/receive a small

amount of data over a relatively short distance, and thus do not require a wide bandwidth

and/or a high radiation efficiency.

Dipole and folded dipole antennas, along with their monopole equivalents, are often the

preferred choice for many sensing applications, particularly because of their simplicity, low

cost, compact size, well-defined radiation properties, omnidirectional coverage area and sim-

ple analysis and design, both in wire and printed forms. Although a folded dipole antenna

has identical radiation characteristics as a conventional dipole antenna, it can be considered

somewhat advantageous compared to its conventional counterpart for miniaturization pur-

poses as its input impedance can be modified by making suitable structural changes, as will

be disclosed in the latter chapters. Nevertheless, as mentioned earlier, impedance match-

ing can be a major issue for both miniaturized conventional and folded dipole antennas.

Having a well-matched antenna for sensing purposes is important, as it will radiate more

power for a given radiation efficiency, and hence a longer detection range can be realized.
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Again, the impedance matching problem is usually resolved by employing external matching

networks, or sometimes increasing the footprint of the antenna itself in lateral directions

(e.g., meander-line dipole/monopole antennas, folded dipole antennas with multiple arms).

Furthermore, the source impedance of a sensor antenna can be either be real or complex

(e.g., RFID tag). As a result, different kinds of matching network topologies are usually

employed.

1.2 Objectives

A folded dipole antenna has been selected for this work owing to the aforementioned

advantage over a conventional dipole antenna. Thus, the main objectives of this work are the

following: (1) to develop a miniaturization technique for folded dipole antennas by employing

a simple reactive loading topology, such that good matching can be obtained with respect

to an arbitrary real source impedance for a given level of miniaturization, without using any

external matching network or having to alter the antenna structure greatly, (2) extend the

matching technique for sensor antennas requiring matching to complex input impedances,

and finally (3) experimentally validate both miniaturization techniques.

1.3 Outline

Chapter 2 provides a detailed account of the different approaches for miniaturizing con-

ventional and folded dipole antennas, along with the corresponding matching techniques.

In Chapter 3, the well-known analytical model of a folded dipole antenna is extended in

order to include the effects of a symmetric reactive loading scheme applied to the antenna,

and the conditions crucial for achieving good matching at a given miniaturization level are

discussed. Furthermore, it is demonstrated that an asymmetric loading scheme will result in

easily realizable loading reactance values compared to a symmetric loading scheme, and it is

also discussed why the analytical model is unable to account for the introduced asymmetries.
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Chapter 4 demonstrates an example of a folded dipole antenna that was miniaturized

to 75% level following the conclusions drawn in Chapter 3. The radiation performance

parameters of the miniaturized folded dipole antenna are compared to that of an equivalently

loaded conventional dipole antenna. The miniaturized folded dipole antenna is validated

using measurements.

In Chapter 5, a fully printed 75% miniaturized folded dipole antenna is designed for UHF

ISM band of 902-928 MHz, which can be suitable for sensor applications where matching

is required with respect to real input impedances. Following that, the design technique is

extended in order to realize a RFID tag antenna that needs to be matched to a complex

input impedance. Both the antennas are experimentally validated.

Finally, the thesis is concluded in Chapter 6, where a number of future directions of this

research have been proposed.
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Chapter 2

Background

2.1 Dipole Antennas

2.1.1 Introduction

A dipole antenna consists of a linear metallic conductor, which is usually split at the

center and fed by a balanced transmission line that carries equal and opposite currents on

its two conductors. These antennas, and their variants, are possibly the simplest, oldest and

least expensive radio antennas that are still being used extensively as basic transmitters and

receivers in various communication systems, broadcasting, measurements of electric fields,

and as feeding elements of larger aperture-type antennas like horn or reflector antennas.

The current distribution on a dipole antenna can be explained easily with the help of a

lossless two-conductor transmission line terminated in an open circuit [2]. Consider charges

moving along the transmission-line conductors comprising a travelling wave current of mag-

nitude I0/2, which upon arriving at the open circuit goes through a complete reflection that

results in a reflected travelling wave current of the same magnitude, but with a 180◦ reversed

phase. The mechanism is shown in Fig. 2.1(a). Thus, the reflected travelling wave after

being combined with the incident travelling wave, creates a sinusoidal standing wave pattern

of magnitude I0 on the two conductors of the transmission line. Although the individual
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(a)

(b)

(c)

Figure 2.1: Current distributions on (a) lossless two-conductor transmission line, (b) flared
transmission line, and (c) linear dipole antenna [2].
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conductors of the transmission line radiate due to the time-varying nature of the currents,

since the spacing between them is usually considered much smaller than the wavelength

(s λ) the two radiated fields essentially cancel each other, thus producing no overall

radiation. Now, if the two conductors at the end of the transmission line begin to flare

apart from each other as shown in Fig. 2.1(b), then for the same current distribution, the

two radiated fields will not completely cancel each other anymore. An extreme case of this

flaring can be seen in Fig. 2.1(c), where the flared sections are at a perfect right angle with

the remaining transmission-line section. This essentially represents a linear dipole antenna.

Now, if the total length of the flared section is smaller than a wavelength (l < λ), then the

standing wave currents on each of the flared segments is co-directed throughout the length,

and the corresponding radiated fields from each of these currents will reinforce each other.

The open circuits at the ends basically form the boundary conditions for the dipole antenna.

The most commonly used dipole antennas are a half-wavelength long (l = λ/2), where the

dipole antenna undergoes its first resonance and exhibits only a real input impedance. At

all lengths l < λ, a center-fed dipole antenna radiates in an omnidirectional pattern with a

linear polarization parallel to the length of the dipole. A representative diagram of a half-

wavelength long dipole antenna along with its omnidirectional radiation pattern is shown in

Fig. 2.2. For lengths l > λ, the currents on the different parts of the dipole antenna will not

be co-directed anymore, thus the fields radiated by the antenna will experience construc-

tive and destructive interferences, which in turn will produce a diffraction pattern including

sidelobes and nulls.

Another equivalent form of the dipole antenna is the monopole antenna, which is real-

ized by placing half of the dipole antenna perpendicularly in the vicinity of an infinite and

perfectly conducting surface, often termed as the ground plane. Since a monopole antenna is

more compact compared to its dipole equivalent, it is one of the most widely used antennas in

the handheld units of mobile communication systems [3,4]. The image formed by the ground

plane acts as a substitute for the remaining half of the dipole, in that the induced currents on
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(a) (b)

Figure 2.2: (a) Half-wavelength dipole antenna, and (b) its omnidirectional radiation pattern
[2].

Figure 2.3: Schematic of a monopole antenna.
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the ground plane produce the corresponding fields in the upper half-space. Thus, the most

commonly used monopole antennas are a quarter-wavelength (λ/4) long, and exhibit a simi-

lar omnidirectional pattern. A representative monopole antenna has been shown in Fig. 2.3.

The input impedance of a monopole antenna is half of the equivalent dipole antenna, since

only half of the input voltage is required to produce the same amount of current. Similarly,

since only half of the input power of the dipole is needed to produce the same field strengths,

the gain of a monopole antenna is usually double compared to that of the dipole. However,

although monopole antennas have a more compact size and better gain compared to their

dipole counterparts, they still require a large ground plane, and since an infinite perfectly

conducting ground plane is practically not realizable, the radiation pattern and the gain are

usually affected by the finiteness of both the ground plane size and conductivity [5, 6].

2.1.2 Miniaturization Techniques

The recent advances in wireless and solid state technologies have made the realization

of high-performance miniaturized transmit and receive modules a reality, which have found

widespread use in different industrial, medical, and military applications. This led to a

requirement for components that are compact and efficient at the same time. In order to meet

these ever-increasing space constraints, the size of the constituent active circuit elements

and RF components inside a wireless system has been reduced notably. However, although

there have been significant efforts towards miniaturization of antennas that are often the

largest components in a wireless system, the challenge remains to realize a sufficiently small

antenna with an adequate bandwidth and radiation efficiency, the reason behind which

is the small input resistance and large input reactance exhibited by the electrically small

antennas. Thus, these antennas generally require an external matching network that can

provide conjugate matching, such that maximum power transfer can be ensured from the

rest of the wireless system to the antenna. However, these matching networks often increase

the size and complexity of the system.
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Once again, dipole and monopole antennas are among the preferred choices for several

compact antenna applications, particularly because of their simplicity, compact size, well-

defined radiation properties and simple design and analysis; in both wire and printed forms.

In this section, different miniaturization techniques of these antennas will be discussed.

2.1.2.1 Reactive Loading

Electrically small dipole antennas are inherently capacitive, thus the simplest method

for miniaturizing a dipole antenna is to load it with a series inductor. The series inductive

loading essentially shifts the half-wavelength-like resonance of the dipole antenna to a lower

frequency, where the physical length of the antenna is smaller than the corresponding half-

wavelength. Many examples can be found in the literature, where inductive loading has

been applied to a dipole and monopole antenna using various inductor topologies with the

sole objective of increasing the length of the antenna within a compact form. Possibly

the first reported work on loaded monopoles was done by Bulgerin and Walters in 1954,

who performed a series of experiments on short fat monopoles of different lengths at 100

MHz [7]. Followed by that, Harrison performed a study on the effect of loading position

on the radiation efficiency using a coil loaded monopole antenna [8], a schematic of which

is shown in Fig. 2.4. The results showed that the efficiency increases gradually as the

loading point is moved away from the feed and towards the end of the antenna, but the

data are only available up to 2/3 loading point, i.e., 2/3rd distance from the feed to the end

(|h2| = 2|h1|/3 in Fig. 2.4). However, later in 1975, Hansen showed using moment-method

calculations on a similar problem that the maximum radiation efficiency occurs at roughly

0.4 loading point (|h2| = 0.4|h1| in Fig. 2.4), and falls off slowly as the loading point is moved

towards the end [9, 10]. But, he also showed that the input resistance keeps on increasing

as the loading point is moved all the way to the end, which is essential for obtaining good

impedance matching. Thus, he proposed that the 2/3rd loading point can be regarded as

a good compromise between achieving high radiation efficiency and large input resistance.
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Figure 2.4: Series inductively loaded dipole and monopole antenna [8].

These kinds of coil-loaded monopole antennas are traditionally called whip antennas and

have been used extensively for vehicular communication systems. Some other examples of

coil loaded whip antennas can be found in [11, 12]. Moreover, instead of using a localized

coil for providing inductive loading, distributed inductive loading was also employed in some

of the whip antennas, where the monopoles were essentially constructed using a helix with

a tapered pitch [13, 14]. Miniaturized dipole/monopole antennas have also been realized

using other distributed inductive loading topologies, e.g., using meandered arm [15–19],

zigzag arm [20], sinusoidal arm [21], rolled dipole arms [22] etc. Several of these distributed

inductively loaded small antennas are shown in Fig. 2.5.

Another method of miniaturizing a dipole/monopole antenna is to load it with a shunt

capacitor, which is typically done by placing a conducting disk at the ends of the antenna.

This loading scheme is also known as top-loading. The use of top-loaded dipole antenna dates

back to the late 1800s, when in 1875 Edison patented a communication system using vertical,

top-loaded grounded antennas [1], or when Hertz performed his famous spark gap experiment
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(a) (b)

(c) (d)

(e)

Figure 2.5: Series inductive loading topologies: (a) coil loaded whip antenna [11], (b) zigzag
dipole antenna [20], (c) meandered monopole antenna [21], (d) sinusoidal monopole antenna
[21], and (e) rolled dipole antenna [22].
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(a)

(b) (c) (d) (e)

(f) (g)

Figure 2.6: Shunt capacitive loading topologies: (a) spherical top loading used by Hertz [23],
(b) solid disk-loaded dipole antenna [30], (c) umbrella-shaped top loading [29], (d) wire-grid
disk type top-loading [30], (e) wire-grid spherical cap type top-loading [30], (f) spiral coil
type top-loading [31], and (g) inverted-L monopole antenna [33].
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(a) (b)

Figure 2.7: Combination of series inductive and shunt capacitive loading topologies: (a)
wire-grid disk type top-loading on a helical dipole [30], (b) wire-grid spherical cap type
top-loading on a helical dipole [30].

using a dipole with sliding capacitive spheres between 1886 and 1889 [1,23]. The top-loading

arrangement changes the boundary condition for the antenna current at the ends, and since

the currents no longer have to go to zero at the ends, the overall current profile becomes

more uniform over the dipole length, thus resulting in an enhanced radiation efficiency and

bandwidth [24,25]. In this approach, the degree of miniaturization depends on the size of the

loading disks, however at the price of increased dimension in the lateral directions. Various

shapes were used for realizing top-loading, some typical examples include thin circular plate

or disk [26, 27], umbrella-shaped loading [28, 29], wire-grid disk or spherical-cap [30], spiral

coil [31], or inverted-L shaped top-loading [32,33]. Some of these top-loading topologies are

shown in Fig. 2.6. Furthermore, top-loading can also be used in conjunction with distributed

series inductive loading in order to realize miniaturized dipoles, as shown in Fig. 2.7 [30].
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2.1.2.2 Metamaterial Loading

More recently, metamaterial technology has been exploited for realizing electrically small

dipole-like antennas. Metamaterials or left-handed materials are artificially engineered ma-

terials with unusual properties like negative permittivity or permeability that are not readily

available in nature. Particularly important for antenna miniaturization are the transmission-

line metamaterials, where the aforementioned exotic properties can be achieved by loading

a regular or right-handed transmission line periodically using series capacitance and shunt

inductances, with each period (also known as unit cell) being much smaller than the guided

wavelength, which is essentially the Bloch wavelength of the periodic structure, in order

to realize an effective homogeneous medium [34, 35]. These kinds of loaded transmission

lines are called Negative Refractive Index Transmission Lines (NRI-TLs) or Composite

Right/Left-Handed Transmission Lines (CRLH TLs).

The guided wavelength (λg) in a NRI-TL is dominated by the capacitors and inductors

that load the underlying transmission line, whereas the wavelength in a right-handed trans-

mission line is essentially determined by its filling medium. Thus, the required condition for

creating a standing wave resonance on such a transmission line of length L is given as:

L = |n|λg
2

; n = 0,±1,±2 ... (2.1)

where n is the resonance number. Of particular importance for miniaturization of dipole

antennas are the zeroth order resonance (n = 0) and the half-wavelength resonances (n =

±1). The field distribution for a zeroth order resonance is flat, and thus not related to

the physical length of the transmission line, which suggests that in principle, it can be

used for realizing arbitrarily small antenna sizes. On the other hand, the half-wavelength

resonances can be used for multiband operation by choosing the number of unit cells, and

miniaturization can be attained by properly choosing the loading reactance values. Finally,

a zeroth order resonant antenna will exhibit a higher radiation efficiency compared to the
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(a) (b)

(c) (d)

(e) (f)

Figure 2.8: Metamaterial loaded dipole/monopole antenna topologies: (a) Transmission line
metamaterial loaded [36], (b) CRLH loaded [39], (c) NRI-TL loaded bowtie antenna [40],
(d) small monopole surrounded by an ENG-like medium [42], (e) SRR loaded [43], and (f)
CLL loaded [44].
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half-wavelength resonant antennas due to its higher uniformity of fields along the structure.

Examples of various transmission line metamaterial loaded miniaturized dipole antennas can

be found in [36–40].

In another approach, an electrically-small dipole antenna was surrounded with negative

permittivity (epsilon-negative or ENG) material that acts as an appropriate parasitic element

in order to achieve good matching and efficiency [41,42]. Alternatively, a monopole antenna

can be loaded with a split-ring resonator (SRR) that is a negative-permeability element

(mu-negative or MNG). The operating frequency of the composite structure is determined

by the resonance frequency of the SRR, which can be easily made to resonate at a lower

frequency than the monopoles own resonance frequency, thus resulting in miniaturization

[43]. Furthermore, a dipole can be loaded with capacitively loaded loops (CLL), where again

the resonance frequency of the CLL influences the operating frequency of the composite

structure, which can be lowered by increasing the overall capacitance of the CLL by using

surface-mount chip capacitors [44]. The various metamaterial loading techniques described

in this section are shown in Fig. 2.8.

2.1.2.3 Other Techniques

One way to make monopole antennas more compact is by realizing them in Inverted-F

(IF) form; although they are typically quarter-wavelength-long antennas, compactness is

achieved by bending them and making them parallel to the ground plane [45], as shown in

Fig. 2.9(a). It is shorted at one end close to the feed point. IF antennas radiate in an

omnidirectional pattern and the input impedance can be adjusted by changing the feeding

location on the antenna, thereby facilitating matching. These kinds of antennas can be

made to radiate in multiple frequency bands by inserting additional stubs/slots [46–48],

and also can be further miniaturized by meandering and folding the conductor [49–51],

parallel capacitive loading [52, 53], or by applying Composite Right/LeftHanded (CRLH)

metamaterials [54,55]. Some of these IF antennas are shown in Figs. 2.9(b)-2.9(e).
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(a) (b)

(c) (d) (e)

Figure 2.9: IF antenna topologies: (a) unloaded [45], (b) slot loaded [47], (c) meandered and
folded IF antenna [50], (d) capacitively loaded [53], and (e) CRLH loaded [54].

Furthermore, attempts have been made to miniaturize a dipole antenna by loading it

with high-permittivity and high-permeability materials [56–60]. However, a dipole with

series inductive loading usually results in a better efficiency and bandwidth [61].

2.1.3 Matching Techniques

As mentioned earlier, one of the major challenges involving small-antenna design is to

match the antenna to a practical source impedance. For most of the cases, this requires

including an external matching network, which again increases the size and complexity of

the antenna structure, thus somewhat defeating the purpose of miniaturization. Another

potential challenge in introducing an external matching network is that the loss resistances

within the matching-network components may result in an overall low efficiency. However,

the introduced loss may also help to increase the operating bandwidth of the antenna. Thus,
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introduction of a lossy matching network can be an acceptable tradeoff between achieving

wider bandwidth and an adequate radiation efficiency, depending on the particular applica-

tion [30].

Rather than employing an external matching network, the antenna structure can also

be modified in order to achieve a higher input resistance at the miniaturized resonance.

Some of these techniques have been already mentioned in the previous sub-sections, such

as distributed-inductor loading, top-hat loading, and metamaterial loading. Whereas it

is possible to achieve the required input resistance in order to facilitate matching for the

reactively loaded dipole antennas either by increasing meandering or by increasing the top-

hat dimensions, it usually results in a reduced radiation efficiency due to the increased

conductor losses. Furthermore, these modifications also increase the antenna dimension

in lateral directions. On the other hand, transmission-line-metamaterial loaded antennas

usually suffer from poor efficiency mainly due to the oppositely-directed transmission-line-

like currents flowing on the structure [36,39,40].

Matching networks used for electrically small antennas are typically of two kinds: (1)

Foster matching networks, and (2) Non-Foster matching networks. Foster matching networks

are basically composed of passive elements like inductors, capacitors or transmission-line sec-

tions. Although ideally lossless, practical implementations of these elements can have some

physical losses, thus the matching networks constructed using these elements might affect

the radiation efficiency of the miniaturized antenna. Another drawback of these kinds of

matching networks is their limited bandwidth. However, these networks are simple to design

and easy to fabricate. Some typical examples of these networks include L, T, or π-sections

that mostly use lumped reactive elements, single/double/triple stub matching networks that

use transmission-line sections, single- and multi-stage quarter wave transformers, tapered

transmission-line segments where the tapering is usually designed by employing binomial or

Chebyshev polynomials, and finally T- and Gamma-type matches, where a smaller dipole is

attached to the larger main dipole antenna and the corresponding dimension and separation
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(a)

(b) (c)

(d) (e)

Figure 2.10: Foster matching network topologies: (a) L, T, and -sections [62], (b) stub
matching [2], (c) single and multi-stage quarter wave transformers [2], (d) T-match [2], and
(e) Gamma match [2].
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(a)

Figure 2.11: Non-Foster matching network using transistors [65].

are varied in order to achieve the required matching [2,62]. Some of these matching networks

are shown in Fig. 2.10. The Non-Foster matching networks on the other hand employ active

elements like Op-Amps and transistors in order to realize negative reactance and resistances

that provide a wider bandwidth compared to the Foster matching networks and a better

noise figure, respectively. However, as expected, these matching networks are much more

complex and require external biasing sources for the active elements [61,63–65]. An example

is shown in 2.11.

2.2 Folded Dipole Antennas

2.2.1 Introduction

A folded dipole antenna is constructed by joining two closely-spaced (s λ) parallel

dipoles of equal length at the ends, and feeding at the center of one of the dipoles. For

the rest of this thesis, the fed arm will be called the “Driven” arm, and the other arm

will be referred to as the “Folded” arm. Similar to a conventional dipole antenna, a folded
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Figure 2.12: Schematic of a folded dipole antenna [2].

dipole antenna is typically operated at its half-wavelength frequency (i.e., when the overall

length l = λ/2, and the total conductor length ≈ 2l = λ), and it radiates in a similar

omnidirectional pattern. At its half-wavelength resonance, the input impedance of a folded

dipole antenna with two identical arms is four times greater than that of a conventional

dipole antenna at resonance (i.e., 4 × 73 = 292 Ω), and thus it is usually fed by a balanced

twin-lead transmission line that has a characteristic impedance of approximately 300 Ω.

However, the input impedance of the antenna can be further modified either by employing

multiple folded arms [2], or by making the cross-sectional dimensions of the driven and folded

arms unequal [66]. Folded dipole antennas are used extensively as the driven element in a

Yagi-Uda array and have applications in domestic television, VHF communications and FM

broadcast antennas. A representative diagram of a two-arm folded dipole antenna has been

shown in Fig. 2.12.

22



2.2.2 Miniaturization Techniques

Although not as widely studied as the conventional dipole antenna, miniaturization tech-

niques for a folded dipole antenna are very similar to those of a conventional dipole antenna,

owing to their structural and behavioral similarity. It should be noted that many of the

following examples employ folded monopoles, which is essentially half of the folded dipole

antenna placed vertically on a ground plane, with the driven arm being fed and the folded

arm being shorted to the ground.

2.2.2.1 Reactive Loading

Once again, the simplest way to miniaturize a folded dipole antenna is to load it with

series inductors. The loading can be done by placing lumped inductors on the folded

dipole/monopole arms or by meandering the arms themselves [67–70]. One advantage of

miniaturized folded dipole antennas is that since the input impedance is already high, the

antennas exhibit sufficient amount of input resistance at their resonances even after miniatur-

ization, thus making matching to a practical source impedance (e.g., 50 Ω) easier compared

to a conventional dipole antenna.

Top-loading has also been used for realizing electrically small folded dipole antennas

[71,72], where matching was realized by employing unequal cross-sectional dimensions of the

two arms. Again, the top-loading was used simultaneously with meandered folded dipole

arms for miniaturization in [68], where multiple folded arms were used to increase the input

resistance of the antenna to improve both matching and radiation efficiency. A representative

diagram containing various reactive loading techniques is given in Fig. 2.13.

2.2.2.2 Metamaterial Loading

Metamaterial technology has also been applied to the miniaturization of folded dipole

antennas. Electrically small, but efficient folded antennas were realized by forcing the an-

tenna arms to radiate in phase using metamaterial phase-shifting lines [73], or by zero-degree
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(a) (b)

(c) (d)

Figure 2.13: Reactively loaded folded dipole topologies: (a) series inductively loaded [67],
(b) meandered folded dipole [69], (c) disk loaded [71], and (d) with both series inductive
loading and shunt capacitive loading [68].
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(a) (b)

Figure 2.14: Metamaterial loaded folded dipole topologies: (a) with metamaterial phase
shifter [73], and (b) with NRI-TL π-type unit cell [74].

NRI-TL metamaterial unit cells [74].

In [73], the metamaterial phase-shifting lines provided the required phase, such that

the current distribution over the folded monopole structure experiences a total of 180◦

phase shift, which is the required condition to simulate a quarter-wave long unloaded folded

monopole that has co-directional currents on its two arms. The technique used in [74] is

somewhat different. The design of the miniaturized folded dipole antenna was based on a

symmetric NRI-TL π-type unit cell topology, mainly because of its resemblance to a folded

monopole. The corresponding unit cell dimensions and the loading reactance values were

chosen accordingly to ensure a 0◦ total phase over the unit cell. Then it was shown using

the even-odd mode analysis that the even mode, i.e., the co-directed currents (radiating cur-

rents) overwhelm the odd mode, i.e., the contra-directed currents (non-radiating currents),

which in turn resulted in a high radiation efficiency. The input resistance in this work was

increased by employing multiple folded arms to facilitate matching. Both the structures are

shown in Fig. 2.14.

2.2.2.3 Other Techniques

In an analogous approach to the work described in [73], conventional 180◦ phase shifters

were employed to realize highly efficient but strongly miniaturized folded dipole antennas
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(a) (b)

(c)

Figure 2.15: Other miniaturization techniques of folded dipole antennas: (a) by T-type 180◦

phase shifter [76], (b) using a spiral transmission line [77], and (c) by loading with a LC
resonator [78].
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with co-directed currents on the two arms [75, 76]. The phase shifters were realized by a

T-type network having two high-Q air-core inductors on its series arm and an open stub as

the shunt arm. A similar work was done in [77] where a spiral transmission line was used

among three arms of a folded monopole antenna in order to provide the required phase such

that an in-phase current distribution can be realized on the antenna arms.

Furthermore, external LC resonators were used to miniaturize folded monopole antennas,

where the operating frequency was determined by the resonance frequency of the loading

inductors and capacitors, and not by the length of the antenna [78]. The corresponding

structures for all the other methods are shown in Fig. 2.15.

2.2.3 Comparison with Conventional Dipole Antenna

Although the radiation properties of the folded dipole are identical to those of a conven-

tional dipole, the major difference between these two antennas lies in their input impedance

characteristics. This is because, unlike the open-ended conventional dipole, the folded dipole

is a special case of a loop antenna that radiates like an electric dipole due to the small spacing

between its two arms [79]. The input impedance profiles of a conventional dipole antenna

and a folded dipole antenna are shown in Fig. 2.16. A detailed discussion on the input

impedance of a folded dipole antenna will be provided in the next chapter.

It can be seen from the impedance profiles of the two antennas that, unlike the conven-

tional dipole antenna, the half-wavelength (0.5λ) resonance frequency fR of the folded dipole

antenna is surrounded by two antiresonances, fAR,1 and fAR,2, the first of which lies well be-

low fR. For a conventional dipole antenna, there is no such antiresonance before fR, and the

first antiresonance expectedly occurs around the one-wavelength (1.0λ) point fAR. It should

be noted that, in the case of an ideal loop antenna, the shown antiresonances occur when its

circumferential length is equal to 0.5λ and 1.5λ, with the resonance occurring at 1.0λ. The

1.0λ resonance of the loop antenna directly corresponds to fR of the folded dipole antenna

with each of its arms 0.5λ long. However, since the separation between the conductors is

27



(a)

(b)

Figure 2.16: Input impedance profiles of (a) conventional dipole antenna, and (b) folded
dipole antenna.
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(a) (b)

Figure 2.17: Current distributions on a folded dipole antenna at (a) antiresonance fAR,1,
and (b) resonance fR.

much smaller for a folded dipole antenna than for a typical loop, mutual effects cause the

antiresonances to be located typically much closer to fR.

However, despite fAR,1 being well below fR, it is not typically used as the operating

point, for the following two related reasons: (1) very high value of input resistance at fAR,1

makes it unsuitable for matching to a practical source impedance, and (2) fR offers higher

radiation efficiency. A quick study of the impedance and current profiles at fAR,1 and fR

offers some insight. As shown in Fig. 2.17, the folded dipole exhibits a 0.5λ circumferen-

tial current distribution at fAR,1, akin to a loop antenna at its first antiresonance point. It

can be noticed that the current is minimum at the feed point, thus a high input resistance

appears at its feed, making it difficult to match with a realistic port impedances. On the

contrary, a 1.0λ circumferential current distribution can be observed at fR, which results in

a current maximum at the feed point. As a result, the input resistance at this point is much

lower, and therefore easier to match. Besides, at fAR,1 the currents on the two arms are

oppositely-directed, however the difference in the current amplitudes creates a net unbal-

anced condition that results in a non-zero radiation efficiency, which can be further improved

by introducing asymmetries; one such example is realizing the folded dipole antenna with

different cross-sectional dimensions of its arms. In contrast, at fR the currents on both arms

are co-directed and equal in magnitude, thus producing a larger amount of radiation. Thus,

all the miniaturization techniques described in the previous section focus mostly on fR, or
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realizing an fR-like current distribution. The issue of reduced input resistance of the folded

dipole antenna due to the miniaturization is usually resolved without using any external

matching network, either by using multiple folded arms, or by using unequal cross-sectional

arm dimensions, as was mentioned in the description of different miniaturization techniques

in the previous section. This impedance-modification property is one of the major advan-

tages of the folded dipole antenna over a conventional dipole antenna. Unfortunately, such

techniques generally increase complexity and the footprint of these antennas, and often re-

quire very large ratios of cross-sectional arm dimensions, which may be counterproductive

to the goal of miniaturization.

However, in the next chapters, it will be demonstrated how to engineer the input resis-

tance of a folded dipole antenna at the antiresonance fAR,1 by means of a novel reactive-

loading scheme, and use it to make the antenna inherently well-matched with respect to

a given source impedance without using multiple folded arms, very large ratios of cross-

sectional arm dimensions, or an external matching network, such that an overall smaller

footprint can be realized.

30



Chapter 3

Theory

3.1 Introduction

In this chapter, the well-established theory of folded dipole antennas is extended to

include the effects of reactive loading. The input impedance trends corresponding to different

reactive loading scenarios have been studied in order to find crucial conditions that will allow

good matching at high miniaturization levels. Finally, a transition from a symmetric to an

asymmetric loading scheme has been studied and the corresponding benefits are described.

3.2 Theory of the Unloaded Folded Dipole Antenna

The unloaded folded dipole antenna is typically analyzed by decomposing the currents

on its arms into two modes, namely the transmission-line mode (TLM, or odd mode), for

which the currents on the arms flow in opposite directions and therefore do not contribute to

radiation, and the antenna mode (AM, or even mode), for which the currents are co-directed

on both arms, thus creating an unbalanced current condition on the antenna that accounts

for all of the radiation [80]. The decomposition of the antenna currents into these two modes

is shown in Fig. 3.1. The overall input impedance of the antenna is estimated by combining

the corresponding TLM and AM input impedances.
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Figure 3.1: Decomposition of unloaded folded dipole antenna into transmission-line mode
(TLM) and antenna mode (AM).

3.2.1 Transmission Line Mode (TLM)

As shown in Fig. 3.1, the two voltage sources (V/2) on the folded dipole arms are of

opposite polarity in order to maintain the contra-directed currents (ITLM) on the two arms.

Now, the two voltage sources can be decomposed into an equivalent set of voltage sources

(V/4) without disturbing the current distribution on the arms in order to view the folded

dipole as a set of two identical shorted transmission lines of length l/2 that are driven by a

total source voltage of V/2 across its input terminals. The decomposition is shown in Fig.

3.2. Thus, the TLM current can be calculated as:

ITLM =
V/2

ZTLM

(3.1)

where ZTLM is the input impedance of the transmission line mode, which can be determined

using the well-known equation:
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Figure 3.2: TLM decomposition for unloaded folded dipole antenna.

ZTLM = jZ0 tan
βl

2
(3.2)

where Z0 is the characteristic impedance of the two-conductor equivalent transmission line

and β is the corresponding propagation constant.

3.2.2 Antenna Mode (AM)

For the AM, the two voltage sources on the folded dipole arms are of the same polarity,

thus maintaining co-directed currents (IAM/2) on the two arms as shown in Fig. 3.1. For

this case, the two voltage sources can be combined into a single source of voltage V/2 by

exploiting their identical polarities, such that the current distributions on the two arms again

remain unaffected. The described procedure is shown in Fig. 3.3. Thus, the AM current

can be estimated as:

IAM =
V/2

ZAM

(3.3)
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Figure 3.3: AM decomposition for unloaded folded dipole antenna.

where ZAM is the input impedance of the antenna mode, which is typically obtained by

replacing the folded dipole antenna with a single equivalent linear dipole antenna of the

same length, but with an effective cross-sectional dimension. For a folded dipole antenna

with cylindrical arms of cross-sectional radius a and center-to-center separation s between

the arms, the effective cross-sectional radius of the equivalent linear dipole can be calculated

as [80,81]:

aeff =
√
as. (3.4)

Thus, ZAM can be obtained using the induced-EMF method using the following expres-

sions [2]:
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<(ZAM) =
η

2π
C + ln(kl) − Ci(kl) +

1

2
sin(kl)[Si(2kl) − 2Si(kl)]

+
1

2
cos(kl) C + ln

kl

2
+ Ci(2kl) − 2Ci(kl)

=(ZAM) =
η

4π
2Si(kl) + cos(kl)[2Si(kl) − Si(2kl)] − sin(kl) 2Ci(kl)

− Ci(2kl) − Ci

2ka2eff
l

(3.5)

where, C is Euler's constant ≈ 0.5772, η is the impedance of the medium, k is the propagation

constant, and Si(x) and Ci(x) are the sine and cosine integrals, respectively, which can be

given as:

Si(x) =

Z x

0

sin(τ)

τ
dτ

Ci(x) = −
Z ∞

x

cos(τ)

τ
dτ.

(3.6)

However, the method described above for estimating the input impedance of the AM

requires two conditions to be satisfied simultaneously by the equivalent dipole, and therefore

by the individual arms of the folded dipole: (1) the currents on the two arms must be

identical for a particular mode (can be enforced by making the arms identical), and (2) the

dipoles must be slender, in that their cross-sectional dimensions must be infinitesimally thin

compared to the wavelength. Similarly, their separations must also be deeply subwavelength.

3.2.3 Overall Input Impedance of the Folded Dipole Antenna

Finally, the overall input impedance of the folded dipole antenna (Zin,FD) can be esti-

mated by taking the ratio of the total voltage and current at the feed location of the folded

dipole antenna shown in Fig. 3.1.

Zin,FD =
V

I
=

V

ITLM +
IAM

2

. (3.7)
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Figure 3.4: Schematic of the planar unloaded folded dipole antenna.

Substituting the expressions of ITLM and IAM from equations 3.1 and 3.3, Zin,FD can be

obtained as:

Zin,FD =
V

V

2ZTLM

+
V

4ZAM

=
4ZTLMZAM

ZTLM + 2ZAM

. (3.8)

In this chapter, a planar unloaded folded dipole antenna based on co-planar strip (CPS)

lines has been selected for study. For simplicity, no dielectric substrate has been used for this

antenna. In the next chapter, an example will be shown where a printed folded dipole antenna

of length l = 38 mm (= λ/2 at 3.95 GHz) will be strongly miniaturized by approximately

75% (i.e., l ≈ λ/8) and made to operate at around 1 GHz, using the technique described in

this chapter. Thus, for the current study, the selected folded dipole antenna was assigned

with the same length, with each arm width w = 0.05 mm (∼ 0.0006λ at 3.95 GHz), and

the separation between the arms s = 0.1 mm (∼ 0.001λ at 3.95 GHz). A schematic of

the antenna is shown in Fig. 3.4. The individual TLM and AM impedances corresponding

to the planar unloaded folded dipole antenna were calculated numerically using MATLAB,

and then combined to obtain the overall analytical input impedance of the antenna using

equation 3.8.

ZTLM was obtained by evaluating the input impedance of a short-circuited section of

CPS on an air substrate using equation 3.2, where the characteristic impedance Z0 and the

propagation constant β of the CPS transmission line were calculated using the following

equations [82]:

Z0 =
120π
√
εeff

· K(k0)

K(k)
(3.9)
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where

εeff = 1 +
1

2
(εr − 1)

K(k)K(k0d)

K(k0)K(kd)
(3.10)

where

k =

s
1 − s

s+ 2w

2

k0 =
√

1 − k2

kd =

s
1 − sinh2(πs/4h)

sinh2[π(s+ 2w)/4h]

k0d =
q

1 − k2d

(3.11)

and,

β =
ω

c/
√
εeff

. (3.12)

For the AM input impedance, the planar unloaded folded dipole was converted into an

equivalent unloaded folded dipole with cylindrical arms, where the cross-sectional radius of

each of the cylindrical arms (a) can be related to the width of an individual planar arm w

as a = w/4 [83]. Thus, ZAM of the planar folded dipole antenna was obtained by estimating

the driving point impedance of a conventional cylindrical dipole antenna with an effective

cross-sectional radius aeff =
p
ws/4 using equation 3.5.

Furthermore, the structure was simulated using a full-wave FEM-based electromagnetic

simulator Ansys HFSS and the resultant input impedance was compared with the analytical

solution. The comparison is shown in Fig. 3.5. A generally very close agreement is ob-

served, which only slightly degrades around the second antiresonance fAR,2, likely because

the induced-EMF method starts becoming inaccurate approximately beyond l = 0.6λ [84].
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Figure 3.5: Comparison of Zin,FD of planar unloaded folded dipole antenna, obtained from
simulation and analytical calculation.

3.3 Theory of the Reactively Loaded Folded Dipole

Antenna

In this section, the analytical model for the unloaded folded dipole antenna has been

expanded in order to accommodate loading reactances and the corresponding TLM and

AM circuits were modified accordingly. To preserve the symmetry required for even-/odd-

mode analysis, the loading reactances Xload are placed on both driven and folded arms, at a

distance l1 from the ends. The corresponding modified TLM and AM schematics are shown

in Figs. 3.6 and 3.7, respectively.

The modified TLM, as compared to the unloaded case, is now comprised of three seg-

ments: (1) a short-circuited transmission-line segment of length l1 near the end, (2) two

loading reactances (Xload) in series, and finally (3) the remaining transmission line segment

of length l2 (= l/2 − l1) between the loading elements and the feed. Therefore, the overall

TLM input impedance can be calculated as:
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Figure 3.6: Modified TLM for the reactively loaded folded dipole antenna.

ZTLM = Z0
ZL + jZ0 tan(βl2)

Z0 + jZL tan(βl2)
(3.13)

where,

ZL = 2jXload + jZ0 tan(βl1) (3.14)

where Xload is the total loading reactance placed on each half of one arm.

For the loaded AM problem, as shown in Fig. 3.7, the two loading reactances will

appear in parallel for each half of the antenna, and the total reactive loading will be two

such parallel combinations of the loading reactances in series, i.e., 2 · (XloadkXload) = Xload.

This is then simply added to the ZAM of the unloaded folded dipole (as obtained using the

expressions in equation 3.5) in order to find the loaded AM impedance. Although, this is a

very approximate method for estimating the AM input impedance of the loaded folded dipole

as it does not take into account the actual placement of the reactive loading, it is nevertheless

fairly accurate for a slender dipole in the low-frequency limit (i.e., much below their nominal

dipolar resonances), where the AM input resistance <(ZAM) is small. Fortunately, the

objective of this exercise is to investigate the behaviour of the input impedance profile
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Figure 3.7: Modified AM for the reactively loaded folded dipole antenna.
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1 2

Figure 3.8: Comparison of AM input impedance estimated using simulation and analytically
for series-LC loading (Loading L = 5 nH, and C = 1 pF), with the simulated structure as
the inset.

below the 0.5λ point, where the folded dipole antenna is likely to be operated after being

miniaturized.

A particular case has been chosen to validate the suggested modifications, where a series

combination of a 5 nH inductor and 1 pF capacitor (Xload: 5 nH in series with 1 pF) were

placed in the middle of each half of the individual arms (i.e., l1 = l2 = l/4 in Fig. 3.7). In

order to justify the proposed method for estimating the ZAM , the same 38-mm-long planar

folded dipole antenna on air substrate was simulated in HFSS, with the Xload placed right

in the middle of each half of the dipole antenna. However, this time both the arms were

excited by identical voltage sources, maintaining the polarity as shown in the inset of Fig.

3.8 in order to obtain the antenna mode input impedance, which was then calculated using

the following equation that involves the Z-parameters obtained from the simulation:

V

2
= Z11

IAM

2
+ Z12

IAM

2
⇒ ZAM =

V/2

IAM

=
1

2
(Z11 + Z12). (3.15)
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Figure 3.9: Comparison of input impedance of a loaded folded dipole estimated using simu-
lation and analytically for series-LC loading (Loading L = 5 nH, and C = 1 pF).

The simulated input impedance was then compared with the ZAM estimated using the afore-

mentioned method. The comparison is also shown in Fig. 3.8. It can be noticed that similar

to the unloaded case, again there is a very good agreement between the simulated and

analytical results that slightly degrades only around the second antiresonance fAR,2.

The individually computed TLM and AM input impedances of the corresponding LC-

loaded antenna were then combined using equation 3.8 in order to get its overall input

impedance, and compared with the corresponding simulated results. Again, a very good

agreement can be seen at frequencies up to 4 GHz, as shown in Fig. 3.9. Moreover, it must

be noticed that a new resonance (fR,N) has appeared before the antiresonance fAR,1, the

occurrence of which can be related directly to the application of series capacitive loading

into the inherently inductive antenna. It will be shown that, this new resonance fR,N together

with the antiresonance fAR,1 can be used to achieve good matching with respect to a given

source impedance at a highly miniaturized operating frequency, without the need of an

external matching network.
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3.4 Impedance Trends

Now that the validity of the proposed analytical model is established, the trends of the

analytically calculated input impedances for different inductive- (L-) and capacitive- (C-)

loading cases were examined next. The corresponding plots are shown in Fig. 3.10. It

can be seen from Fig. 3.10(a) that loading the folded dipole with series inductors shifts

all the resonances towards lower frequencies, while increasing the <(Zin,FD) at the fAR,1

points, thus making these frequencies not suitable for matching. On the contrary, as shown

in Fig. 3.10(b), the input impedance trend corresponding to the series C-loading is exactly

the opposite the resonances are shifted towards higher frequencies, and the <(Zin,FD) at the

fAR,1 points decreases with decreasing loading capacitance values, i.e., increasing capacitive

loading.

Although the new resonance fR,N is typically at a frequency lower than the usual 0.5λ

resonance point fR, it is usually not possible to achieve good matching at this frequency as

the corresponding input resistance (<(Zin,FD)) is very small. Thus, the only way to enable

matching at this point is to increase the value of <(Zin,FD), which can be done by bringing

the fAR,1 point very close to the fR,N , such that the <(Zin,FD) at fR,N can benefit from

the quickly rising slope just before fAR,1, and be large enough to facilitate matching with a

practical source impedance.

A 3-D plot has been created showing fR,N and fAR,1 as functions of loading inductance

and capacitance, as shown in Fig. 3.11. It can be seen that the two resonances approach each

other for a large value of loading inductance and a small value of loading capacitance (encir-

cled). However, it was found that in order to bring them very close to each other, extreme

values of loading reactances will be necessary, an example of which has been demonstrated

in the next section.
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(a)

(b)

Figure 3.10: Input impedance trends for the reactively loaded folded dipole antenna (a)
L-loading, (b) C-loading.
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Figure 3.11: 3-D plot of fR,N and fAR,1 as functions of loading inductance and capacitance.

3.5 Calculation of Loading L and C Values for Given

fR,N and fAR,1

Using the analytical method proposed in this chapter, it has been shown at the end of

Section 3.3 that for a given set of loading L and C values, it is possible to successfully predict

the locations of the new resonance fR,N and the first antiresonance fAR,1 for a symmetrically

loaded folded dipole antenna without the need of any time-consuming simulation, an example

of which has been shown using Fig. 3.9. Additionally, in Section 3.4, it was mentioned that

in order to achieve good matching at a given miniaturized frequency, it is important to

bring the two resonances close to each other. Thus, it also becomes important to be able to

estimate the required loading L and C values for a given set of fR,N and fAR,1, which can be

done by applying proper conditions to the expression of the real and imaginary parts of the

overall input impedance of the reactively loaded folded dipole antenna.

To do that, the first step is to expand the expressions of the modified TLM and AM
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input impedances, and then combine them to form the complete expression of Zin,FD. Using

equations 3.13 and 3.14, the modified TLM input impedance can be expanded as:

ZTLM = jZ0
2Xload + Z0a1

Z0a2 − 2Xload tan(βl2)
(3.16)

where the parameters a1 and a2 can be given as following:

a1 = tan(βl1) + tan(βl2) (3.17)

a2 = 1 − tan(βl1) tan(βl2). (3.18)

The modified AM input impedance can be written following the discussion given in Section

3.3 as:

ZAM = Zdu + jXload = <(Zdu) + j=(Zdu) + jXload (3.19)

where Zdu is the self-impedance of the unloaded equivalent cylindrical conventional dipole

with an effective cross-sectional dimension. Substituting equations 3.16 and 3.19 into equa-

tion 3.8, the expression for the overall input impedance of a folded dipole becomes:

Zin,FD =

4(Zdu + jXload) jZ0
2Xload + Z0a1

Z0a2 − 2Xload tan(βl2)

2(Zdu + jXload) + jZ0
2Xload + Z0a1

Z0a2 − 2Xload tan(βl2)

=
4Z0a3<(Zdu)[a6 − 2Xloada4 − 2a4=(Zdu)]

a7

+j
2Z0a3[2Xloada6 + 2a6=(Zdu) + 4a4<(Zdu)2]

a7

(3.20)

where the parameters a3, a4, a5, a6 and a7 can be given as following:

a3 = 2Xload + Z0a1 (3.21)
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a4 = Z0a2 − 2Xload tan(βl2) (3.22)

a5 = 2Xloada4 + Z0a3 (3.23)

a6 = a5 + 2=(Zdu)a4 (3.24)

a7 = 4<(Zdu)2a24 + a26. (3.25)

Now, in order to find the new resonance fR,N , the imaginary part of Zin,FD must be set

to zero, and then the proper solution needs to be found for Xload. Expanding the imaginary

part of equation 3.20 by substituting the expressions of a3, a4, a5, a6 and a7:

=(Zin,FD) =2Z0[2Xload + Z0a1][8X
3
load{− tan(βl2)} + 4X2

load{Z0(a2 + 1) − 4 tan(βl2)=(Zdu)}

+2Xload{Z2
0a1 + 4Z0a2=(Zdu) − 4 tan(βl2)(<(Zdu)2 + =(Zdu)2) + 2Z0=(Zdu)}

+{2Z2
0a1=(Zdu) + 4Z0a2(<(Zdu)2 + =(Zdu)2)}] = 0.

(3.26)

It can be seen from equation 3.26 that there are four possible solutions for Xload, from

which all the unphysical and inappropriate solutions need to be discarded. To find the

first antiresonance fAR,1, the real part of Zin,FD can be maximized with respect to Xload,

exploiting the fact that <(Zin,FD) becomes maximum at the antiresonances. The following

equations can be used to find the solutions:

d<(Zin,FD)

dXload

= 0, and
d2<(Zin,FD)

dX2
load

⇒ Negative. (3.27)

Again, the correct solution needs to be found for Xload corresponding to the antiresonance

fAR,1. All the calculations were done numerically using MATLAB.

Let us consider the correct solutions for fR,N is Xload = X1 and for fAR,1 is Xload = X2.

Now, since X1 and X2 are the solutions of Xload at resonances fR,N and fAR,1, respectively,
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and Xload is essentially the series combination of loading L and C, the following expressions

can be written:

X1 = ω1L− 1

ω1C
(3.28)

X2 = ω2L− 1

ω2C
(3.29)

where ω1 and ω2 are the angular frequencies corresponding to fR,N and fAR,1, respectively.

Solving equations 3.28 and 3.29, the expressions for loading L and C can be found as:

L =

X1

ω2

− X2

ω1
ω1

ω2

− ω2

ω1

(3.30)

C =

ω1

ω2

− ω2

ω1

ω2X1 − ω1X2

. (3.31)

From equations 3.30 and 3.31, it can be easily seen that for fR,N and fAR,1 to be situated

very close to each other, i.e., ω1 ≈ ω2, the loading inductance L needs to have a very large

value, whereas the loading capacitance C needs to be very small.

An example was carried out following the above calculations. It was found that in order

to place fR,N at 1.0 GHz and fAR,1 at 1.1 GHz where the antenna is ∼ 75% miniaturized, the

required loading L and C values are 297.13 nH and 0.08 pF, respectively. A representative

input impedance plot for this case is shown in Fig. 3.12. It can be easily seen that even after

using extreme L and C values, the two resonances fR,N and fAR,1 are still not sufficiently

close to each other in order to achieve good matching with respect to a practical source

impedance, since the <(Zin,FD) at fR,N is only 0.003 Ω. Thus, bringing fAR,1 even closer to

fR,N would require even larger L and C values, the practical implementation of which can

easily increase the size of the structure, making it more lossy.
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Figure 3.12: Input impedance of a loaded folded dipole with loading L = 297.13 nH, and C
= 0.08 pF.

3.6 Introduction of Asymmetry

Following the discussion in the previous subsection, it was decided to introduce asym-

metries in the current loading scheme, and explore if there are any potential benefits. A

study has been devised in this section to examine how the frequencies of the two resonances

fR,N and fAR,1 vary as a function of the asymmetries introduced into the loading reactance

values on the two arms, and thereby identify a trend that might be useful for bringing the

two resonances closer without the need of any extreme reactance values.

A symmetrically loaded folded dipole that has identical LC-loading on both arms (Xload:

10 nH in series with 0.5 pF) has been selected as the starting point. The dimensions of the

antenna were kept the same as before, with the loading reactances placed halfway between

the antenna ends and the feed location. In the next step, the loading L or C value on one

arm was increased by a small amount, and the same amount was subtracted from the loading

values on the other arm, thus making one of the arms more inductive or capacitive. Six sets

of parametric simulations were performed:
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1. L was increased on the driven arm by an amount ∆L, decreased on the folded arm

by the same amount, thus making the driven arm more inductive, keeping the loading

capacitances on both arms unchanged.

2. L was increased on the folded arm by an amount ∆L, decreased on the driven arm

by the same amount, thus making the folded arm more inductive, again keeping the

loading capacitances on both arms unchanged.

3. C was increased on the driven arm by an amount ∆C, decreased on the folded arm by

the same amount, thus making the folded arm more capacitive, keeping the loading

inductances on both arms unchanged.

4. C was increased on the folded arm by an amount ∆C, decreased on the driven arm by

the same amount, thus making the driven arm more capacitive. The loading induc-

tances on both arms were kept unchanged.

5. L was increased on the driven arm by an amount ∆L, decreased on the folded arm by

the same amount, thus making the driven arm more inductive; and C was increased on

the driven arm by an amount ∆C, decreased on the folded arm by the same amount,

thus making the folded arm more capacitive.

6. Finally, L was increased on the folded arm by an amount ∆L, decreased on the driven

arm by the same amount, thus making the folded arm more inductive; and C was

increased on the folded arm by an amount ∆C, decreased on the driven arm by the

same amount, thus making the driven arm more capacitive.

The differences between fR,N and fAR,1 resonance frequencies are obtained from each

parametric simulation and listed in Table 3.1 for comparison. It can be noticed that as

the folded arm becomes more inductive (increase in L on folded arm) or/and the driven

arm more capacitive (decrease in C on driven arm), the asymmetric loading results in a

smaller difference between the fR,N and fAR,1 resonance points, and the difference decreases
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Cases
∆L

(nH)

L on
Driven arm

(nH)

L on
Folded arm

(nH)

∆C
(pF)

C on
Driven arm

(pF)

C on
Folded arm

(pF)

Difference
(MHz)

Symmetric
Loading

0 10 10 0 0.5 0.5 890

L increased
on Driven

arm

2 12 8
0 0.5 0.5

940
4 14 6 990
6 16 4 1070

L increased
on Folded

arm

2 8 12
0 0.5 0.5

820
4 6 14 760
6 4 16 720

C increased
on Driven

arm
0 10 10

0.1 0.6 0.4 930
0.2 0.7 0.3 950
0.3 0.8 0.2 1010

C increased
on Folded

arm
0 10 10

0.1 0.4 0.6 830
0.2 0.3 0.7 730
0.3 0.2 0.8 560

L + C
increased on
Driven arm

2 12 8 0.1 0.6 0.4 980
4 14 6 0.2 0.7 0.3 1080
6 16 4 0.3 0.8 0.2 1160

L + C
increased on
Folded arm

2 8 12 0.1 0.4 0.6 750
4 6 14 0.2 0.3 0.7 610
6 4 16 0.3 0.2 0.8 430

Table 3.1: Differences between the fR,N and fAR,1 as functions of added asymmetries in
loading reactance values.

even further with increasing asymmetry. The trend is exactly opposite, i.e., the difference

between fR,N and fAR,1 increases, when the driven arm is more inductive (increase in L on

driven arm) or/and the folded arm more capacitive (decrease in C on folded arm). The input

impedance profiles of the asymmetrically loaded cases with both varying ∆L and ∆C (5th

and 6th sets listed in Table 3.1) are compared with the input impedance of the symmetrically

loaded case, and shown in Figs. 3.13(a) and 3.13(b) respectively.

A particular asymmetrically loaded case has been selected from Table 3.1 in order to

compare the loading L and C values with an equivalent symmetrically loaded case that

results in a same set of fR,N and fAR,1 resonance frequencies. For ∆L = 6 nH and ∆C =

0.3 pF from the 6th set described in Table 3.1, the loading vales on the driven arm is 0.2 pF

in series with 4 nH, and on the folded arm is 0.8 pF in series with 16 nH. This particular
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(a)

(b)

Figure 3.13: Input impedance trends for the asymmetrically loaded folded dipole antenna (a)
driven arm more inductive, folded arm more capacitive, and (b) folded arm more inductive,
driven arm more capacitive.
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loading arrangement results in a fR,N point at 1.91 GHz and fAR,1 point at 2.34 GHz. It

can be found that in order to cause the same set of resonance points using the equivalent

symmetrically loaded folded dipole, the required reactance values on each arms should be

28.6 nH and 0.19 pF. Thus, it can be clearly seen that for the symmetrically loaded folded

dipole, although the required C value is of the same level, the required L value is much

higher, and the difference in the loading values is only expected to increase with increasing

amount of asymmetry.

Furthermore as an added benefit, the introduced asymmetry is expected create a greater

current imbalance between the arms compared to the symmetrically loaded case, which will

essentially result in a better radiation efficiency. It should be noted that since the introduced

asymmetry in the loading scheme makes the currents on the two arms of the folded dipole

antenna non-identical, the analytical model described in this chapter cannot be applied

anymore to predict the frequencies of fR,N and fAR,1. However, the equivalent symmetric

case can be considered as a good starting point in order to obtain the required range of

loading L and C values. An extreme case of asymmetric loading would be the driven arm

loaded with only C and the folded arm loaded with only L, which will be explored in the next

chapter for miniaturizing a folded dipole antenna to 1/4th of its resonant half-wavelength

(i.e., l = λ/8, or 75% miniaturized) and achieve good matching without the need of any

external matching network. Thus, a smaller number of lumped components will be required

for this arrangement, allowing the available space to be used more efficiently.

3.7 Summary

In this chapter, an analytical method was proposed that successfully described the input

impedance profile of a reactively loaded folded dipole antenna. However, the use of this

method is restricted by the following issues related to the estimation of ZAM :

1. The induced-EMF method requires the dipole to be slender, but for any practical
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design the dipole arm will have a considerable cross-sectional dimension.

2. The loading reactances cannot be simply added to the unloaded AM input impedance

if the dipole arm is not slender, and the effects of their locations on the antenna arm

will have to be considered.

3. The proposed analytical method will not work for asymmetric loading schemes since

that will cause an unequal current distribution on the two arms, and thus the AM

cannot be estimated by just replacing the folded dipole by an equivalent conventional

dipole.

4. And finally, in practical scenarios, this analytical model will not be able to account

for any significant mutual interactions between different loading elements, or parasitic

reactances that might overpower the loading reactances, and also effects from feed

structures.

However, in the slender limit, this model successfully reveals all the crucial trends and

features of the different resonances in the input impedance profile of a folded dipole antenna

without the need for time-consuming simulations, corresponding to different reactive loading

cases that will be important for the realizing a miniaturized and well-matched antenna.
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Chapter 4

Design of a 75% Miniaturized Folded

Dipole Antenna

4.1 Introduction

In Chapter 3, it was shown that by employing an asymmetric loading scheme on the two

arms of a folded dipole antenna, the two resonances fR,N and fAR,1 could be brought close to

each other without the need of extreme loading reactance values. In this chapter, a printed

folded dipole antenna has been miniaturized to 1/4th of its half-wavelength resonant length

(i.e., l = λ/8, or 75% miniaturized) following a fully asymmetric loading scheme, where

the loading inductances are placed only on the folded arm and the loading capacitances are

placed only on the driven arm. Furthermore, in order to introduce an additional degree

of freedom, the arm widths of the folded and driven arms are made unequal. It will be

shown that the miniaturized antenna results in an enhanced radiation efficiency compared

to an unloaded folded dipole antenna of the same footprint, by exploiting the benefits of

introduced asymmetries that cause a greater current imbalance between the two arms of the

folded dipole antenna.

A unique feed structure has been designed with only the purpose of providing a balanced
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Figure 4.1: Schematic of a reactively loaded folded dipole antenna.

input current to the antenna, thus if a balanced input is already available for the antenna, the

feed structure will not be necessary. It will also be shown in this chapter, how the practical

considerations like the effect of the balun structure and the finite losses in the loading

reactances influence the performance of the miniaturized antenna. Finally, the fabrication

and measurements of the final design will be presented.

4.2 Initial Design

4.2.1 Geometry

A 40-mil-thick Megtron 4 R-5725 Laminate dielectric substrate has been considered for

the design, whose relative permittivity (εr) and the loss tangent (tan δ) values are 4.14 and

0.005, respectively. The antenna length l was maintained at 38 mm, same as the length

used for the studies in Chapter 3. The arm widths and the separation between them were

made larger in order to facilitate fabrication. For generality, the driven and folded arm

widths were assigned with two different width parameters: wdr and wfd, respectively. It was

decided that from this chapter onward, the separation between the arms s will correspond

to the edge-to-edge distance between the arms, unlike the center-to-center distance shown

in Fig. 3.4 in Chapter 3. A balanced coplanar-strip (CPS) line was attached to the antenna

that comprises a linearly-tapered transition from a 200-Ω CPS line to the 0.5 mm-wide feed

gap on the driven arm of the folded dipole antenna, as shown in Fig. 4.1. Justification of
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using this particular 200 Ω impedance will be given later in Section 4.4 while describing the

feed structure. The traces were assigned a finite conductivity of 5.8 × 107 S/m in order to

simulate copper conductor, with a thickness and surface roughness of 35 µm and 0.2 µm,

respectively, to model the practical losses in the conductor.

The L and C loading elements were placed asymmetrically on the folded and driven

arms, respectively, at a distance l/4 from the ends of the antenna, such that a greater

current imbalance can be ensured between the arms, and also the available space can be

used more efficiently. Lossless lumped models were used in HFSS for the loading inductors

and capacitors. The structure was optimized targeting a good impedance matching at 1 GHz

(where the antenna will be 75% miniaturized) with respect to the 200-Ω port impedance.

4.2.2 Full-Wave Simulations and Optimization

Initially, widths of both the arms (wdr and wfd) and the separation between them (s)

were set to 1 mm and 0.25 mm, respectively. Parametric simulations were performed by

varying the loading reactances along with the individual arm widths. It was found that for

L = 48.7 nH and C = 0.03 pF, very good return loss (which is a measure of how well a

particular device is matched) could be obtained exactly at 1 GHz. The higher is the value

of the return loss, the better is the matching. It is usually expressed as the negative of the

reflection coefficient S11 in dB scale. The input impedance profile and S11 of the optimized

design are shown in Figs. 4.2(a) and 4.2(b), respectively. It can be easily noticed from Fig.

4.2(a) that, due to the application of high loading inductance and small loading capacitance

values, the resonances fR,N and fAR,1 are now situated very close to each other with only

7 MHz separation between them. This results in Zin,FD at the resonance fR,N very close

to the desired 200 Ω, and thus validates the proposed approach described in Chapter 3.

The miniaturized folded dipole antenna retains an omnidirectional radiation pattern, and

presents a gain of -1.0 dBi with 71.1% radiation efficiency, as compared to -11.2 dBi gain and

6.1% radiation efficiency for an unloaded folded dipole of the same footprint size at the same
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(a)

(b)

Figure 4.2: (a) Input impedance of the reactively loaded folded dipole antenna, and (b)
corresponding S11 with respect to 200 Ω source impedance.
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Unloaded

Reactively Loaded

Figure 4.3: Comparison of current distributions for the unloaded and reactively loaded folded
dipole antennas at 1 GHz.

frequency. The improvement of the gain and the radiation efficiency may be inferred from

the current distributions on the two antennas, shown in Fig. 4.3. Both current distributions

are plotted on the same scale at the frequency of 1 GHz. It can be easily seen that for

the unloaded case, the current magnitudes on the two arms are contra-directed on either

side of the gap and of the same magnitude, resulting in an effective cancellation of radiated

fields. However, for the reactively loaded case, although the currents on the two arms remain

contra-directed, the magnitude is much higher on the folded arm, which essentially produces

a net unbalanced current that ultimately results in radiation, and hence a better radiation

efficiency could be realized. Finally, the simulated 10-dB return-loss bandwidth of this

miniaturized antenna is expectedly narrow, measuring 6 MHz.

4.2.3 Effect of Variation of Arm Widths

It is well known that the input impedance of a folded dipole antenna can be altered by

varying the widths of its individual arms [66]. Thus, it was decided to introduce arm-width
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(a)

(b)

Figure 4.4: (a) Input impedance profiles as a function of wdr with wfd fixed at 1 mm, and
b) Input impedance profiles as a function of wfd with wdr fixed at 1 mm.
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wdr (mm) wfd (mm) fAR,1 (GHz) ηrad at fAR,1(%)

1 1 1.006 71.10

1
2 0.964 74.04
3 0.923 75.07

2
1

0.943 71.88
3 0.903 72.51

Table 4.1: Positions of fAR,1 and the corresponding radiation efficiencies as functions of wdr

and wfd.

variation as an additional design parameter in this work, such that the dependence on the

loading reactance values can be reduced to some extent. The driven arm width wdr and the

folded arm width wfd were varied separately, keeping the other arm width fixed at 1 mm.

The loading reactances values were kept the same as mentioned in Section 4.2.2. The input

impedance profiles corresponding to the variation of wdr and wfd are shown in Figs. 4.4(a)

and 4.4(b), respectively. It can be seen from both the figures that increasing either of the

arm width shifts the resonances further towards lower frequencies, of course at the cost of

increased footprint size in the lateral direction. Moreover, <(Zin,FD) at the antiresonance

fAR,1 increases with increasing wdr, whereas it decreases with increasing wfd, which could be

useful for matching the antenna with a smaller source impedance (e.g., 50 Ω). The position

of the individual antiresonances along with the corresponding radiation efficiencies are listed

in Table 4.1 as functions of both wdr and wfd.

It can be seen that in addition to shifting the resonances towards lower frequencies, the

increasing arm widths also enhance the radiation efficiency very slightly. Thus, it was decided

to continue with wdr = 1 mm, and wfd = 2 mm for the remainder of this chapter, such that

a slightly higher radiation efficiency can be obtained without increasing the footprint size

significantly. The loading reactance values were readjusted to bring the return loss peak back

to 1 GHz. However, instead of using lumped components, this time the loading capacitors

were realized in interdigitated form with gap width Cg and finger length Cl, as shown in Fig.

4.5. It was found that for L = 43.2 nH, capacitor dimensions Cg = 0.10 mm, Cl = 0.04 mm,

Cw = 0.15 mm, and Ce = 0.075 mm; again a good return loss could be obtained exactly
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Figure 4.5: Schematic of reactively loaded folded dipole antenna with interdigitated loading
capacitors, and wdr=1 mm, wfd= 2 mm.

at 1 GHz. The equivalent capacitance of the interdigitated structure was estimated using

simulation to be approximately 5.3 fF. The input impedance profile and S11 of the design

are shown in Figs. 4.6(a) and 4.6(b), respectively. The corresponding gain and radiation

efficiency values at 1 GHz are -0.9 dBi and 72.3%, respectively, as compared to -12.2 dBi

gain and 5.8% radiation efficiency of its unloaded equivalent.

4.3 Design Guidelines for Miniaturizing a Folded Dipole

Antenna

Thus, although it is possible to achieve good impedance matching and radiation per-

formance for a folded dipole antenna at generally any miniaturization level following this

method, more extreme miniaturization implies increasingly narrow bandwidths, lower radia-

tion efficiencies, and typically more extreme values for the loading reactances. Generally, the

design procedure for achieving good impedance matching at a high degree of miniaturization
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(a)

(b)

Figure 4.6: (a) Input impedance of the reactively loaded folded dipole antenna shown in Fig.
4.5, and (b) corresponding S11 with respect to 200 Ω source impedance.
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can be summarized as follows:

1. Choose a target frequency of operation or, conversely, the desired degree of miniatur-

ization for a given physical length.

2. Introduce high series L-loading on the folded arm in order to bring fAR,1 below the

target frequency.

3. Introduce series C-loading on the driven arm to bring fAR,1 around the target frequency,

and fR,N very close to fAR,1.

4. Optimize the loading values and the arm widths simultaneously, e.g., using parametric

full-wave simulations, to achieve good return loss at the target frequency.

4.4 Practical Considerations – Effect of Feed Struc-

ture, Inductor Losses

Since the folded dipole antenna requires a balanced input, and the measurement devices

use a standard 50-Ω reference impedance, it is necessary to design a balun structure that

can transform a 50-Ω unbalanced coaxial line to a 200-Ω balanced coplanar strip line. The

choice of this particular impedance transformation was motivated by the availability of a

surface-mount balun transformer (Mini Circuits TC4-25+), which is a center-tap transformer

with a 1:4 turns ratio and can be operated over a bandwidth of 500 MHz to 2.5 GHz. A

microstrip-based feed structure has been designed to house the balun transformer and a

Micro-Miniature Coaxial (MMCX) surface mount connector, which will be fed via a 50 Ω

MMCX cable. The total length of the feed structure is 23.5 mm (0.08λ at 1 GHz), which

is much smaller than conventional printed microstrip-to-CPS balun structures that require

approximately quarter-wavelength (or sometimes even longer) transition lengths [85–89]. It

must be remembered that the feed structure used here is only for the purpose of converting
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an unbalanced input current to balanced output current, and given the choice of having a

balanced input available for the antenna, it would not be necessary. The feed structure along

with the antenna is shown in Fig. 4.7.

In order to determine the frequency response of the feed layout, it was simulated in HFSS

with 50 Ω and 200 Ω port impedances at the input and output sides, respectively. The balun

transformer could not be included in the simulation due to the unavailability of an accurate

full-wave model. However, the scattering parameters of the feed layout obtained using HFSS

could be co-simulated with the published scattering-parameter data of the transformer [90]

using the Keysight Advanced Design System (ADS) microwave circuit simulator. The overall

generalized scattering parameters of the feed structure are shown in Fig. 4.8. It can be seen

that the feed structure has an excellent broadband, low loss and well matched response

around the frequency range of interest. Thus, it can be ensured that the feed will not

introduce significant dispersion into the antenna response and have a minimal effect on the

radiation efficiency of the antenna, a proof of which has been demonstrated in Appendix A.

The loading inductance was achieved using a Coilcraft 0603HP-33N inductor, which has

a nominal value of 35.45 nH at 1 GHz as determined from its manufacturer-provided SPICE

model [91]. This value is deliberately chosen to be smaller than the 43.2 nH used in the

simulation of the miniaturized antenna so as to prove that this technique does not need

to rely on the availability of a particular design value of lumped loading inductor, if the

inductance may be otherwise compensated (as would be needed, for example, to compensate

tolerances on off-the-shelf components and the effect of variations in landing patterns). In

the next section, it will be shown that any effect on the antenna S11 response caused by the

use of a smaller-valued inductance and the feed structure, indeed, can be neutralized simply

by modifying the folded arm slightly and fine-tuning the loading capacitance.

It is important to note at this point that every practical lumped inductor is associated

with some amount of ohmic loss, which is usually quantified as the quality factor (Qind)

of the inductor and can be represented as an equivalent series resistance. The Qind of the
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Figure 4.7: (a) Layout of miniaturized antenna with the feed structure., and (b) isometric
view of the antenna with the feed structure.
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Figure 4.8: Frequency response of the feed structure.

Figure 4.9: Comparison of simulated S11 data for the antenna with L = 43.2 nH, Qind = ∞,
without and with the feed structure vs. with L = 35.45 nH, Qind = 79 with feed structure.
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selected inductor was found to be 79 at 1 GHz, suggesting an equivalent series resistance

of 2.8 Ω. Two HFSS simulations were performed in order to study the effects of the feed

structure and the finite Qind of the lumped inductor. In the first simulation, the antenna

was simulated in the presence of the feed structure, but keeping the loading inductance

value unchanged at 43.2 nH. In the second simulation, the 43.2 nH inductor was replaced

by the chosen 35.45 nH Coilcraft inductor with a 2.8 Ω resistor in series. The corresponding

return loss responses were compared with the return loss response shown in Fig. 4.6(b).

The comparison is shown in Fig. 4.9. As mentioned earlier, the feed structure does not

significantly affect the return loss of the antenna, and only shifts the peak of the return loss

by 14 MHz, from 1 GHz to 1.014 GHz. However, in the second simulation, the use of a

smaller value of loading inductance shifts the peak return-loss value by 98 MHz. The return

loss has also degraded by 13.45 dB, which occurs both due to the mismatch caused by a

different loading inductance value and the added loss to the structure through the finite

inductor Qind.

4.5 Final Design

As mentioned earlier, all these effects can be compensated and good matching can be

realized at 1 GHz for the whole structure by optimizing the different antenna parameters. For

the selected lumped inductor, in order to bring the return-loss peak to 1 GHz and compensate

for the lost inductance, two perpendicular sections of width wp = 1 mm and length lp were

added to the folded arm at the inductive loading locations as shown in Fig. 4.10. The length

of these additional sections was fine-tuned to provide the necessary additional inductive

loading. In addition, the finger-length (Cl) of the interdigitated capacitor was readjusted

to vary the overall loading capacitance and re-establish the required proximity of fAR,1 and

fR,N around 1 GHz. All other antenna parameters were kept unchanged. It was found that,

for lp = 2.11 mm and Cl = 0.64 mm (approximate equivalent loading capacitance 102.9 fF),
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Figure 4.10: Antenna layout with modified folded arm (lumped loading inductances not
included).

again a good return-loss response was obtained with S11 = -31.78 dB at 1 GHz and a 10-dB

bandwidth of 15 MHz. The enhancement of bandwidth can be attributed largely to the

finite losses introduced to the lumped loading inductors.

The radiation efficiency is expected to be strongly reduced by the Qind, but is also

susceptible to additional insertion losses incurred due to multiple scattering outside the

antenna operating bandwidth, where the antenna is strongly mismatched to the feed. To

quantify both sources of power dissipation, an overall radiation efficiency ηrad,O can be defined

for the antenna with the feed structure, which may be estimated using the following equation:

ηrad,O = ηF × ηrad,A. (4.1)

Here, ηF is the efficiency of the feed structure in transmitting the accepted power, and ηrad,A

is the radiation efficiency of the antenna including the parasitic effects of the feed layout,

which can slightly shift the antenna resonance. This was obtained from HFSS by directly

exciting the antenna in the presence of the feed layout, excluding the balun transformer. The

feed efficiency ηF can be written in terms of the scattering parameters of the feed structure

including the balun structure (subscript F ) and the antenna (subscript A), as follows:
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Figure 4.11: Comparison of overall radiation efficiencies (ηrad,O) of unloaded and reactively
loaded folded dipole antennas, in the presence of the feed structure.

ηF =
|S21,F |2 × (1 − |S11,A|2)

1 − S11,F +
S12,FS21,FS11,A

1 − S22,FS11,A

2 . (4.2)

The derivation of equation 4.2 is detailed in the Appendix A.

Using equation 4.1, a comparison was made between the reactively loaded folded dipole

antenna and an unloaded folded dipole antenna having the same overall footprint, both in

the presence of the feed structure, and shown in Fig. 4.11. It can be easily seen that,

although reduced due to the introduction of losses, the use of asymmetric loading to enable

impedance matching nevertheless results in a substantially better radiation efficiency than

the unloaded case. ηrad,O of the loaded folded dipole antenna was found to be 35.3% at 1

GHz (∼34% at the edges of the 10-dB return loss band), whereas the radiation efficiency

is just 1.9% for the unloaded folded dipole antenna at the same frequency. It is also worth

comparing the simulated realized gains of the two antennas, which takes into account both

the matching and the radiation efficiency, and can be related more directly to the radiated

70



Figure 4.12: Comparison of realized gains of unloaded and reactively loaded folded dipole
antennas, in the presence of the feed structure.

power. It can be seen from Fig. 4.12 that, as expected, the loaded folded dipole antenna

has a much better realized broadside gain (-3.80 dB) than its unloaded counterpart (-28.02

dB) at 1 GHz. It is important to note that the observed S11 bandwidth, radiation efficiency,

and antenna quality factor are well within the Chu-Harrington limit, which is described in

detail in Appendix B.

4.6 Comparison of Radiation Properties with an Equiv-

alent Conventional Dipole

So far, the radiation properties (i.e., radiation efficiency and gain) of the miniaturized

folded dipole antenna were compared to that of its unloaded counterpart. However, it is also

important to compare the same with respect to an equivalent conventional dipole antenna.

The equivalent conventional dipole has the same length of 38 mm with an arm width of

1 mm, and is loaded with an inductance of 65.5 nH inductance on each half of the antenna
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(a)

(b)

Figure 4.13: (a) Lumped inductor loaded miniaturized folded dipole antenna with the CPS
transition removed, and (b) equivalent inductively loaded conventional dipole antenna.

in order to reduce its half-wavelength resonance (which is also its first resonance) to 1 GHz.

Also, for fairness of comparison, the loading inductors used for the conventional dipole were

assigned the same quality factor (Qind=79) as those used for the lumped inductor loaded

miniaturized folded dipole antenna. This results in a reference antenna that is both the

same length and has a resonance at the same frequency as the proposed miniaturized folded

dipole antenna. Furthermore, in order to factor out the effect of matching, both the antennas

were excited using ideal lumped ports in HFSS, with the port impedance being exactly the

same as the antenna input resistance at resonance, such that both the antennas are very

well matched. Thus, the CPS transition shown in Fig 4.10 has also been removed. Both

the antennas exhibited a simulated return loss level greater than 34 dB. The two simulated

antennas are shown in Fig. 4.13.

It was found that both the loaded miniaturized folded dipole antenna and the loaded

conventional dipole have almost equal radiation efficiency and realized gain values (37.17%

radiation efficiency and -3.79 dB realized gain for the miniaturized folded dipole antenna,

as compared to 36.16% radiation efficiency and -3.89 dB realized gain for the equivalent

conventional dipole antenna), which establishes that the miniaturized folded dipole antenna

works at least as well as an equivalent-length loaded conventional dipole operating at the
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same frequency. However, two things must be noted here: (1) HFSS lumped ports are

highly idealized and impractical, and (2) the input impedance of the loaded conventional

dipole antenna cannot be as easily or widely engineered in order to match to a given port

impedance by changing its loading values and/or the dimensions like the miniaturized folded

dipole antenna. Furthermore, since the input resistance of the conventional dipole antenna

at its miniaturized resonance is only 31.4 Ω, it still requires a matching network in order to

match to practical source impedances like 50 Ω. However, the miniaturized folded dipole

antenna could be matched without requiring any such network. It is also noteworthy that the

CPS transition used in the miniaturized folded dipole antenna was inspired by the availability

of the particular balun transformer used in the final design, but technically it could be just

as easily matched to a balanced 50 Ω source.

4.7 Fabrication and Measurement

4.7.1 Fabrication

The optimized structure was fabricated using an LPKF ProtoLaser U3 milling machine

that uses a laser to pattern designs on a dielectric substrate. The lumped inductors were

soldered onto the antenna surface, along with the balun transformer and the MMCX surface-

mount connector, and the vias were created using LPKF 0.9 mm copper rivets inserted into

the substrate using a manual rivet punch and then soldered. The fabricated prototype is

shown in Fig. 4.14.

4.7.2 Measurement

The return loss characteristics of the fabricated antenna were measured using a Keysight

PNA-X (model N5244A) vector network analyzer. Early prototypes exhibited a matching

frequency slightly higher than 1 GHz, suggesting that the inductance of the surface-mount

inductor component used in this study was slightly smaller than its reported nominal value.
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Figure 4.14: Fabricated prototype of the reactively loaded miniaturized folded dipole an-
tenna.

Figure 4.15: Simulated vs. measured S11.
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Figure 4.16: Experimental setup for measuring the normalized radiation patterns (E-plane
is the horizontal plane).

Thus, the length lp of the perpendicular sections was further increased to 2.75 mm (keeping

the other antenna parameters unchanged) in order to bring the return-loss peak closer to 1

GHz. Excellent -44.36 dB matching was obtained for the fabricated antenna at 0.999 GHz

(∼75% miniaturized). It was found through simulations that a reduction in the loading

inductance from its reported nominal value of 35.45 nH to 34.15 nH (which is within the

specified ±5% tolerance value of the inductor) predicts the observed return-loss maximum

at 0.999 GHz. The measured return loss was compared to the simulated result described in

Section 4.5 (lp = 2.11 mm, L = 35.45 nH), and shown in Fig. 4.15. Excellent agreement was

found between the simulated and measured return-loss responses with a 10-dB return loss

bandwidth of approximately 14 MHz (1.4%).

The radiation patterns were measured at 0.999 GHz inside a near-field anechoic chamber

manufactured by NSI-MI Inc. [92], using a dual-ridged horn antenna that has a bandwidth

from 750 MHz to 10 GHz as the transmitting antenna while the fabricated folded dipole

antenna was used as the receiver. Due to the lack of experimental capabilities to accurately
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Figure 4.17: (a) Simulated 3D radiation pattern of the reactively loaded folded dipole an-
tenna at 0.999 GHz in presence of the feed structure as parasitic; and comparison of normal-
ized radiation patterns at 0.999 GHz (simulated vs. measured): (b) E-plane, (c) H-plane.
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measure gain, only the normalized radiation patterns have been presented. The measurement

setup is shown in Fig. 4.16. The simulated 3-D radiation pattern at 0.999 GHz was obtained

in presence of the feed structure acting as a parasitic, and is shown in Fig. 4.17(a). It should

be noted that, since the parasitic feed structure does not include the balun transformer,

there are no actual currents on the feed structure other than the currents induced by the

antenna, and thus the feed structure has only a very minimal effect on the simulated pattern.

The corresponding normalized E- and H-plane patterns were compared with their measured

counterparts, and a good agreement was found between them, as shown in Figs. 4.17(b) and

4.17(c), respectively. The measured co-pol to cross-pol separation at broadside direction

(90◦) is approximately 30 dB. It was noticed from the simulations that the added vertical

segments at the L-loading locations have a minimal contribution to the cross-pol magnitudes.

The observed differences between the simulated and measured patterns, particularly in the

cross-pol magnitudes, can be attributed to the radiation from the actual currents on the feed

structure of the fabricated antenna, and also potentially to the multipath reflections from

the measurement setup inside the chamber. Finally, the slight discrepancies evident in the

E- and H-plane patterns at angles around 270◦ are due to blockage by the vertical mounting

stand, as indicated in Fig. 4.16.

4.8 Comparison with Other Miniaturized Dipole-like

Antennas

In this section, the miniaturized reactively loaded folded dipole antenna described in

Section 4.5 has been compared with some other highly miniaturized conventional and folded

dipole antennas found in the literature. The summary of the comparison has been presented

in Table 4.2.

In [30], examples can be found where a conventional dipole antenna has been miniaturized

to the levels of approximately 80% by means of using simple reactive loading techniques.
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Reference
Antenna

Type
Miniaturization Fractional

Bandwidth
ηrad

Matching
TechniqueTechnique Level

[30] Conventional
Dipole

Circular Disk
+ Helix Loaded

77% 1.44% 95.5%
Stub

MatchingSpherical Disk
+ Helix Loaded

83% 0.74% 93.3%

[36]
Conventional

Dipole
Transmission-Line

Metamaterial
64% 1.7% 27.0%

Dispersion
Engineering
by Varying
the Loading
Reactances

[40]
Conventional

Bowtie
Transmission-Line

Metamaterial
47% 4.0% 47.8%

Dispersion
Engineering
by Varying
the Loading
Reactances

[30] Folded
Dipole

Helical Arms
in the Shape of

a Sphere
83% 0.87% 97.4%

Multiple
Folded ArmsHelical Arms

in the Shape of
a Cylinder

83% 0.57% 97.7%

[73]
Folded

Monopole

180◦ Metamaterial
Phase Shifter at the

Antenna End
55% 2.5% 80.0%

Higher Input
Resistance of
the Folded
Monopole

[74]
Folded

Monopole

0◦ Metamaterial
Phase Shifter at the

Antenna End
80% 1.3% 72.3%

Multiple
Folded Arms

[77]
Folded

Monopole

Conventional
Phase Shifter at the

Antenna End
80% 0.83% 81.7%

Multiple
Folded Arms

Proposed
Folded
Dipole

Series-LC Loading 75% 1.5% 35.3%
Embedded
Impedance
Engineering

Table 4.2: Comparison between the proposed miniaturized folded dipole antenna and some
other highly miniaturized conventional and folded dipole antennas found in the literature.
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The antenna was loaded simultaneously with a series L and a shunt C by employing helical

arms and by adding circular or spherical disks at the ends of the dipole antenna, respectively,

in order to realize a high degree of miniaturization. Although the antennas resulted in a

very high radiation efficiency of greater than 90%, the resulting bandwidths are of the same

order as the miniaturized folded dipole antenna reported in this chapter. However, the major

demerits of these miniaturized conventional dipole antennas are the following: (1) external

matching networks are required for achieving good impedance matching, and (2) large lateral

dimensions due to the application of top-hat loading.

The miniaturized conventional dipole antenna reported in [36] employs a transmission line

metamaterial, where the dispersion properties of the metamaterial loaded transmission line

were manipulated by varying the loading reactances in order to achieve both miniaturization

and matching. As a result, the antenna does not require an external matching network.

However, since the antenna is essentially composed of a two-conductor transmission line,

it usually suffers from poor radiation efficiencies due to oppositely directed currents on the

two conductors. The antenna reported in [36] has a lower radiation efficiency compared to

the miniaturized folded dipole antenna described in Section 4.5, although having a lower

miniaturization level. A similar technique has been explored in [40] to miniaturize a bowtie

antenna. Although the miniaturized bowtie antenna exhibits a slightly higher radiation

efficiency than the proposed miniaturized folded dipole antenna, it must be noted that the

corresponding miniaturization level is also much lower (∼47%).

As mentioned in Section 2.2.3, the traditional miniaturization techniques for folded dipole

antennas usually focus on using the series resonance fR, rather than the antiresonance fAR,1,

due to its ease of matching and higher radiation efficiency. The same can be noticed from the

examples found in [30], [73], [74], and [77]. Additionally, these miniaturized folded dipoles

employed multiple folded arms, which not only helped in realizing higher input resistance

such that matching can be enabled without external matching networks, but also resulted in

a very high radiation efficiency owing to the co-directed currents on all the arms. However,
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the overall footprint of these kind of miniaturized folded dipole antennas are much larger

than the one described in this chapter due to the usage of multiple folded arms, and higher

the level of miniaturization, more the number of folded arms that are required to realize the

necessary input resistance.

Thus, although the radiation efficiency of the proposed miniaturized folded dipole an-

tenna is not very high compared to some of the examples listed in Table 4.2, it has the

following advantages: (1) low overall footprint, (2) simple miniaturization process that uses

only series reactive loading components, (3) flexible matching scheme that allows to match

the miniaturized folded dipole antenna to an arbitrary source impedance, at a given minia-

turization level without significantly increasing the antenna footprint. Moreover, as it will

be described in more detail in the next chapter, low radiation efficiencies are tolerable for

sensor applications, which is the intended application of the proposed miniaturized folded

dipole antenna.

4.9 Summary

This work demonstrated that engineering the input impedance of a printed folded dipole

antenna using asymmetric series-LC loading and variable arm widths can enable excellent

impedance matching, co- to cross-polarization separation, and improved radiation efficiency,

even when it is highly miniaturized (∼75%) at the operating frequency. The miniaturized

antenna does not require any external matching network and has attractive radiation per-

formance suitable for sensor applications. The measured results are in excellent agreement

with the simulated results.

A fully printed equivalent antenna can be developed, which will not require any lumped

components and thus will not be susceptible to the tolerances in off-the-shelf lumped com-

ponent values, and also will be easier and less expensive to fabricate. An example of a 75%

miniaturized fully printed folded dipole antenna will be shown in the next chapter, which
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would be a suitable choice for sensing applications that require real-input-impedance match-

ing. Furthermore, although the technique presented in this work was used to engineer the

input impedance in order to match to a real source impedance, it may more generally be

used to realize complex input impedances for conjugate matching for some sensor applica-

tions like RFID tag antennas, an example of which will also be demonstrated in the next

chapter.
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Chapter 5

Applications in Sensing

5.1 Introduction

In Chapter 4, an example of an inherently matched but highly miniaturized folded dipole

antenna was demonstrated using both simulations and measurements, where good impedance

matching was realized at a 75% miniaturization level by properly choosing the loading reac-

tance values and using unequal arm widths as an additional degree of freedom. It was also

shown that the miniaturized folded dipole antenna exhibits a much better radiation efficiency

and realized gain compared to its unloaded counterpart of the same footprint, which was

achieved by employing an asymmetric reactive loading scheme. Furthermore, a unique feed

structure had been designed in order to provide a balanced input current to the antenna,

and its effects on the antenna performance were described in detail.

In this chapter, the design of a fully printed version of the aforementioned miniaturized

antenna will be demonstrated, which is generally scalable and can be useful as sensor an-

tennas that require a real input impedance. The fully printed antenna has been designed to

operate at the UHF ISM frequency band specified for sensing applications in North America.

Furthermore, the idea of input-impedance engineering will be extended for realizing a RFID

tag antenna that requires conjugate matching with a complex input impedance. Both the
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antennas will be validated using measurements.

5.2 Sensor Antennas with Real Input Impedance

5.2.1 Background

With the exponential growth in numbers and capabilities of sensor-based systems in

recent years, the technology related to their associated antennas has been continuously

improved. The challenge is, of course, to design an antenna that is small and low profile for

the purposes of portability, ease of integration with small sensor circuits, low cost and which

exhibits a reasonable radiation performance. A narrow bandwidth and a moderate radiation

efficiency usually suffice for these kinds of applications, since for most applications only a

very small amount of data need to be transmitted/received over a rather short distance.

One of the most intriguing examples is perhaps Machine-to-Machine (M2M) technol-

ogy, which commonly refers to the communications between computers and other mobile

devices with various smart sensors and systems. This technology is extensively being used

in emerging applications like Internet of Things (IoT), which is expected to revolutionize the

way people interact with their surrounding environment, such as at home, work, in trans-

portation, cities or rural areas, hospitals, or at school. In this technology, various sensors

will be attached to different household objects, industrial instruments and devices, vehicular

platforms etc., which are then going to be connected to the cloud via internet, with or with-

out limited human intervention [93, 94]. A variety of different types of antennas have been

reported in the literature for M2M and IoT applications, among which dipole/monopole an-

tennas [95–101] and Inverted-F (IF) antennas [102–107] are some of the preferred choices as

they offer a low-profile and inexpensive design solution with good omnidirectional radiation

patterns.

Another potential application of sensors where real input impedances are used are body-

centric communication systems (also known as Body-Area Networks or BAN) that include
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wearable and body-worn systems, biomedical sensors, in-body implantable monitoring de-

vices, short-range emergency communications etc. The antennas are often designed to be

flexible, and since a body-worn antenna is usually in close proximity to, or surrounded

by, human tissue, it should be designed with consideration for losses and potential shifts

in operating frequency [108, 109]. Preferred antenna choices include patch-type [110–116],

Inverted-F [117–120], and dipole/monopole antennas [121–129].

It is noteworthy that for most of these sensor systems, the antennas are only used as a part

of the RF transceiver module for establishing communication, and the actual sensor elements

are connected to the transceiver module through an Analog-to-Digital Converter (ADC) and

a microcontroller unit [108]. The antennas are typically connected to the rest of the system

by a transmission line that is already matched to the corresponding transmitter/receiver on

the other end and has a real characteristic impedance. This in turn requires the antennas

to have an equal real input impedance in order to ensure maximum power transfer.

Sub-GHz UHF bands are often preferred for all the aforementioned applications due to

their more reliable propagation characteristics, large communication range, and good in-

building penetration. Also, these frequency bands are often less crowded than the 2.4 GHz

ISM band. One such example is the 915 MHz band (902-928 MHz), which is an allocated

ISM band in North America. In this section, a fully-printed and 75% miniaturized (l = λ/8)

folded dipole antenna will be designed for operation in the 915 MHz band using the same

technique described in Chapter 4.

5.2.2 Design and Simulation

For the fully printed folded dipole antenna to operate at 915 MHz at a 75% miniatur-

ization level, the length of the antenna l was chosen to be 41 mm. The dielectric substrate

used for this design is the Megtron 4 R-5725 Laminate that has a thickness of 40 mil, same

as the substrate used in Chapter 4. Once again, a similar loading scheme was used, i.e.,

capacitive loading on the driven arm and inductive loading on the folded arm. However,
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Figure 5.1: Schematic of the fully printed folded dipole antenna.

this time the loading inductor was realized by meandering the folded arm, comprising N

turns, with each turn having a side length wfd, width Lw and a separation Lg between two

successive traces. Furthermore, it was found that for this design a simple gap of width Cg on

the driven arm would provide sufficient capacitive loading, thus an interdigitated capacitor

was not necessary. The capacitive gaps were placed at a distance l/4 from the antenna ends.

A detailed schematic of the fully printed antenna is shown in Fig. 5.1.

Parametric simulations were performed by varying N , wfd, Lw, Lg, and Cg; the driven

arm width wdr was kept unchanged at 1 mm, again same as the design described in Chapter

4. The simulations were performed using both HFSS and ADS considering the same feed

structure and balun transformer. It was found that for N = 80, wfd = 2.75 mm, Lw = 0.10

mm, Lg = 0.15 mm, and Cg = 0.60 mm, a very good 18.8 dB return loss was achieved at

915 MHz, with a 23 MHz 10-dB return loss bandwidth. However, it must be noted here that

due to the presence of a lot of fine features in the structure, the simulation became very

time- and memory-consuming (110 GB for one frequency point). As a result, the parametric

simulations were performed after relaxing the convergence criteria slightly. Thus, a slight
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Figure 5.2: Fabricated prototype of the fully printed folded dipole antenna.

deviation can be expected while comparing the measured return loss data to the simulated

in the future. Finally, the corresponding overall radiation efficiency (ηrad,O) and realized

gain at 915 MHz were found to be 28.3% (∼27% at the edges of the 10-dB return loss band)

and -4.91 dB, respectively. It can be noticed that the overall radiation efficiency for the

fully printed case is slightly smaller compared to the value reported for the same level of

miniaturization in Chapter 4, where lumped discrete inductors were used. The reduction of

the radiation efficiency is caused potentially due to the lower quality factor and distributed

nature of the printed loading inductor, and hence increased losses.

5.2.3 Fabrication and Measurement

The optimized structure was fabricated using the aforementioned LPKF ProtoLaser U3

milling machine. The balun transformer and the MMCX surface-mount connector were

soldered at the respective places. A photograph of the fabricated prototype is shown in Fig.

5.2. The return loss response of the fabricated antenna was measured and compared with

the simulated return loss, and shown in Fig. 5.3. It can be seen that, due to the relaxation
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Figure 5.3: Simulated vs. measured S11.

of the simulation convergence, the peak return loss frequency did not occur exactly at 915

MHz, instead it was found to have shifted by 40 MHz (∼4%) to 955 MHz. In order to

bring the return loss peak back to 915 MHz, it was decided to only change the loading

capacitance. Thus, a second prototype was built with a decreased Cg, such that the actual

loading capacitance value is increased and the resonances of the antenna shift towards lower

frequencies. It was found that for Cg = 0.1 mm, the measured return loss peak occurs

exactly at 915 MHz with a comparable return loss level of 20.5 dB. Also, the measured

10-dB bandwidth is 25 MHz, which spans almost the entire bandwidth of specified 902-928

MHz.

Once again, the simulated 3-D radiation pattern was obtained for the fully printed folded

dipole antenna at 915 MHz in presence of the parasitic feed structure, and is shown in Fig.

5.4(a). The corresponding E- and H-plane patterns were also measured at 915 MHz in the

anechoic chamber using the same measurement setup and the dual-ridged horn antenna, as

described in Chapter 4. The measured normalized E- and H-plane radiation patterns were

then compared with the simulated data, and shown in Figs. 5.4(b) and 5.4(c), respectively.
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Figure 5.4: (a) Simulated 3D radiation pattern of the fully printed folded dipole antenna
at 915 MHz in presence of the feed structure as parasitic; and comparison of normalized
radiation patterns at 915 MHz (simulated vs. measured): (b) E-plane, (c) H-plane.
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The measured co-pol to cross-pol separation at broadside direction (90◦) is approximately

30.7 dB. Since the simulated pattern data were obtained incorporating the parasitic effect of

the feed without the balun transformer, the observed differences between the simulated and

measured cross-pol patterns could once again be attributed to the radiation from the actual

currents on the feed structure of the fabricated antenna, including the multipath reflections

from the measurement setup inside the chamber. Moreover, the slight deviations seen in the

E- and H-plane patterns at angles around 270◦ occur due to the blockage created by the

vertical mounting stand, as can be seen from Fig. 4.16.

5.3 Sensor Antennas with Complex Input Impedance

5.3.1 Background

Radio Frequency Identification (RFID) technology has become very popular in recent

years and is being used in a multitude of applications, e.g., asset identification, manufactur-

ing, distribution logistics and goods flow systems, personal healthcare, safety and security

that involves automatic identification and remote tracking of objects [130–132]. RFID is

also a prime example of a sensor technology requiring matching to a complex, rather than a

real, input impedance. The idea of communicating to an object by using scattered signals

was first introduced by H. Stockman in 1948 [133], although a similar idea had already been

used by the British during the World War II to identify friendly or enemy aircrafts using

passive radar reflectors mounted on the friendly aircrafts. After the early developments in

the 1970s, RFID has emerged as a cheap, reliable and largely adopted technology in the 21st

century, following the standards developed in the 1990s and the recent advances in silicon

technology [134].

A RFID system consists of a scanning unit, also known as the interrogator or a reader,

and transponders or tags which are usually mounted on objects that need to be tracked. The

reader communicates with the tags and collects information about the objects onto which
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the tags are mounted. The tags can be classified into three different categories based on

their operating principle: passive, semi-passive, and active [135]. Among the three types,

passive tags are simplest and cheapest, and will be studied in this section. The tags are

typically composed of a transmitting antenna and an integrated circuit (IC) chip. They do

not have any internal power source and use the signal transmitted by the reader to power

up the IC chip, which then responds to the reader by backscattering its unique signature.

A suitable antenna for the tag must be cheap, low profile and lightweight, and since a

very small bandwidth is usually required, miniaturized antennas are the obvious choices for

this role. Furthermore, the commercially available RFID IC chips are traditionally highly

capacitive, thus the tag antennas need to have an inductive input impedance in order to

realize good conjugate matching and ensure maximum power transfer between the antenna

and the chip.

Once again, dipole antennas are one of the preferred choices for RFID tags due to their

simplicity and low fabrication cost. Miniaturization is usually done by meandering the

arms of a dipole antenna [136–140] or sometimes realizing the meandered antenna on a

high permittivity dielectric substrate [141]. However, it must be noted that a miniaturized

dipole antenna is highly capacitive. Thus, in order to conjugately match to a capacitive IC

chip, additional matching networks are usually employed, which helps realizing an inductive

input impedance for the antenna. Typical examples of these matching networks include

T-match [130, 140–142], inductively coupled loop [130, 139, 143, 144], or the placement of

parasitic elements, such as a metal strip, next to the dipole [138,144], where the dimensions

of the matching networks and their position with respect to the dipole antenna are varied

in order to achieve good matching.

Alternatively, loop antennas have also been used as RFID tags [145–147]. However,

although electrically small loop antennas are inherently inductive, additional matching net-

works were often employed in order to ensure maximum power transfer with the IC chip.

Typical examples of loop-type RFID tags can be found in [146, 147], where the radiating
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loop is accompanied by an inductively coupled feeding loop, and the corresponding mutual

impedance between the two loops is varied by changing their relative positions in order

achieve good matching.

Naturally inductive folded dipole antennas have also been employed as tag antennas

[148–150]. In [148], a 0.19λ-long folded dipole antenna has been reported with a read range

of 2.5 m. The antenna had been bent twice in order to form circular-shaped loads at the ends,

and the input impedance of the antenna was tuned by varying the inner and outer radii of

these circular loads. The folded dipole antennas reported in [149] and [150] are optimized for

operation in the vicinity of a conductive plane, which is known to degrade the performance

of dipole-like antennas when placed in close proximity of the antenna. The folded dipole

antenna reported in [149] incorporates multiple folded arms and a tuning stub, and exhibits

a simulated read range of 3 m for its 0.36λ length in free space. Furthermore, the antenna

reported in [150] uses offset feeding and one open end in order to realize the necessary input

impedance, however this work does not specifically discuss the tuning mechanisms that would

be required to realize any arbitrary complex antenna input impedance. Nevertheless, the

antenna demonstrates a free-space read range of 5.8 m for its 0.27λ length.

Finally, apart from dipole and loop antennas, examples can be found where inverted-

F [151–156] and patch antennas [132,157–160] were also used as RFID tags.

In this section, a 75% miniaturized (l = λ/8) folded dipole antenna will be designed for

the aforementioned UHF-ISM band of 902-928 MHz and its performance will be tested as a

RFID tag. The antenna will not require any additional matching network, and once again

good matching will be enabled by engineering the locations of fR,N and fAR,1 by means of

varying the loading reactance values and the arm widths.

5.3.2 Design and Simulation

Once again, the length of the antenna was set to l = 41 mm in order to realize a 75%

miniaturized antenna with respect to the center frequency of 915 MHz, and the same 40-mil-
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thick Megtron 4 R-5725 Laminate dielectric substrate was considered for the design. Before

performing the optimization, a particular IC chip was selected for the study. The Higgs R 4

chip from Alien Technology exhibits an input impedance equivalent to an 1800 Ω and a

0.95 pF capacitor in parallel and a reading sensitivity of -18.5 dBm, which is essentially the

wake-up power of the IC [161]. Thus, at the 915 MHz, the input impedance of the chip

becomes 18.4 − j181.2 Ω.

It is important at this point to define two parameters that are traditionally used to

assess the performance of a RFID tag. As mentioned earlier, the antenna input impedance

(Za) needs to be the conjugate of the IC input impedance (Zic), i.e., Za = Z∗
ic. Thus, an

antenna-IC power transfer efficiency τ can be defined as [162]:

τ =
4 · <(Za) · <(Zic)

|Za + Zic|2
. (5.1)

The parameter τ represents the matching between the antenna and the IC chip, and can

have values between 0 (totally mismatched) to 1 (perfectly matched). The second parameter

is the read range of the tag (dtag), which is essentially derived from the well-known Friis

transmission equation, and can be calculated using the following equation [162]:

dtag =
λ

4π

r
χpol ·Gr,tag · EIRP

Pic

(5.2)

where λ is the wavelength corresponding to the operating frequency, χpol is the polarization

mismatch factor, which takes the value of 1 if both the reader and the tag antennas have

the same polarization, and 0.5 for the case when one of the antennas is circularly polarized

and the other is linearly polarized. Gr,tag is the realized gain of the tag antenna, and can be

given as:

Gr,tag = τ · ηr,tag ·Dtag (5.3)

where ηr,tag and Dtag are the radiation efficiency and directivity of the tag, respectively, at

92



the operating frequency. EIRP is the regulated equivalent isotropically radiated power of

the reader antenna, and under the RFID emission regulation in North America the maximum

of reader EIRP can be 4 W. Finally, Pic refers to the wake-up power of the selected IC chip.

Unlike the previous cases where the miniaturized antenna was designed to match with

a real input impedance, this time the two resonances fR,N and fAR,1 do not need to be in

close proximity with each other, and since the input impedance of the antenna is inductive

only between these two resonances, matching has to be attained somewhere in this frequency

range. Thus, a wider difference between these two resonances will essentially result in a larger

range of workable frequencies, over which conjugate matching can be performed by adjusting

the real and imaginary parts of the antenna input impedance as functions of the loading

reactance values. It can be recalled from Table 3.1 that as the driven arm was becoming more

inductive (increase in L on driven arm), or/and the folded arm more capacitive (decrease

in C on folded arm), the difference between fR,N and fAR,1 was increasing. Thus, for the

design of the proposed RFID tag antenna, the loading scheme was reversed, i.e., inductive

loading was placed on driven arm and capacitive loading on folded arm. However, it must

be noted here that the reversing of the loading scheme does not change the basic impedance

trends with respect to the inductive or capacitive loading on the folded dipole antenna.

It had been mentioned in Section 5.2.2 that in order to obtain accurate simulation results

for a fully printed antenna structure, considerably high computational resources would be

required, particularly owing to the presence of the fine features in the antenna structure in

the form of the meandered inductor (as shown in Fig. 5.1). Thus, although a fully printed

prototype should ideally be designed for the tag antenna in order to minimize the fabrication

cost, a discrete lumped inductor was decided to be used for this design, which would still

substantiate the proposed technique. Two perpendicular segments of length lp were added

at the inductor loading locations in order to reduce the dependence on the particular design

value of the loading inductance, thus any commercially available inductor with a smaller

inductance value would be applicable to the design. Furthermore, it was found that again a
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Figure 5.5: Schematic of proposed RFID tag antenna.

simple gap of width Cg on the folded arm would suffice as the loading capacitor. Both the

inductive and capacitive loading were placed at a distance l/4 from the antenna ends. A

schematic of the proposed RFID tag antenna is shown in Fig. 5.5.

Parametric simulations were performed by varying the loading reactance values along

with the arm widths in order to get the input impedance of the antenna as close as the

target impedance, i.e., Z∗
ic, as possible. For the desired 75% miniaturization level, the

loading inductance was realized using a Coilcraft 0603HP-43N inductor, which has a nominal

inductance value of 44.9 nH and quality factor of 72 at 915 MHz. It was found that for

wdr = 0.50 mm, wfd = 4.20 mm, Cg = 0.25 mm (equivalent capacitance ≈ 4.8 fF), s =

0.25 mm, lp = 0.62 mm, and wp = 1 mm, the antenna exhibited an input impedance

of Za = 24.9 + j181.7 Ω at 915 MHz, which is very close to Z∗
ic at the same frequency.

This in turn resulted in very good matching at 915 MHz, with corresponding τ = 0.98.

A comparison between the provided Z∗
ic and simulated Za has been shown in Fig. 5.6(a),

and the corresponding plot of τ is shown in Fig. 5.6(b). Finally, the simulated radiation

efficiency at 915 MHz was found to be 30.93% (which remains approximately the same over

the entire selected UHF-ISM band), and the corresponding read range was calculated to be

8.09 m considering a reader EIRP of 4 W, which is also maximum in the band.
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Figure 5.6: (a) Comparison between Z∗
ic and Za, and (b) corresponding an antenna-IC power

transfer efficiency τ .

95



Figure 5.7: Fabricated prototype of the RFID tag antenna.

5.3.3 Fabrication and Measurement

The simulated structure was fabricated using the LPKF ProtoLaser U3 milling machine.

The lumped discrete inductors and the IC chip were soldered onto the antenna surface at

their respective places. The fabricated prototype is shown in Fig. 5.7.

In order to measure the read range of the tag antenna, a commercially available Right-

Handed Circularly Polarized (RHCP) patch antenna (MT-242025/TRH/A by MTI Wireless

Edge Ltd.) was used as the front end of the reader. The antenna has an operating bandwidth

of 865-956 MHz, and exhibits a gain of 7.5 dBic in the frequency range of 902-928 MHz [163].

The next section of the reader comprised a ThingMagic M6e Embedded RFID reader module,

where the input power of the reader antenna could be varied over a range from 5 dBm to

31.5 dBm [164].

The read-range measurement was performed inside the near-field anechoic chamber, but

since the maximum available distance inside the chamber between the reader and the tag

antennas (≈ 2.5 m) was much smaller compared to the simulated read range reported in

Section 5.3.2, it was decided to decrease the EIRP of the reader antenna by reducing its
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Figure 5.8: Experimental setup for measuring the read range of the RFID tag antenna.

input power in order to bring down the maximum read range within the available distance.

The tag antenna was placed in such a way that the reader antenna appears in its broadside

direction. The measurement setup is shown in Fig. 5.8.

In order to compare the measured read range with the simulated, the measured data

were scaled for EIRP = 4 W and a linearly-polarized reader antenna using the following

equation, which can be obtained directly from equation 5.2:

dtag,scaled
dtag,meas

=

s
4

χpol · EIRPmeas

(5.4)

where, dtag,scaled and dtag,meas are the scaled and measured read ranges, respectively. Since

the reader and the tag antennas are circularly and linearly polarized, respectively, the value

of the polarization efficiency χpol was set as 0.5. Finally, EIRPmeas is the EIRP of the

reader antenna with reduced input power Pin and can be given as:
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Figure 5.9: Simulated vs. measured and scaled dtag.

EIRPmeas = Greader · Pin (5.5)

where, Greader is the gain of the reader antenna. The comparison between the measured and

scaled vs. simulated read-range data is shown in Fig. 5.9. It can be seen that the maximum

measured read range occurs at 908 MHz, which is still within the 902-928 MHz band, and

only 7 MHz shifted from the simulated read range peak. The shift is potentially caused

due to the finite tolerances (±5%) of the discrete lumped loading inductors. However, this

issue can be easily resolved by replacing the lumped inductors by their printed meandered

equivalents. The measured read range value at 908 MHz is 7.77 m, which is also very close

to the maximum value of the simulated read range at 915 MHz, i.e., 8.09 m.

The E- and H-plane read-range patterns were also measured for the designed tag antenna

at 908 MHz where the tag antenna exhibits maximum read range, and shown in Fig. 5.10.

Once again, the measurement was done by reducing the EIRP of the reader antenna with

an angular resolution of 10◦ at each plane, and then the measured data were scaled following

the same technique. It can be easily noticed that the E- and H-plane read-range patterns
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(a)

(b)

Figure 5.10: Measured read-range patterns at 908 MHz: (a) E-plane, and (b) H-plane (radial
scale is in meters).
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are exactly identical to the E- and H-plane radiation patterns of a dipole antenna, thus an

omnidirectional coverage area of the fabricated RFID tag antenna could be confirmed.

5.4 Summary

In this chapter, it was demonstrated that using the technique proposed in Chapter 4,

a folded dipole antenna could be miniaturized and used for various sensing applications

that require matching with either real or complex input impedances. For both the cases,

the folded dipole antenna were highly miniaturized (75%) and exhibited excellent matching

with the target input impedance.

However, it must be noted that some of these sensors often need to operate in close prox-

imity of reflective or high permittivity and lossy mediums, which can alter the performance

of these antennas significantly by shifting the operating frequency and/or by reducing the

radiation efficiency drastically. Thus, a prior knowledge of the surrounding environment

would be helpful while designing these miniaturized sensor antennas.
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Chapter 6

Conclusion

6.1 Summary

The work described in this thesis was focused on developing a highly miniaturized, but

inherently matched antenna that exhibits dipole-like radiation characteristics, and can be

useful in a wide array of narrowband applications. The inherent matching enables these

miniaturized antennas to be integrated into various wireless systems without the use of an

external matching network, which often increases the overall size and complexity. Addition-

ally, good matching increases the accepted power into an antenna, which implies enhanced

radiated power, and hence longer detection range for a sensor antenna. A folded dipole an-

tenna was selected over a conventional dipole antenna for this purpose, mainly because of the

presence of an additional resonance (fAR,1) before the half-wavelength frequency (fR) in its

input impedance profile and also its impedance-modification property by means of structural

changes. A simple series reactive loading scheme has been proposed for this miniaturization

technique.

First, the standard theory of folded dipole antenna was extended in order to include

the effects of reactive loading. A symmetric loading topology has been applied on an

infinitesimally-thin folded dipole antenna for studying the corresponding input impedance
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trends. It was found that by applying a large series loading inductance and a small series

loading capacitance, a new resonance (fR,N) could be introduced just before fAR,1, which

can then be used in conjunction with fAR,1 to engineer the corresponding input impedance,

such that a good matching can be realized at a desired miniaturized operating frequency.

However, it was found that in order to realize closely situated fR,N and fAR,1, extreme val-

ues would be necessary for the loading reactances while using a symmetric loading topology.

Thus, it was decided to introduce asymmetries into the loading scheme, which resulted in a

smaller and easily realizable loading reactance values. The conclusions from this study were

then applied to a practical example, where a printed folded dipole antenna was miniaturized

by 75% and excellent matching was achieved with respect to a real source impedance by

properly choosing the loading reactance values and using unequal arm widths as an addi-

tional degree of freedom. A unique feed structure was designed to provide a balanced input

to the antenna, and its effects on the antenna performance were described in detail. It was

shown that any effect on the impedance matching of the miniaturized antenna by the inclu-

sion of practical losses or the feed structure can be easily compensated by slightly adjusting

the loading values. Furthermore, the fabricated prototype was validated by performing mea-

surements, which showed excellent agreement with the simulated results. It was also shown

that the miniaturized folded dipole antenna exhibits a much better radiation efficiency than

its unloaded counterpart and an approximately equal radiation efficiency when compared

to an equivalent loaded conventional dipole. However, due to its ability to achieve good

impedance matching with respect to any given source impedance, the miniaturized loaded

folded dipole antenna will always exhibit a better realized gain than both the other cases,

which can be related directly to the radiated power.

In the final chapter, a 75% miniaturized fully printed folded dipole antenna was designed

following the same technique, which can be useful for sensor antennas requiring a real input

impedance. The UHF-ISM frequency band (902-928 MHz) specified for sensing applications

in North America was selected for the design. It was shown that by using a fully printed
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topology, the bandwidth of operation can be improved slightly at the expense of the radiation

efficiency, due to the lower quality factor of the loading reactances. Furthermore, the idea

of input-impedance engineering was extended for realizing a RFID tag antenna capable of

being inherently and conjugately matched to a complex output source impedance. Once

again, the designed structure was validated using measurements, which produced very good

agreements with the simulated results.

6.2 Contributions

This section lists the academic contributions made during the course of this doctoral

thesis, including journal papers, conference papers, and abstracts.

6.2.1 Journal Papers

[J5] S. Das, H. Saghlatoon, P. Mousavi, and A. K. Iyer, “A highly miniaturized and inher-

ently conjugately matched folded dipole-based RFID tag antenna,” IEEE Access, vol.

7, pp. 101658-101664, July 2019.

[J4] S. Das, D. J. Sawyer, N. Diamanti, A. P. Annan, and A. K. Iyer, “A strongly minia-

turized and inherently matched folded dipole antenna for narrowband applications,”

under fourth round of review in IEEE Transactions on Antennas and Propagation,

2019.

[J3] D. J. Sawyer, S. Das, N. Diamanti, A. P. Annan, and A. K. Iyer, “Choke rings for

pattern shaping of a GPR dipole antenna,” IEEE Transactions on Antennas and Prop-

agation, vol. 66, no. 12, pp. 6781-6790, December 2018.

[J2] L. A. Shaik, C. Saha, S. Arora, S. Das, J. Y. Siddiqui, and A. K. Iyer, “Bandwidth

control of cylindrical ring dielectric resonator antennas using metallic cap and sleeve
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loading,” IET Microwaves, Antennas & Propagation, vol. 11, no. 12, pp. 1742-1747,

October 2017.

[J1] S. Das, H.-L. Nguyen, G. N. Babu, and A. K. Iyer, “Free-space focusing at C-band using

a flat fully printed multilayer metamaterial lens,” IEEE Transactions on Antennas and

Propagation, vol. 63, no. 11, pp. 4702-4714, November 2015.

6.2.2 Conference Papers

[C2] S. Das, A. K. Iyer, L. A. Shaik, C. Saha, and J. Y. Siddiqui, “Design of a frequency

notched coplanar tapered slot antenna using split ring resonator,” 5th IEEE Applied

Electromagnetics Conference (AEMC), Guwahati, Assam, India, December 2015.

[C1] S. Das and A. K. Iyer, “Recent results verifying free-space focusing using a fully printed

metamaterial lens,” 5th IEEE Applied Electromagnetics Conference (AEMC), Guwa-

hati, Assam, India, December 2015.

6.2.3 Abstracts

[A2] S. Das, D. J. Sawyer, N. Diamanti, A. P. Annan, and A. K. Iyer, “Design of strongly

miniaturized, inherently matched, and scalable folded dipole antennas,” presented in

the Special Session: Low-Profile Antennas from Gigahertz to Terahertz at the USNC-

URSI National Radio Science Meeting, Boulder, CO, USA, January 2019.

[A1] S. Das, A. K. Iyer, A. P. Annan, and N. Diamanti, “Study of reactive loading for

the miniaturization of folded dipole antennas,” IEEE International Symposium on

Antennas and Propagations and North American Radio Science Meeting, San Diego,

CA, USA, July 2017.
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6.3 Future Work

So far in this thesis, it has been demonstrated using both simulations and measurements

that a folded dipole antenna can be made to achieve impedance matching for both real

and complex input impedances at a desired level of miniaturization, without the need of an

external matching network. Potential extensions of this research are discussed below.

6.3.1 Effect of Loading Locations

For all the examples shown in Chapters 4 and 5, the reactive loading elements were

placed right in the middle of each half of the antenna. Thus, it is important to study the

effect of reactive loading locations on the input impedance and the radiation efficiency of

the antenna. Furthermore, an analytical model for the asymmetrically loaded folded dipole

antenna as a function of the loading location would be very useful in obtaining more accurate

initial guesses without the need for time- and memory-consuming simulations.

6.3.2 Effect of Multiple Arms

For certain applications, using multiple folded/driven arms might become necessary.

Therefore, it is also important to study how the input impedance and the radiation effi-

ciency of the antenna varies as a function of the loading reactance values, when the antenna

is operated around its first antiresonance along with multiple folded/driven arms.

6.3.3 Other Topologies

A three-dimensional topology can be realized based on the fully printed miniaturized

folded dipole antenna reported in Chapter 5, as shown in Fig. 6.1. In this topology, the

inductive loading is realized by a helical folded arm, and the loading value can be controlled

by varying the radius and/or the number of turns of the helix. The capacitive loading is

realized by placing two gaps on the cylindrical driven arm. A further study can be performed
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Figure 6.1: Three-dimensional topology for miniaturizing folded dipole antennas.

with this topology in order to realize a higher radiation efficiency of the antenna. It has been

shown in [165–167] that if an electrically small antenna occupies most of the space inside

the smallest possible sphere that completely encloses the antenna and its currents, then

the quality factor of the antenna approaches its theoretical minimum limit, which can be

used for improving the bandwidth and the radiation efficiency of the small antenna. Thus,

for the 3-D antenna, if the helix radius can be changed with each turn in a way such that

the maximum radius occurs at the feed and the minimum radius occurs at the ends, it is

possible to lower the quality factor of the antenna. An example of the proposed structure is

shown in Fig. 6.2. Furthermore, a bowtie variant can also be studied for achieving a broader

bandwidth.

6.3.4 Other Investigations

The sensor antennas described in Chapter 5 should be tested in real-life scenarios, e.g.,

in proximity with reflective or high permittivity and lossy mediums, which can degrade the

performance of the antennas by shifting the operating frequency and/or by deteriorating

the radiation efficiency significantly. Thus structural changes might be necessary along with

optimizing loading reactance values in order to achieve the required system specifications.

Furthermore, a conformal prototype of the miniaturized fully printed folded dipole antenna
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Figure 6.2: Three-dimensional topology with increasing helix radius towards the feed.

can be realized on a flexible substrate.

The operating point of the miniaturized antennas depends on the permittivity of the

dielectric substrate used, and hence the effective permittivity of the medium. Thus, if the

antenna is brought closer to another dielectric substrate, the operating frequency will shift

due to the change in the effective permittivity. Thus, these electrically small antennas can

also be used in dielectric sensing applications.

Finally, since a loop antenna has a similar input impedance profile as a folded dipole

antenna, this technique can also be used to realize electrically small loop antennas that are

matched inherently to a given source impedance.
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Appendix A

Effect of Feed Structure on the

Radiation Efficiency

Since the measurable input power of an antenna structure is typically the power at the

input of the corresponding feed, it is more appropriate to consider the feed as a part of

the whole radiating system, particularly for electrically small antennas. This is because,

irrespective of whether it is a miniaturized antenna employing external matching network

in its feed or an inherently matched miniaturized antenna using a balun as its feed (e.g.,

the miniaturized folded dipole antennas described in Chapters 4 and 5), the bandwidth and

the losses in the feed structure are the two most critical parameters in determining how

much power is actually being transferred from the input of the feed to the actual antenna

terminals, which essentially will dictate the realized gain of the electrically small antenna

and hence the overall radiated power.

A schematic diagram of an antenna with its feed structure has been shown in Fig. A.1,

where Pin and Γin,F are the overall input power and the reflection coefficient at the input

terminals of the feed, respectively, Pacc,F is the power accepted into the feed structure when

terminated in the antenna, Pout,F is the power output from the feed structure, Pacc,A is the

power accepted into the antenna, and finally Prad is the radiated power from the antenna.
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Figure A.1: Schematic diagram of the antenna with the feed structure.

Therefore, it is obvious that any insertion loss introduced by the feed and/or the reflection

loss occurring from the feed-antenna interface will only get amplified due to multiple scat-

tering between the input of the feed and the antenna. This will essentially determine the

total power accepted into the whole system, and hence the overall radiation efficiency.

Considering the feed structure to be a two-port network, the overall radiation efficiency

of the antenna including the feed structure can be given by the following equation:

ηrad,O =
Prad

Pacc,F

=
Prad

Pin(1 − |Γin,F |2)

=
Prad

Pin 1 − S11,F +
S12,FS21,FS11,A

1 − S22,FS11,A

2

(A.1)

where S11,F , S12,F , S21,F , and S22,F are the generalized scattering parameters of the feed

structure and S11,A pertains to the antenna loaded by the feed structure parasitically, but

excluding the balun transformer.

Now, Prad can be given as follows:
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Prad = Pacc,A × ηrad,A (A.2)

where ηrad,A is the radiation efficiency of the antenna including the parasitic effects of the

feed layout, which was obtained directly from HFSS. The accepted power into the antenna

Pacc,A can be expressed using the following equation:

Pacc,A = Pout,F × (1 − |S11,A|2) = Pin × |S21,F |2 × (1 − |S11,A|2). (A.3)

Thus, incorporating equations A.2 and A.3 into equation A.1, the overall radiation effi-

ciency can be obtained as:

ηrad,O =
Pin × |S21,F |2 × (1 − |S11,A|2)

Pin 1 − S11,F +
S12,FS21,FS11,A

1 − S22,FS11,A

2 × ηrad,A

= ηF × ηrad,A

(A.4)

where

ηF =
|S21,F |2 × (1 − |S11,A|2)

1 − S11,F +
S12,FS21,FS11,A

1 − S22,FS11,A

2 . (A.5)

It may also be noted that, for an inherently well-matched antenna, S11,A ≈ 0, hence

equation A.5 reduces to

ηF =
|S21,F |2

1 − |S11,F |2
. (A.6)

Furthermore, for a broadband, low loss and well-matched feed structure, considering

S11,F ≈ S22,F ≈ 0 and S12,F ≈ S21,F ≈ 1, ηF and ηrad,O can be obtained as:
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ηF = 1 (A.7)

and

ηrad,O = ηrad,A. (A.8)
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Appendix B

Comparison of Physical Limits of The

Miniaturized Folded Dipole Antennas

B.1 Fundamental Limitations of Electrically Small An-

tennas

An electrically small antenna (ESA) is one whose overall dimensions are typically much

smaller than the wavelength. However, the definition can be somewhat ambiguous. Wheeler

defined a small antenna as the one that has a maximum volume less than the “radiansphere”

[168], which has a radius of one radian, i.e., λ/2π, λ being the wavelength. Other definitions

can also be found – one example is that if the largest dimension of an antenna measured

from its input terminals does not exceed one eighth of a wavelength, then the antenna can

be called a small antenna [24]. However, for most modern ESAs, the definition provided by

King is usually followed [169], which states that in order for an antenna to be “very short”,

the electrical size of the antenna ka must not be greater than 0.5, i.e., ka 6 0.5, where k is

the wavenumber = 2π/λ and a is the smallest radius of the sphere that circumscribes the

antenna completely. The antennas described in Chapters 4 and 5 are all 75% miniaturized,

yielding the corresponding ka ≈ 0.4. Thus, all the antennas discussed in this thesis can be
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considered as electrically small.

As mentioned earlier, it is a well-known fact that ESAs suffer from poor bandwidth

and radiation efficiency. As the dimensions become smaller, the antenna becomes more

reactive and less resistive. As a result, the antenna stores more energy than it dissipates,

the latter mostly in the form of radiation and some ohmic loss. Thus, inspired by the

similarities with reactive elements like an inductor or a capacitor, ESAs were also assigned

quality factors (Qant) that are essentially the ratio of the maximum energy stored to the

total power dissipated per period. The Qant of an ESA represents a fundamental limit on

the performance of the antenna, and relates the bandwidth and radiation efficiency with its

electrical size. However, it must be noted that unlike the quality factor of reactive elements,

antenna quality factors are desired to be small in order to maximize the bandwidth and the

radiated power. Chu calculated the minimum limit of Qant by assuming a vertically polarized

dipole antenna fully enclosed by the smallest possible sphere, and then by expressing the

radiated fields outside the sphere as a sum of several spherical modes by using spherical

function expansion [170]. However, a simpler and far more convenient expression for Qant was

derived by Collin and Rothschild [171] who evaluated the energy in terms of electromagnetic

fields rather than the equivalent circuit approach used by Chu, which was later confirmed

by McLean [172]. The exact expression of minimum Qant for the lowest order mode can be

given as [171,172]:

Qant,min =
1

ka
+

1

(ka)3
. (B.1)

For a generally lossy antenna with a radiation efficiency of ηrad, the expression becomes

[167,173]:

Qant,min = ηrad
1

ka
+

1

(ka)3
. (B.2)
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B.2 Calculation of Quality Factors and Fractional Band-

widths for the Reported Miniaturized Antennas

Bandwidth is one of the most frequently used parameters by antenna and communication

engineers. Thus, in an attempt to relate the bandwidth of an antenna specified by an

arbitrary choice of VSWR to the corresponding quality factor, Yaghjian and Best derived

the following expression [174]:

Qant(ω0) =
2
√
β

FBWV (ω0)
,

p
β =

σ − 1

2
√
σ

(B.3)

where σ is the VSWR level, and FBWV (ω0) is the fractional VSWR bandwidth at the

operating frequency ω0, and can be calculated by taking the ratio of the bandwidth at the

specified VSWR level to ω0. Thus, the upper limit of the fractional bandwidth can be found

using equations B.2 and B.3 as:

FBWV,max(ω0) =
2
√
β

Qant,min(ω0)
=

σ − 1√
σ

ηrad
1

ka
+

1

(ka)3

. (B.4)

However, these equations can only be used if the following three conditions are maintained:

(1) the antenna needs to be resonant at the operating point, (2) the antenna should be well-

matched with respect to the corresponding source impedance, and (3) no other resonance

should be present within the selected VSWR bandwidth.

The quality factors and the fractional bandwidths of the proposed miniaturized folded

dipole antenna and the equivalent loaded conventional antenna described in Chapter 4, and

the fully printed antenna described in Chapter 5 were calculated for σ = 2 (i.e., ≈ 10-dB

return loss level) using equation B.4 and compared in Table B.1.

It is noteworthy at this point that each of the aforementioned three conditions holds

true for all the three antennas. Although the miniaturized folded dipole antennas have the
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Antenna
Type

ka σ ηrad (%) Qant,min Qant
Qant

Qant,min
FBWV,max FBWV

Lumped-L loaded
miniaturized
folded dipole
(Fig. 4.10)

0.4 2

35.3 6.3 47.1 7.48 0.112 0.015

Equivalent loaded
conventional

dipole
(Fig. 4.13(b))

36.1 6.5 54.4 8.37 0.109 0.013

Fully printed
miniaturized
folded dipole

(Fig. 5.1)

28.3 5.3 28.3 5.34 0.133 0.025

Table B.1: Comparison of antenna quality factors and the fractional bandwidths of the
antennas reported in the thesis.

antiresonance fAR,1 situated very close to the operating point fR,N , due to the narrowband

return loss response, fAR,1 is always situated outside the 10-dB bandwidth of both the

antennas. Furthermore, the miniaturized RFID tag antenna could not be included in this

comparison, since it does not operate at any of the resonances in order to attain the required

complex input impedance. It can be noticed from Table B.1 that the lumped inductor loaded

miniaturized dipole antenna has very close but slightly better quality factor and fractional

bandwidth compared to the equivalent conventional dipole antenna, however best results

are obtained by the fully printed miniaturized folded dipole antenna owing to its slightly

more lossy reactive loading topology, which essentially results in a better bandwidth at the

expense of radiation efficiency.

The methods described for calculating the lower bound of antenna quality factor so far

only consider the fields external to the smallest sphere circumscribing the ESA, and any

stored energy present within the sphere, i.e., between the actual antenna volume and the

sphere are ignored. Thus, for linear or planar antennas, which occupy only a fraction of

the whole spherical volume, the actual lower bound of the quality factor should in fact

be somewhat higher than that calculated using equation B.1, owing to the unaccounted

additional energy stored in the empty space within the spherical volume [175, 176]. This,
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in turn justifies the high values of Qant/Qant,min for the miniaturized antennas listed in

Table B.1. Conversely, if an antenna occupies most of the available space inside the sphere,

the corresponding Qant becomes very close to the Qant,min calculated using equation B.1

[165, 167]. In other words, the larger the footprint of an antenna is within the particular

sphere, the closer is its quality factor to the absolute lower bound, i.e., Qant,min calculated

using equation B.1. The three antennas listed in Table B.1 have the same length, i.e.,

ka ≈ 0.4, and thus can be circumscribed by the same spherical volume. However, the

overall widths (wdr + s + wfd) corresponding to the lumped inductor loaded folded dipole,

equivalent conventional dipole and the fully printed folded dipole are 3.25 mm, 1 mm, and

4 mm, respectively, which are consistent with the calculated Qant/Qant,min values.
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