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Abstract

Research and development of efficient, but low-profile and small-footprint
antennas for VHF-UHF range applications remains an ongoing work. VHF range spans
30 — 300 MHz while UHF ranges from 0.3 - 3 GHz. The inverse relationship between the
physical length and resonant frequency of an antenna, which is a measure of its
operating frequency range, is well known. A direct correlation between an antenna’s
physical length and radiation efficiency has also been established. Therefore, a
combination of these constraints complicates the design of low-frequency antennas that
are physically small but with enough radiation resistance to be an efficient radiator.
Given the frequency bands above, their corresponding wavelengths will be: 1-10 m
(VHF) and 0.1-1 m (UHF). While small-sized antennas in the upper UHF range are
relatively easier to prototype, size considerations are necessary with decreasing
operating frequency. The length of an antenna operating at these wavelengths would
need to be electrically-small, especially at VHF wavelengths given size constraints in
applications such as defense or commercial mobile communication. As a consequence,
the radiation efficiency of the antenna, which is a function of its radiation resistance, is
greatly reduced. In other words, the input impedance or radiation impedance (assuming
negligible ohmic losses in the antenna structure) features a small resistive component

and a large capacitive component, causing reflections of most of the incident power to
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the antenna. Highly-reactive antennas are not desired for most transmitters and
receivers. Therefore, the radiation resistance of an antenna must be increased by
increasing its electrical length while simultaneously maintaining a low profile and
footprint. This aim can be achieved by configuring the antenna to excite a resonance at,
or very close to a desired operating frequency. An approach that I will explore in this
dissertation is to exploit the broadband characteristics of meander-line and helical (or
“spiral”) antennas typically applied in the upper UHF-microwave frequency range to
the lower frequencies. I will also propose novel antenna geometries that combine spiral
and meander-line properties and analyze their performance via their return losses.
Return loss is a reliable measure of the impedance match by an antenna to its preceding
circuitry at different frequencies or, a ratio of the reflected power at the antenna load to
the incident power. These antennas offer significant size reductions; for example, a
bowtie meander dipole antenna studied yielded a height reduction of 55% at 64 MHz
relative to a half-wave dipole antenna of the same resonant frequency. In addition, I will
present a set of equations developed for predicting the fundamental resonant frequency
and radiation resistance of meander-line antennas.

The body of work presented here has been featured in several peer-reviewed
publications. They are included here for convenient reference:

* 0.0.Olaode, W. D. Palmer, and W. T. Joines, “Evaluating the Efficiency of the

Digitally-Driven Antenna Architecture,” IEEE International Symposium on Antennas



and Propagation and Union of Radio Science International Meeting, Charleston, SC — June
20009.

O. O. Olaode, W. D. Palmer, and W. T. Joines, “Analysis of the Efficiency
Improvements of a Directly-Driven Antenna-Based AM Transmitter,” Proceedings of
the 2009 Antenna Applications Symposium, vol. 33, pp. 418-429, Sept. 2009.

O. O. Olaode, W. D. Palmer, and W. T. Joines, “Improvements of a Directly-Driven
Antenna-Based AM Transmitter over the AM Frequency Band,” Proceedings of the
2010 Antenna Applications Symposium, vol. 34, pp. 372-388, Sept. 2010.

0. O. Olaode, W. D. Palmer, and W. T. Joines, “Efficiency Improvements of a
Directly-Driven Antenna-Based AM Transmitter over the AM Frequency Band,”
IEEE Antennas and Propagation Society Meeting, Spokane, WA, July 2011.

O. O. Olaode, W. D. Palmer, and W. T. Joines, “Effects of Meandering on Dipole
Antenna Resonant Frequency,” IEEE Antennas and Wireless Propagation Letters,
accepted for publication, January 2012.

O. O. Olaode, W. D. Palmer, and W. T. Joines, “Characterization of Meander Dipole
Antennas with Geometry-based, Frequency-independent Lumped Element Model,”
IEEE Antennas and Wireless Propagation Letters, March 2012.

W. D. Palmer, O. O. Olaode, R.]. Spiegel, and W. T. Joines, “Directly-Driven
Antennas from a Circuit Analysis Viewpoint,” Proceedings of the 2011 Antenna

Applications Symposium, September 2011.

vi



Contents

ADSETACE ..o iv
LiSt Of FIGUIES ...t X
ACKNOWIEAZEMENLS ......coviiiiiciict s xii
1 INtrOAUCHON ..o 1
2. Directly-Driven Antenna (DDA) Architecture at AM Frequencies...........ccccccoeeveveiennne, 4

2.1 Overview of the Directly-Driven Antenna (DDA) Architecture............ccceuvueurnnnnne. 4

2.2 Performance Improvements of the Directly-Driven Antenna over the

Conventional ArchiteCture.........cccciiiiiiiiii s 8
2.2.1 ObSEIVAtIONS......cucuiiiiiiiiiciciict s 9

3. Antennas for the DDA..........ccocoiiiiiiiii e 13
3.1 Dipole Antennas: Half-wave and Electrically-small ............cccccoovviiniiinnninnnns 13

4. Characterization of Meander Dipole Antennas............cccccccvviviiiininiiiininicnnnccnne 16
4.1 The Three-bend Meander Dipole Antenna..........ccccoceeiviviiiininiiininicinincccnen, 17

4.2 Analysis of Meander Dipole Antennas using a Frequency-Independent Lumped —
Element Model.........cooiiiiiiiiic s 20

43  Theoretical Analysis of the Meander Dipole Antenna Model ..............c.ccc........ 26
4.3.1 Radiation ReSiStance ... 31
4.3.2 Sensitivity ANALYSIS......coviuiiniiiiiiiiniiiiiii s 32

5. Meander - Spiral Antenna Equivalence............ccccooceiiviniiiiininiinnniiiiniccceeecens 36
5.1 Stripline Meander ANtenmna...........ccccccvvviuiuiiniiiiiiniiiccceeeee s 43

5.2 Bowtie Meander Dipole Antenna............ccocccueeereiiinininiee s 46

vii



LT @0 ) g Lol L 1<) Lo ) o WP R R RPPUPRRTT 53

APPENAIX Ao 56
APPENIX B ..o 66
REfETENCES ...t 69
BIOZIAPRNY ..ot 75

viii



List of Tables

Table 1: ReCeiVEd POWET RESUILS ...coiveeeeeieeeeeeeeeeeeeeeeeee ettt e et e e eeeeeeesesateeseesneeeesnanens 11

Table B-1: Table Of COMSEANIES. «.eoeeeeeeieeeeeeeeeeeee ettt et e e eeeeeeeereeeeseseeeeesesateessesaeeesesnanees 66

ix



List of Figures

Figure 1: Block diagram showing the architectures of the conventional (upper) and

directly-driven antenna (DDA) (lower) AM transmitters..........cccooeiiviniiiinnciininiiinnns 5
Figure 2: Pulse Width Modulation stage of a Class D Amplifier..........ccccocevviviniiinnnnnne. 7
Figure 3: Switching amplifier stage of a Class D amplifier.........ccccccooviiviiinnnnniiinnienne, 7
Figure 4: A center-fed half-wave dipole. ..........ccccooriiiiiiii e 14
Figure 5: Cross-sectional view of Meander and Straight (Quarter-wave) dipole antennas
(SINGLE-ATTIN). ..ottt 19
Figure 6: Overlay of the return losses of the antennas in Fig. 5. ......ccccoviiinnnninnns 20
Figure 7: Single-arm Class-1 MDA. .........ccccccoiiiiiiinininicccccccc e 21
Figure 8: EMCoS Antenna Virtual Lab simulation of Class 1 meander dipole antennas
with multiple bends. ... 22
Figure 9: Single-arm Class 2 MDA .........ccccoovoiiiiiiiiieecccccccc e 23

Figure 10: EMCoS Antenna Vlab simulation of Class 2 meander dipole antennas with
MUtiple DENdSs. .....c.coiiiiiiiii e 24

Figure 11: Current distributions on one-half of straight and meander dipole antennas..25
Figure 12: Broadband equivalent circuit model for both the SDP and the MDA............... 26
Figure 13: One arm of a three-bend MDA...........ccccccoviiiiiniic s 29

Figure 14: Class-1 MDA. Resonant frequency as a function of the number of bends in one
2 0PSO OO 30

Figure 15: Class-2 MDA. Resonant frequency as a function of the number of bends in one

=¥ 0 4 PO OO OO OO UOTROTRO 31
Figure 16: Class-1 and Class-2 radiation resistances as a function of wavelength............ 32
Figure 17: Sensitivity of the Radiation resistance curve to the electrical length................ 33



Figure 18: Sensitivity of the resonant frequency curve to the physical length, I (in m)....35

Figure 19: Sensitivity of the resonant frequency curve to the number of turns, N............ 35
Figure 20: Alternate winding directions of a helical antenna...........c.c.cccoooeveniinnnnnnn 39
Figure 21: Structural equivalence of the reverse spiral and meander line antenna. ......... 40
Figure 22: Return loss (in dB) curves of the forward and reverse spiral.............ccecueunc. 41

Figure 23: Return loss (in dB) curves of the reverse spiral antenna in Figure 20 (b) and its
MDA equivalent........ccooiiiiiiiii e 41

Figure 24: Prototype of the reverse-wound spiral..........cccccoooeiiiiiniiice 43

Figure 25: Stripline meander antennas models and their wire-based equivalent models.

Figure 26: Overlay of the return loss plots of the forward- and reverse-wound stripline

AINEETITIAL ...ttt ettt ettt b e b e 46
Figure 27: Structural equivalent of spiral and bowtie antennas.............ccccocovviviinirnnnnn 49
Figure 28: Bowtie MDA-Spiral geometric equivalence analysis in EMCoS. ...................... 50
Figure 29: Sketch of the Modeled and Prototyped Bowtie MDA............cccoovinininirnnnnnn 51
Figure 30: Return loss curves (in dB) of the Bowtie MDA. .........ccccccciiiviiiiinniiiniiicins 52
Figure A.1: Reactance vs. Electrical length (single leg) of a Dipole Antenna..................... 59
Figure A.2: Equivalent circuit of a standard dipole antenna............ccccoeeiciniiicninicnns 59
Figure A.3: Resistance vs. Electrical length (single leg) of a dipole antenna...................... 60
Figure A .4: Resistance vs. Electrical length (single leg) of a MDA ...........ccocovviiiiniinnnnne 63

Figure A.5: Reactance vs. Electrical length (single leg) of a Meander Dipole Antenna.... 64

xi



Acknowledgements

I am profoundly grateful to my advisor, Prof. William Joines and my principal
investigator, Dr. Devereux Palmer for their unwavering support rendered to me
throughout my graduate studies, even during the difficult times. Their personal
sacrifices and dedication to my academic success as well as professional development
are duly recognized and appreciated. During the last four years, my technical
knowledge and understanding of the principles of electromagnetics, especially antennas
had been greatly enhanced. Much can still be said about them but above all, I extend my
deepest gratitude to them.

I had the privilege of collaborating with Dr. Ronald Spiegel of the department of
electrical and computer engineering at Duke on some technical papers and research on
Directly-Driven Antennas. It was a truly rewarding experience. His understanding and
practical experience of electromagnetics especially fractal antennas has been a valuable
resource to me. I thank him for his support.

I also wish to thank the following faculty members who had served in my PhD
qualifying exam, PhD preliminary exam, and dissertation defense committees during
my studies at Duke for answering the call to serve and for their guidance. They are: Prof.
Gary Ybarra (ECE), Prof. Rhett George (Emeritus, ECE), Prof. Monty Reichert (BME),
Prof. Fred Boadu (CEE), and Prof. Qing Liu (ECE). ECE is an acronym for Electrical and

Computer Engineering while CEE is an acronym for Civil and Environmental Engineering.

xii



I am grateful to my family for their support and encouragement throughout my
studies at Duke, which had been a major source of motivation and strength.

Finally, I wish to thank my lovely wife, Aboyewa Olaode for her support,
understanding, dedication, and personal sacrifices towards ensuring the eventual
completion of my doctoral studies. She has been an oasis and a source of stability in

turbulent times. I am indeed fortunate to be married to you. Many thanks!

xiii



1. Introduction

Modern wireless systems increasingly require more compact, portable, wide-
band, and efficient transmitter architectures. Designing an antenna to meet these
standards at low frequencies is especially difficult to do. Published literature shows that
a half-wave dipole antenna, for example, presents a resistance identical to a 75 Q source
(such as a TV antenna) and can be easily matched to a 50 Q source. In addition, the half-
wave dipole impedance possesses a negligible reactive component at a total electrical
length of ~0.48-0.49 A [1]. Thus, the antenna radiates quite effectively at frequencies
where the length is near a half wavelength. However, a half wavelength antenna
operating at many of the frequencies in the VHF-UHF spectrum would be several meters
long. Reducing the size of the antenna while operating at low frequencies will benefit
defense and commercial applications alike. However, as a consequence of the size
reduction, the antenna’s radiation efficiency is adversely impacted [2].

Antenna design engineers have proposed different solutions to the fundamental
frequency-physical size conundrum, usually alternative geometries that would increase
the electrical length of the antenna but compact the entire structure into its smallest
possible volume. Examples of such approaches were Meandering and inverted-F
Configurations [3] for line antennas, inductive and capacitive loading for slot antennas
[4], [5]. These techniques had been shown to offer bandwidth improvements in the

planar, microstrip antenna structures where they had been applied.



However, antenna size reduction effort had mainly been limited to the UHF frequency
bands and higher. Therefore, a solution that would be broadband, yet low in profile and
easily fabricated in the frequency band below UHF requires further investigation. Such a
solution would be of interest to the defense community since a substantial amount of the
Army’s mobile ground communications are in the VHF-UHF range.

A useful tool in the investigation of enhanced bandwidth, electrically-small
antennas is quantitative analysis i.e. employing equations and/or accurate representative
models in the design process of an antenna. The antenna configurations considered for
the low frequency applications of interest are: conventional meander-line, bowtie
meander-line, and spiral. These antennas had been analyzed numerically and
experimentally and will be presented later in the dissertation.

In a system that utilizes an antenna, e.g. a transmitter, the bandwidth and
efficiency are two of the most important measures of performance. While the antenna is
obviously important, it is only a part of a system comprising of other components.
Therefore, holistic enhancements to the system should involve improvements to both
the antenna and the driver circuitry. That is, the overall efficiency of a system e.g. a
transmitter is a function of the antenna efficiency as well as the efficiency of the driver
circuit. Alternative transmitter architecture named Directly Driven Antenna, or DDA,
was proposed, designed, and analyzed relative to a conventional transmitter at AM

frequencies. More on this work in the next chapter. However, it was difficult to evaluate



the true performance of the proposed alternative architecture with an electrically-small
transmit antenna. Therefore, given the impact of antenna efficiency on the transmitter
system, subsequent effort was focused on improving antennas for transmitters operating

in the frequency range of US Army ground mobile communication equipment.



2. Directly-Driven Antenna (DDA) Architecture at AM
Frequencies

2.1 Overview of the Directly-Driven Antenna (DDA) Architecture

Joseph T. Merenda (Patent # 5,402,133) proposed a system in which a radio signal
can be digitized through a pulse width modulator and used to control the switching rate
of a pair of complementary transistors in a class D amplifier configuration. The signal is
subsequently radiated by electrically small antenna systems (antennas whose physical
sizes are small relative to excitation wavelength [6]). This approach was proven to result
in improved bandwidth and efficiency in getting signals to the antenna and forms the
basis of the work described in this dissertation.

Fig. 1 shows the architecture of the DDA system and its contrast to a
conventional AM circuit block diagram. Modulation of an information signal is
performed in an identical manner by both the DDA and the conventional systems except
that the power amplifier and low-pass filter/matching network stages in the
conventional architecture are replaced with a pulse-width modulator and

complementary switching transistors in the DDA architecture.
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Figure 1: Block diagram showing the architectures of the conventional (upper)
and directly-driven antenna (DDA) (lower) AM transmitters. Both circuits transmit a
carrier signal (LO) modulated by a baseband signal. The conventional architecture
uses a linear power amplifier (PA) and low-pass filter or matching circuit to power to
the antenna. The DDA architecture uses a pulse-width modulator and switching
transistors to directly drive the antenna with a pulse-width modulated square wave
containing the modulated carrier information. Glossary of terms - LO: Local
Oscillator, PA: Power Amplifier, PWM: Pulse-Width Modulator, LPF: Low-Pass Filter.

The Pulse Width Modulation (PWM) in the DDA architecture is performed by a
comparator amplifier as shown in Fig. 2. A high-frequency local oscillator that has been
modulated with a baseband signal (Modulated Carrier, Vwmc) is driven into the positive
terminal of the comparator and sampled through a much-higher frequency sawtooth
waveform (Reference, Vrer). The output of the comparator is low when the magnitude of
the reference exceeds the baseband and high otherwise; hence resulting in the pulse-

width modulation. For a given input level, the sawtooth frequency determines the



frequency of the comparator’s output [7] while the baseband frequency determines its
duty cycle. Therefore, for an accurate signal reconstruction, the frequency of the

reference waveform should be at least ten times that of the baseband [7].

The digitized version of the modulated carrier signal from the PWM stage
discussed in the previous section is driven directly into a pair of complementary bipolar
junction transistors driven either in cutoff or saturation shown in Fig. 3. Therefore, the
output is a copy of the input pulse train but at a higher current level, oscillating between
the amplifier’s rail voltages (+Vs and —Vs). Furthermore, current spikes are generated
only during the transition times of the voltage signal. The information contained in the
modulated carrier signal and encoded in the separation of the current spikes is
converted to analog by the antenna reactance, radiated and recovered at the receiver
end. Because current flows to the antenna only in very short bursts, the power transfer
from the transmitter output stage may be increased. Next, I will discuss the application

of the proposed (DDA) transmitter design in the AM frequency band.
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Figure 2: Pulse Width Modulation stage of a Class D Amplifier. A modulated
carrier signal (Vmc) is sampled with a sawtooth signal (Vrer) with 10 times the
frequency of MC to produce the square wave signal (Vemop). Glossary of terms -
Comp: Comparator.
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Figure 3: Switching amplifier stage of a Class D amplifier. The VPMOD signal
from Fig. 2 is driven into a pair of bipolar switching transistors resulting in the
amplification of the signal. When the switching amplifier stage is loaded with an
electrically-small antenna, the current waveform shown is generated.
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2.2 Performance Improvements of the Directly-Driven Antenna
over the Conventional Architecture

In this section, the DDA concept is applied in an AM transmitter and its
performance compared to a reference transmitter design called the conventional AM
transmitter. Conventional radio transmitters have some well-known limitations: they
require an impedance matching network tuned to the carrier frequency and are band
limited. Merenda [6] proposed a system to mitigate the limitations presented in
Section 2.1. Through the use of a highly efficient Class-D amplifier and the regulation of
power delivery to a load e.g. antenna, his approach was theoretically shown (but not
practically implemented) to result in improved bandwidth and efficiency in terms of
getting signals to the antenna. Merenda’s approach was then tested in an actual
transmitter as described below: A baseband audio signal was modulated with sine
waves at each of the following frequencies: 570 kHz, 950 kHz and 1440 kHz. The
resulting modulated signal was then sampled (digitized) by a pulse-width modulating
(PWM) operational amplifier. The reference frequency of the pulse-width modulator
was selected to be ten times the carrier frequency of the local oscillator (see Fig. 1). The
Nyquist sampling theorem stipulates the lower bound of the sampling frequency is
twice the highest frequency present in the signal to be sampled to facilitate its
reconstruction. The square wave output of the PWM stage was then amplified by a
Class-D amplifier as indicated in Fig. 2. Class-D amplifiers have been known to achieve

efficiencies ranging from 70% to 100% (theoretical value) depending on the power level
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and the magnitude of switching losses [8]. The switching transistors in the Class-D
amplifier generate current spikes that radiate the modulated signal at intervals
determined by the duty cycle of its sampled form. An electrically-small dipole antenna
(A/3300 at 1 MHz) was used to radiate the resulting signal. At the frequencies of interest
in the AM band, the impedance of the transmit antenna is predominately capacitive.
Therefore, it charges and discharges based on the direction of the current spikes that
excite the antenna.

To contrast the performance of the DDA design with conventional AM
transmitter, it is appropriate for the design of the transmitter to be as identical and
realistic as possible to the proposed DDA design. Therefore, the LM386 low-power
audio amplifier was used along with low-pass filters tuned to 570 kHz, 950 kHz and

1430 kHz.

2.2.1 Observations

To qualitatively compare the performance of the two AM transmitter
architectures, the modulated carrier signals were set to a given power level and the
signals received on the portable tabletop AM radio receiver was tuned to each of the
three carrier frequencies used for this study. The AM radio was gradually moved away
from the dipole (transmit) antenna along the plane of the peak broadside radiation
pattern. It is noteworthy to mention that both transmitters reproduced the signal from

the music player in a clear, recognizable way although the DDA-based transmitter



yielded a much higher-fidelity reproduction of the original signal despite the fact that
the DDA architecture does not include an explicit filtering mechanism on the output
stage. In addition, the broadcast signal still could be heard a few feet beyond where the
signal produced by the conventional transmitter architecture became unintelligible.
Given that the testing conditions for the two architectures were otherwise identical, the
observation described above signifies that more of the modulated carrier signal power is
radiated in the DDA case than in the conventional circuit case. Therefore, these
qualitative assessments offer strong evidence that the DDA transmitter produces a more

efficient coupling of the signal to the electrically-small transmit antenna.

To further quantify the relative performance, the radiated frequency spectrum
was measured at the receive antenna end placed at a distance of 9 cm for each
architecture. This distance was chosen such that mutual coupling between transmit and

receive antennas is minimal i.e. ensures far field transmission as estimated by (1) [9],

2d?
R > — (1)

where R is the radial distance between transmit and receive antennas and d is the
longest linear dimension of the dipole. Also, interference from the test equipment and
active transmission lines is minimized through a careful setup of the laboratory. Under

identical testing conditions outlined earlier, the power magnitudes in the received
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waveforms were measured at the following carrier frequencies: 570 kHz, 950 kHz, and
~1430 kHz, for both architectures (DDA and conventional AM transmitters). The results
are summarized in Table 1. In each case, care was taken to ensure that the same amount
of power, 1.2 mW was delivered from the power supplies to the dipole transmit
antenna. Therefore, the received power gains recorded for the DDA case were a function
of the electronics in its architecture. As a result, the received power at 1440 kHz was
recorded, instead of 1430 kHz. In the case of the DDA transmitter, for each carrier signal
frequency, the sawtooth wave frequency is always ten times the selected carrier

frequency.

Table 1: Received Power Results

Transmit Architecture

Carrier
Frequency | Conventional DDA
(kHz) AM

(dBm) | (pW) | (dBm) | (pW)
570 -89.33 117 | -88.44 | 1.43
950 -91.87 | 0.65 | -82.01 6.30
1430 (conv. | -90.74 0.84 | -8756 | 1.75
AM)/ 1440
(DDA)

According to Table 1, the DDA architecture showed minimal gains at 570 kHz
and 1430/1440 kHz, but a much higher gain (9.6X) at 950 kHz. Therefore, it can be

concluded that the gain improvement realizable by the DDA technique is carrier-

11



frequency dependent and is largest around 1 MHz. In addition, the results suggested
that the DDA architecture produces more efficient coupling of the modulated carrier to
an electrically-small transmit antenna. In cases where minimal improvements were
recorded, the DDA is still the more versatile transmitter approach in that, the
fundamental requirement for a matching circuit is bypassed. Many research questions
remain, including analysis and control of the spectral content of the radiated signal,
comparison of the relative efficiency, size, and cost of the DDA and conventional
architectures, PWM clock rate and stability requirements as a function of modulation
complexity, and the effect of the transmit antenna design on the filtering properties of
the DDA architecture. The DDA architecture also introduces more fundamental
questions, potentially requiring new definitions for standard antenna terms such as
“match” and “near field” in the DDA context where the assumptions used in analysis of
steady state operation no longer apply. The focus of my study now shifts to
investigating the different electrically small antennas configurations that could be used

in conjunction with the DDA architecture to improve its performance.
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3. Antennas for the DDA

While the DDA transmit architecture has been shown to yield a 9.6X higher
radiated power [10] over the conventional architecture, this observation was made with
a dipole transmit antenna that is 2/3300 long with a radiation efficiency of 2.8 % (see
Appendix B for the relevant calculations). Therefore, given that the antenna could be
electrically longer, more efficient, yet practically applicable, alternative antenna

configurations were considered.

3.1 Dipole Antennas: Half-wave and Electrically-small

An antenna is any wire that conducts current. Depending on the specifications,
the following parameters are used to characterize or design an antenna: gain, return loss,
radiation resistance, bandwidth, etc. Depending on the frequency of operation, antennas
vary in geometrical size. One of the most basic antennas is the dipole, which is simple to
construct but has the disadvantage of a narrow bandwidth. For a maximum power
transfer to an antenna load, the load must be impedance-matched to the stage/device
preceding it i.e. the resistive components of the respective impedances must be equal
and the reactive components of the impedances must be conjugate of each other. The
half-wave dipole is one of the most commonly-used line antennas. As shown in Figure 4,
it is center-fed and has an electrical length of 1./4 on each arm. The input impedance of a
half-wave dipole i.e. total length of 0.5 A is 73 +j42.5 Q) [1]. However, this dipole does in

fact resonate at a slightly-lower total length of ~0.49 L. At this electrical length, the input
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impedance is 70 +j0 Q [11]. Assuming that ohmic losses are negligible, the input
resistance of an antenna is a first-order approximation of its radiation resistance. Note
that the resonant length of an antenna is defined as the electrical length at which the

input impedance is purely resistive.

50 T e

A%

T

=y

Figure 4: A center-fed half-wave dipole i.e. total length from end to end is A/2.
[Reproduced from Lines, Waves, And Antennas: The Transmission of Electric Energy].

While the input impedance of a half-wave dipole at resonance can be easily
matched to a 50 Q transmission line, its physical size can be several meters long; thereby
rendering it impractical for the frequency range of interest (VHF-UHF). The antenna size
is then reduced such that it becomes “electrically small” i.e. I < A/20 [27] where [ is the
length of an arm of the dipole or its radiation power factor is much below unity [28].
Radiation factor is the ratio of the radiated power to reactive power. Although an

electrically-small antenna offers the apparent physical size benefit, it is an inefficient
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radiator of energy. In fact, due to its highly reactive impedance component, it is basically
a storage element (capacitor) as shown in Fig. A.1 and A.3 of Appendix A. Consider a
straight dipole antenna in Figure 4 with a resonant frequency of 238 MHz; at 10 MHz,
the electrical length of the 60 cm-long antenna is 1/50. The input impedance is -j3.4 kQ.
[The magnitude of the resistive component of the impedance was too small to measure
with the vector network analyzer]. Given its low input resistance, the conventional
dipole antenna would not be suitable as a transmit antenna. However, if a broadband
antenna could be designed to excite multiple resonances, one of which could be
optimized to yield sufficiently low return loss at a frequency of interest in the VHF-UHF
region, then this antenna would be an appropriate transmitter for a VHF-UHF

application. Examples of such types of antennas are considered next.
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4. Characterization of Meander Dipole Antennas

Meander antennas generally offer size reduction and broadband benefits.
Therefore, they are typically used for wireless communications [29], [30] and Radio-
frequency identification (RFID) applications [31]. The frequencies of these applications
are typically in the upper UHF-microwave spectrum. Therefore, meander antennas for
applications lower than UHF, and with a low-profile, had not been widely considered.

Meander dipole antennas are a special case of dipole antennas in that, a
conventional dipole antenna is a meander dipole antenna with zero bends. There were
broadband equivalent circuits presented in the following references with varying
degrees of accuracy: [32], [33], [34], and [39]. Accuracy of the model is usually enhanced
either by adding more lumped elements i.e. RLC branches [18] or by an adaptation of a
genetic optimization algorithm [31] to optimize the lumped element values to a
particular network topology. However, accuracy improvements come at an added cost
of increased complexity. Relative to a conventional dipole antenna, a meander dipole
possesses the advantage of increased physical and electrical length and bandwidth for a
given height.

Analysis of meander antennas was needed to determine the effect of the number
of bends effect on return loss. It is also important to examine how the resistance,
inductance, and capacitance are affected with the introduction of meander sections in a

wire antenna.
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Developing an equivalent model for a meander antenna which accurately
predicts its self-resonant frequency is an ongoing work. Few approaches such as the
inductor circuit model [35] and the Transmission Line Model [36] have been proposed.
In the inductor circuit model representation, the resonant frequency of a meander-line
antenna was determined from the self and mutual inductances of the wire, which were
expressed as a function of wavelength. As a result, the self-capacitance of the wire was
ignored. In addition, the model was inherently narrowband. Best concluded in [37] that
the inductive circuit model was not adaptive to variations in the meander section
spacing when estimating the resonant frequency. The approach presented by Puente et
al [36], which was based on the transmission line model, was also narrowband and did
not provide an intuitive method for calculation the resonant frequency of meander-line

antennas.

4.1 The Three-bend Meander Dipole Antenna

A three-bend Meander Dipole Antenna (MDA) was chosen for further study.
Figure 5 shows the MDA with a straight-wire dipole antenna. Both dipoles had been
constructed with an 18-gauge copper wire. The straight-wire monopole is 30 cm long
(physical length) while the MDA monopole dimensions are as follows: 30 cm (physical
size) and 55.71 cm (i.e. the total length including the horizontal segments). Warnagiris
and Minardo [38] stated that meandering an antenna into the same physical size as a

straight-wire dipole antenna yields a much lower resonance frequency than the straight-
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wire antenna; a claim that has been verified through simulation and measurements (see
Fig. 6). The “calc” curves in Figure 6 were generated by adapting equations for lumped
element parameters for a straight dipole model presented in [39] to an MDA. The
adaptation procedure will be discussed in Sections 4.2 and 4.3. With a baseband
frequency of 1.5 MHz (from the DDA-AM application in Chapter 2), the electrical length
of the MDA is 1/180. The calculated radiation resistance (Rr) and radiation efficiency (nr)
for the antenna are 24.4 mQ and 18.4 % respectively. While these values are still small,
they represent improvements of 334x for R and 6.1x for nr over the previous antenna

used in evaluating the performance of the DDA.
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(b)

Figure 5: Cross-sectional view of Meander and Straight (Quarter-wave) dipole
antennas (single-arm). (a) A Two-dimensional drawing and (b) A prototype. In (a), L =
30cm,l1=w=4.3 cm,d =0.105 cm.
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Figure 6: Overlay of the return losses of the antennas in Fig. 5. MDA - Meander
Dipole Antenna, SDP - Straight Dipole Antenna. Note: the "calc." curves were derived
from Multisim [51] SPICE simulation of the adapted MDA model. The lumped
element parameters in the adapted MDA model come from the revised set of

equations in (2a-2¢c). The "sim." curves from EMCoS simulation, while the “meas.”
curves are Network Analyzer measurements.

4.2 Analysis of Meander Dipole Antennas using a Frequency-
Independent Lumped —Element Model

Further theoretical analysis of meander dipole antennas in general was
performed via the introduction two newly-defined classes: Class-1 and Class-2. For a
Class-1 MDA, the total length of the wire lo or L is kept constant. As each meander is
introduced, the mutual capacitance in each meander section increases while the overall
capacitance in the antenna structure decreases because of the mutual capacitances in

adjacent meander sections that combine in series. As the number of bends increases, the
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overall capacitance of the antenna decreases while the inductance of the wire remains
constant for a Class-1 MDA, a consistent increase in the resonant frequency of the
antenna was observed with increasing N for a Class-1 MDA.

Figure 7 shows a series of meander dipole antennas (single arm) with different
bends and their return losses as computed by EMCoS [40] in Figure 8. A shift in the Si
curves from left to right implies that the antenna appears increasingly shorter
electrically as expected with addition of bends and the impedance match relative to a

50 Q feed point varies, with N =2 or 3 providing the best match.

N=0 N=1 N=2 N=3
Figure 7: Single-arm Class-1 MDA.N=0t08, lo=L=1m, w = 0.05 m.

The total length (vertical and horizontal segments) of each N configuration equals /.
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Figure 8: EMCoS Antenna Virtual Lab simulation of Class 1 meander dipole
antennas with multiple bends. The numbers on the plot represent the number of
bends for each corresponding curve.

For a Class-2 MDA, the height lo of the antennas remain fixed while the total
length of the wire increases as more bends are added. As the length of wire increases, so
does the total inductance. Although adding bends has a similar effect on the overall
capacitance as described for a Class-1 MDA, the increase in inductance dominates, and
for a Class-2 MDA, consistent decrease in the resonant frequency of the antenna was
observed with increasing N.

Figure 9 shows a series of Class-2 meander dipole antennas (single arm) with different
bends and their return losses as computed by EMCoS [40] in Figure 10. Based on the
shift of the return loss curves from right to left in Figure 10, it can be observed that the

antenna appears increasingly longer electrically as expected with addition of bends and
22



the impedance match relative to a 50 Q feed varies, with N =1 or 2 providing an

acceptable match.

N /]\ ls
lZ
ll
| Seihrd
I XK
N=0N=1 N=2 N=8

Figure 9: Single-arm Class 2 MDA.N=0to 8, lo=L =0.3 m, w = 0.05 m.

Meander dipole antennas were modeled and characterized previously by Endo
et al [35]. In [35], a center-fed meander dipole antenna was decomposed into short-
terminated transmission line sections. Each section was modeled with lumped elements
(inductors) and analyzed with transmission-line equations. The resonant frequency of an
MDA was predicted from the equation of the total inductance i.e. self and mutual
inductance of the antenna wire. Best and Morrow [37] concluded that the inductive

circuit representation of meander antennas, which does not account for the capacitance
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of the meander sections, is inaccurate in predicting the resonant frequency and is not
versatile with geometrical changes in the antenna. The difference between the approach
described here and the others mentioned previously is that the MDA model presented
here, which is an adaptation of the half-wave dipole model presented in [39], consists of
lumped elements that are entirely a function of the antenna geometry rather than
frequency, an approach that is inherently more broadband and more accommodating of

changes in geometry and configuration.
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Figure 10: EMCoS Antenna Vlab simulation of Class 2 meander dipole
antennas with multiple bends. The numbers on the plot represent the number of
bends for each corresponding curve.
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Figure 11: Current distributions on one-half of: (a) A Straight Dipole Antenna
and (b) A Meander Dipole Antenna. The regular cosine current distribution on the
straight monopole becomes a piecewise distribution on the meander monopole
(ideally) due to the lack of contribution from the bent (w) segments.
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4.3 Theoretical Analysis of the Meander Dipole Antenna Model

A Meander Dipole Antenna (MDA) has many similarities to its straight dipole
counterpart. Nakano [41] found the radiation patterns to be similar. As illustrated in
Fig. 11, currents on adjacent horizontal segments are opposite in direction and the
spacing between them are much smaller than wavelength; thus, ideally canceling their
currents [42] and yielding negligible radiation on the horizontal segments[43]. As a
result, the current distribution on the meander dipole is a piecewise representation of
the current distribution on the Straight Dipole Antenna (SDP) wire. These similarities

will be exploited later to derive a frequency-independent, geometry-based MDA model.

C31 R31

C32
I

Figure 12: Broadband equivalent circuit model from [8] used for both the SDP
and the MDA.

Tang et al [39] derived a four-element model (see Fig. 12) for a straight dipole
antenna. The equations to calculate all the lumped elements were a function of the
antenna geometry. Based on the MDA-SDP similarities identified previously, these

equations can be adapted to MDAs as well. The lumped element equations in [39] have
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been reproduced in (2a-2c) in their original forms. Modifications of the equations for the

MDA model have also presented in (3a-3c) below.

12.0674h
Ca1 = {log(%)—o.nz;s} pE (22)

0.89075
C3p = 2h|———re — 0.02541 } pF (2b)
[log(;)] ~0.861
2h 1.012
L3, = 02h{[1.4813 log (—)] - 0.6188} uH (2¢)
a
12.0674(L—2wWN)
C31 = F 3
3 {wg(@)_oms}p 2
0.89075
Cs, = 2(L — 2wN) Z (2w L0005 — 0.02541¢ pF (3b)
[log(T)] ~0.861
2L 1.012
Ly = 0.2L{[1.4813 log (—)] - 0.6188};1H (3¢)
a

where N is the number of bends, a is the radius of the wire, w is the length of the
horizontal segment, and L is the total wire length of each arm of the MDA. In Fig. 13,

L = (71 + 6w). The equations for Cs: and Cs2 do not consider the horizontal segments of the
MDA while the equation for Ls: does. The self-inductance of a wire remains relatively
unchanged as long as the length of the horizontal segment, w is electrically small.

Therefore, L3 is approximately equal to the self-inductance of a straight dipole given in
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[39]. The bending of the wire introduces mutual capacitances between the adjacent wire
segments that constitute a meander section. The mutual capacitance of a meander

section is:

TTeEgW

)

Cn =

n

(4)

where Is is the spacing between two parallel wires that form a meander section, w is the

width of the section and a is the radius of the wire.

_ ({—-2wN)
ls = 22N-1) )

Therefore, the resonant frequency, fo of an MDA can be predicted as follows:

1

- C
27T\/L31(C31+C32+72(21\711))

fo (6)

where N is the number of bends.

A wire with a fixed length L =100 cm, width w = 4.3 cm, and radius, a = 0.0525 cm
was chosen. Varying the number of bends, N in a Class-1 MDA from 0 to 8 and
comparing predictions of the resonant frequencies from (6) and [35] with numerical
simulations in EMCoS [40], the result in Fig. 14 was obtained. In comparing both
predictions accurately, it is worth noting that a bend is defined differently in this
document than in [35], but there is a correlation given in (7). Let N” represent the
number of bends in an MDA as defined in [17] and N be the number of bends as defined

in this document. Therefore, N’ is related to N by:
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N'=2N -1 (7)
The width of a section, w is defined the same way in both manuscripts. In Fig. 15, there
was a good agreement between both models considered and the simulation results from
N =3 to 7 but a divergence could be observed below N =3 and above N =7. The largest
deviations from simulation results of the MDA model and [35] were 2.3% and 9.8%,

respectively.

A
ili—"‘—)‘

Meander / \
section \ /

Figure 13: One arm of a three-bend (N = 3) MDA. The total length of one arm of the
wire is L i.e. L = (7] + 6w). H is the height. For each N considered, the lengths of all
vertical segments, I are equal. The lengths of all horizontal segments, w are also
equal.
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Similarly, for a Class-2 MDA, the height, H of each arm of the MDA was fixed at 30 cm
while w = 4.3 cm. The number of bends was again varied from 0 to 8. Resonant
frequency predictions of the MDA model (6) and the inductive-circuit model [35] were
compared with EMCoS simulation values and presented in Fig. 15. There was a good
agreement between both models with EMCoS simulation results for N =2 and above.
For N =2 and below, the inductive-circuit model [35] deviated substantially, by up to

28% at N = 0. The largest deviation observed between the model and simulation results

was 3.4%.
120 L
110+
—~ 1001
N
T
=3
90+
804 o """ .
— Simulated (from EMCoS)
——Calculated (Proposed model)
70‘ [ [ [ [ -e-Calculated (Inductive circuit model)
0 1 2 3 4 5 6 7 8

Number of Bends, N

Figure 14: Class-1 MDA. Resonant frequency, fo as a function of the number of
bends in one arm. Plot compares the results from numerical simulation in EMCoS
with both predictions from the frequency-independent, geometry-based MDA
(proposed) model and the inductive circuit model. The length of the wire, L =100 cm,
width, w =4.3 cm.
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Figure 15: Class-2 MDA. Resonant frequency, fo as a function of the number of
bends in one arm. Plot compares the results from numerical simulation in EMCoS
with both predictions from the frequency-independent, geometry-based MDA
(proposed) model and the inductive circuit model. The height of the antenna above
the ground plane, H = 30 cm, width, w = 4.3 cm.

4.3.1 Radiation Resistance

The radiation resistance of an antenna is an integral part of characterizing the
antenna in terms of its performance and efficiency. Therefore, we present an equation
for estimating the resonant frequency of the MDA, which is a function of the geometry
and frequency. This method considers the vertical segments of the MDA such as that
shown in Fig. 3 as its main radiating elements [44]. The input resistance of an MDA is
given by:

_W) (8)

Rin = 34.15 (m2
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where L is the total length i.e. both vertical and horizontal segments of each arm of the
MDA, w is the width, and N is the number of bends. The input resistance equation (8)
was modeled after input resistance equations of dipoles in [11] but with the constants
adapted to the MDA configuration. Assuming ohmic losses are negligible, the input
resistance is the radiation resistance. An overlay of predicted radiation resistances on the

values obtained via EMCoS [40] are contained in Fig. 16.

80 T T T T T
701 1
60 1
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- 50- ]
©
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40 .
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e ~+-Class 1 MDA (sim.
0L [ [ [ Class 2 MDA (sim.)
0.25 0.3 0.35 0.4 0.45 0.5

/A
Figure 16: Class-1 and Class-2 radiation resistances as a function of wavelength
and predictions by (8). “sim.” indicates that data was obtained by
simulation in EMCoS.

4.3.2 Sensitivity Analysis

Given that multiple factors influence the prediction of the resonant frequency
and the radiation resistance of a Meander Dipole Antenna, analyses of the effects of the
variables in the resonant frequency and radiation resistance equations for a Meander
Dipole Antenna were conducted. The effects can be determined from the rate of change

(or the partial derivative) of the independent variable of concern relative to the
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dependent variable. The sensitivity curve of the radiation resistance equation of (8) was

obtained by the following:

)

Where [ = L — 2wN and it represents the total rise or the sum of all the vertical segments
of the MDA. 8Rrd/3(I/A) was then plotted against I/A as shown in Fig. 17. Over the range
of 0.25A to 0.52, the rate of change of the radiation resistance of the MDA is directly
proportional to the rate of change of the electrical length of the vertical, radiating

segments.

280
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Figure 17: Sensitivity of the Radiation resistance curve to the electrical length (I/A).

Similarly, sensitivity analyses of the resonant frequency of the MDA with respect
to the total length of the wire, L and the number of turns, N were performed separately
by taking the partial derivative of fo in (6) with respect to N and L, respectively. This is in
contrast to the sensitivity analysis of the radiation resistance whereby the cumulative
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length of the vertical segments is the most important. In this case, N and L variables
influence the resonant frequency calculations. The results are presented in Figures 18
and 19. In Fig. 18, we observe that the rate of change of fo varies over the range of

0 </<1m with fo being very sensitive between [ ~ 0.22 m but as is expected, increasing
the overall length of the wire reaches a point where fo is no longer sensitive to the
additional lengths as shown in the I > 0.33 m. The data range below &fo/dl <0 has been
ignored due to its lack of practical significance.

In Fig. 19, the sensitivity of the resonant frequency curve varies with the
frequency of operation (f) of the antenna. The rate of change of fo relative to N increases
at higher frequencies. Because of consistency in the data trend, plots for only one decade
(f=10-100 MHz) is shown. The result in Fig. 19 assumes that the widths of all turns are
the same and are fixed at a particular value and that the length of each arm of the MDA

is 0.25 A.
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Figure 18: Sensitivity of the resonant frequency curve to the physical
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Figure 19: Sensitivity of the resonant frequency curve to the number of
turns, N.
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5. Meander - Spiral Antenna Equivalence

Another broadband wire antenna with a higher radiation resistance that will be
investigated for low-profile, small-footprint applications is the spiral or helical antenna,
used interchangeably to refer to the same type of antennas within the context of this
dissertation. Compared to a short monopole, we know from published literature that the
radiation resistance of spiral antennas (normal mode) is typically 1.62x higher [11] (10),
(11). Relative to meander antennas, spiral antennas possess the added advantage of
confining physically longer wires in a smaller space, and are broadband. Conventional
spiral antennas come in different configurations: monofilar [12], [13], [15], bifilar [14],
[15], quadrifilar [16], [17], and octafilar [18]. They are used in applications such as Global
Positioning System-enabled devices [19], [20], satellite communication equipment [21],
[25], and RFID readers [22] [26]. Although, many turns of a helical antenna can be
ideally confined in a small space, in practice, the antenna wires require winding around
a cavity for structural support, which grows its form factor. Few attempts had been
made to implement some form of meandering to an existing helical antenna design [23],
[24] in order to achieve size reduction. However, a cavity is still required for structural
support. The series of spirals (or helical) antennas analyzed here replaces the cavity with
layers of dielectric materials with electrical properties as close to air as possible (see

Figure 24 (b) for a sample illustration).
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2
R, = 640 (%) Q  normal mode helix antenna (10)

2
R, = 395 (%) QO short monopole antenna (11)

where / is the height of the monopole and helix antennas and 2 is the wavelength.

There are two configurations of the “spiral” antenna presented: the normal mode
spiral antenna, which has been widely studied and the “reverse-wound” spiral, which is
a novel concept; both are shown in Figs. 20 (a) and (b), respectively. The spiral antennas
in Figure 20 were inspired by the alternate representation of helical antennas as a series
of loops of wires interconnected with straight wires presented in [44]. A meander
antenna can be derived from a reverse-wound spiral antenna via an “unfolding” process
shown in Fig. 21. Therefore, existing models or procedures used to optimize the
meander dipole described in Chapter 4 could also be applicable to spiral antennas. The
normal and reverse-wound spirals were numerically analyzed by EMCoS [40] to
compare the effect of the different winding directions of both antennas on the return loss
at resonance. In Figure 22, it was observed that both configurations in Figure 20
resonated at slightly different frequencies but the configuration in Figure 20 (b) yielded
a lower return loss at resonance. Since Figure 20 (b) is clearly a more desirable
configuration, its return loss was compared with that of its MDA equivalent antenna

obtained as shown in Figure 23. According to Figure 23, there was good agreement
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between the return loss data of the spiral antenna in Figure 20 (b) and its MDA
equivalent in relation to their resonant frequencies. At the main resonance point, the
difference in the frequencies was 5 MHz. Note that since a spiral antenna is usually
constructed over a ground plane, one arm or the meander dipole antenna was also
positioned on the ground plane in the simulation environment to ensure an accurate

comparison of both antennas.
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Figure 20: Alternate winding directions of a helical antenna. (a) Forward-wound spiral
antenna configuration: Currents in adjacent loops are in the same direction. (b)
Reverse-wound spiral antenna configuration: currents in adjacent loops are in
opposite directions. Arrows represent the direction of current flow.
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Figure 21: Structural equivalence of the reverse spiral and a meander line antenna.

(a) A spiral antenna. (b) A conventional meander monopole antenna equivalent.
Segments h and d are displaced in the direction of the dotted block arrows to obtain
(b). The arrows on the wires represent the direction of current flow. The reverse spiral
is equivalent to a meander line antenna while the forward spiral is not.
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Figure 22: Return loss (in dB) curves of the forward wire-based and reverse
wire-based spiral antennas in Figure 20.
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Figure 23: Return loss (in dB) curves of the reverse spiral antenna in
Figure 20 (b) and its MDA equivalent.

41

1000



The reverse-wound spiral antenna shown in Figure 24 illustrates its compactness.
It consists of a continuous wire looped four times and stacked in layers of Plexiglas (er
~2.6-3.5) slabs as structural support. For simulation purposes, er = 3.1 was assumed. The
entire structure was mounted on a 24” x 24” ground plane. Each loop is 10 cm in

diameter.
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(b)

Figure 24: Prototype of the reverse-wound spiral. (a) A Three-dimensional
model and (b) A prototype. A continuous wire is formed into four loops with
diameter of 10 cm on Plexiglas (er = 2.6-3.1) slabs.

5.1 Stripline Meander Antenna

A new form of antenna that combines both spiral and meander antenna
characteristics is introduced. It is called the Stripline Meander Antenna (see Figure 25).

In a stripline meander antenna, wires have been replaced with metallic or Perfect

43



Electric Conductor (PEC) strips. Similar analyses to the wire-based, forward- and
reverse-wound spiral antennas were performed on these antenna configurations in
FEKO [45], a Moment-Method electromagnetic field solver. The aim of these analyses
was to repeat the investigation of the effect of an antenna winding on its frequency
response. A series of numerical simulations of the antenna models shown in Figure 25
were performed in FEKO [45]. Each model was positioned on an infinite ground plane
that is not shown in the figures. The models were then excited with a 1 V source and the
return loss results shown in Figure 26. Each antenna model simulated excited multiple
resonances, which is consistent with the broadband nature of conventional spiral
antennas. In the 900 MHz region i.e. the region where the return loss is at least the
minimum acceptable level of 15 dB, the percentage of incident power will be reflected by
the forward stripline spiral antenna was 3% at 909 MHz while only 0.2% incident power
will be reflected by the reverse stripline spiral antenna at 917 MHz. Therefore, the
reverse spiral configuration offers a significant improvement over the forward spiral
configuration at identical frequencies, which is a similar trend to the behavior of wire-
based spiral models previously observed. The stripline antennas offer significant profile
reductions as well. For example, the height reduction obtained from the reverse stripline
spiral antenna would be ~52% at 917 MHz relative to a half-wave dipole at the same

frequency.
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Figure 25: Stripline meander antennas models. (a) Reverse-wound stripline spiral. (b)
Forward-wound stripline spiral. w=d =0.1 m, ¢t = g=0.005m, h = 0.02 m.
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Figure 26: Overlay of the return loss plots of the forward and reverse stripline
antenna.

5.2 Bowtie Meander Dipole Antenna

Bowtie antennas have been known to be physically small, compact and
broadband, which are desirable features for an antenna in low-frequency applications.
Bowtie meander antennas were studied in [46] and [47]. Ali and Stuchly [46] found that
a monopole bowtie meander antenna yields a 39-55 % length reduction over a monopole
meander antenna. Also, for the same electrical length, a meander bowtie antenna has a
larger input resistance relative to the meander antenna. However, the Bowtie MDA
analyzed in this section is of a different configuration from the previously studied MDA

and may be geometrically equivalent to another type of spiral antenna.
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The geometric equivalence between the Bowtie MDA and the Reverse-wound
spiral was investigated. A graphical illustration of this equivalence is shown in
Figure 27. Each corresponding segment has an identical label i.e. the horizontal
segments of Bowtie MDA correspond to the loops on the spiral antenna while the
vertical segments of both antennas are identical. Unlike the regular MDA-spiral case (see
Fig. 21), the result of the numerical analysis of Figure 27 with the dimensions in
Figure 29 revealed inconsistences between the return loss data of both structures (see
Figure 28). The closest agreement occurred at the fundamental resonant frequencies of
both antennas. A possible explanation for this observation is that the simulation tool was
unable to accurately estimate the fringing capacitance between successive bends of the
Bowtie MDA, which will not be insignificant due to the unequal lengths of the parallel
segments.

A Bowtie MDA in Fig. 27 was modeled, analyzed, prototyped, and measured
using the following dimensions; the length of the smallest horizontal segment x is 3 cm
and every subsequent horizontal segment is an integer multiple of x up to 8x. The length
of each vertical segment y is 6 cm. In Figure 30, there were multiple resonances excited,
including at low frequencies. For example, the return loss of the Bowtie antenna at
64 MHz is 15 dB. Therefore, it is possible to obtain a good match to a 50 Q2 source at a

frequency as low as 64 MHz with an antenna that is less than 1 m tall. This antenna
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represents a 55% height reduction relative to a half-wave dipole antenna that resonates

at the same frequency.
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Figure 27: Structural equivalent of spiral and bowtie antennas. (a) A reverse-
wound spiral antenna and (b) A bowtie meander dipole antenna equivalent. The
vertical segments labeled f are displaced in the direction of the block arrows to obtain
(b). The arrows on the wires represent the direction of current flow.

49



S, (dB)

N
N
\

14

IR RTINS

-16|---- Bowtie MDA (EMCoS sim)
— Spiral Equiv. (EMCoS sim)

[

[ [ [ [

0 0.1 0.2 0.3

0.4

[
05 06 07 08 09 1
f (GHz)

Figure 28: Bowtie MDA-Spiral geometric equivalence analysis in EMCoS.
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Figure 29: Sketch of the Modeled and Prototyped Bowtie MDA. The antenna is
center fed via a 50 Q source. x =3 cm, y = 6 cm. Total length of wire used
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6. Conclusion

Briefly stated, these are my original contributions: 1. In this dissertation I have
explored and enhanced the desirable characteristics of meander-line and helical (or
“spiral”) antennas at microwave frequencies in the UHF-VHF bands. For example, it
was discovered in this work that the reverse-spiral antenna had a unique and
predictable operating frequency, but the forward-spiral antenna had multiple smaller
resonances, none of which were desirable. 2. I have also proposed and developed novel
antenna geometries that combine spiral and meander-line properties and have analyzed
their performance. These antennas offer significant size reductions; for example, a
bowtie meander dipole antenna studied yielded a height reduction of 55% at 64 MHz
relative to a half-wave dipole antenna for the same resonant frequency. 3. I have also
developed and presented a new and improved set of design equations for predicting the
resonant frequency and radiation resistance of meander-line antennas. The body of work
presented here has been featured in several peer-reviewed publications. They can be
found in the Biography section.

The dissertation has explored a wide-ranging set of topics; from proposing an
alternative transmitter architecture for the Directly-Driven Antenna application to
finding a suitable antenna for low-frequency applications such as the DDA, given size
(low-profile, small-footprint) and frequency (VHF-UHF range) constraints. The

alternative transmitter was prototyped and tested at AM frequencies and was found to
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be more efficient over the conventional AM transmitter design; although this
observation was made with an electrically small i.e. total length ~ A/3300 and very
inefficient dipole antenna (See Appendix B). Given that the antenna could be longer but
still remain within an acceptable size limit, other electrically longer antenna
configurations were investigated. They are: half-wave dipole, meander (regular and
bowtie), wire-based spiral (forward and reverse-wound) antennas, and stripline spiral
(forward and reverse-wound) antennas. An analytical procedure for estimating the
resonant frequencies and the radiation resistances of meander antennas was determined.
During the course of my investigations, a geometric correlation between the spiral and
the conventional meander antenna was confirmed using return loss data, although the
correlation between the bowtie meander antenna and its geometric spiral equivalent was
inconclusive. Any geometric correlation between two antenna types suggests that the
procedures used to analyze one antenna type could be adapted to another antenna type.
A change in configuration of the spiral antennas from forward- to reverse-wound
changed the resonant frequencies and the values of Si1 at resonance, but not the number
of harmonics. This suggests that the reverse-wound configuration would be a more
desirable configuration for a practical application.

The results from the prototype bowtie MDA simulation suggests that an antenna
can be well-matched to a 50 ) source at a low frequency of 64 MHz and at a height of

1 m because only 3.2% [48] of the incident power on the antenna is reflected at this
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frequency. A total height of 1 m for the Bowtie MDA represents a 55% reduction in
height relative to a half-wave dipole at equal resonant frequency. Similarly, the reverse-
wound stripline antenna featured in this work yielded a 52% profile reduction at

917 MHz. A return loss of 15 dB or higher is a reliable indicator of good impedance

match; thus, is a widely-acceptable standard for antenna design in the industry.
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Appendix A

Meander Antenna Optimization: A Graphical Approach

A different approach to modeling a meander dipole antenna by its R, L, and C
components is a graphical procedure inspired by Brown et al [1]. In [1], a series of
Reactance vs. electrical length curves were generated for a straight-line, cylindrical
dipole antenna of various diameters (as a function of wavelength) as shown in Fig. A.1.
Through a reactance-electrical length and a resistance-electrical length curve, the feed-
point radiation resistance of a dipole antenna as well as its R-L-C parameters could be
determined. Joines [49] demonstrated this approach for a standard straight-line, center-
fed dipole antenna.

The standard dipole was represented with the equivalent circuit in Fig. A.2. First,
a series combination of Rrd, Ls and Cs was selected to represent a straight-line dipole
antenna. For a given antenna diameter relative to wavelength (ro/A) curve in Fig. A.1,
this model appeared adequate in determining the reactance of the dipole in the linear
region of the reactance-length curve around resonance but deviated towards the lower
I/\ region. Adding a parallel L-C circuit that is resonant at the same frequency as the
series L-C circuit corrected this deviation. Therefore, the radiation impedance Zrab was
modeled with a parallel combination of Ls, Cs in series and Lr, Cp in parallel. Below is
the derivation of the equations for the imaginary (X) and real (R) components of Zrab.

The derivation has been reproduced here with permission.
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The susceptance of the LC circuit in Fig. A.2 can be expressed as:

1 1
joLp joLs+

jB = jaCp + —— (A1)

jaCg
At resonance,

2 1 1
w2 = = (A2)
CpLp LsCs

Factoring woCr from the first two terms on the right of (A.1) and woLs from the

last set of the terms yields,

, , w 1 1
JB = jwoCp (— — ) + (A.3)
CplL . w 1
@0 @Crlel " jaols( S —goris)
Substituting the mo expression (A.2) in (A.3) yields,
. . w W 1
jB = jwoCp (2= —22) + — s (A4)
wo @/ jwols(zo-TY)
Alternatively,
o f_fo 1 wieots(F12)
jl? =:j O)O(:P (}g __if) __(U L (l:_zg) ] ool (ll_fg) (}\fn
0%5\fo s 0%5\fo 1

And the reactance is,
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(A.6)

Since the R vs. [ curve in Fig. A.3 resembles an exponential function, the curve can be

titted with the following equation:

R = Kle(Kzf/fo) (A7)
where K1 and Kz are constants.

Therefore,

p) (A.8)
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Figure 31: Reactance vs.
Electrical length (single leg)
of a Dipole. [Courtesy: Lines,
Waves, And Antennas book by
R.G. Brown, R. A. Sharpe, W.
L. Hughes, and R. E. Post].

Figure 32: Equivalent circuit
of a standard

dipole antenna.

[Courtesy: Prof. William
Joines, Duke University].
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The meander dipole antenna (MDA) in Fig. 4 was simulated in EMCoS [40], a
commercially-available Moment Method solver. To generate the reactance- and
resistance-length curves, the overall length (including the horizontal segments) of a
single leg of the antenna was varied from 0.151 to 0.35A. Since the lengths of the
horizontal segments were fixed at 4.3 cm each, consistent with the prototyped MDA in
Fig. 4, the lengths of the vertical segments would vary from 0.15 A to 0.35 A. For each
iteration of the electrical length, the input resistance, R and the input reactance, X were
recorded at f = 160 MHz. The results were plotted as shown in Fig. A.4 and Fig. A.5,
respectively. From Figure A.4, X =0 at [o=0.2841 A. Since at resonance, the imaginary
part of the impedance of an antenna is zero, lo = 0.2841 A is the resonant electrical length.
Two points on both sides of the X =0 point on the X vs. [ curve were selected.

Point 1: at [ = 0.15), X =-984 (), f/fo =1/lo=0.15/0.2841 = 0.528.

Point 2: at [ = 0.1904A, X =-494.1 (), f/fo = 1/lo = 0.1904/0.2841 = 0.670.

Applying X and f/foin (A.1), we have,

Ls(0.528——
_]984 :][ wo S( 0.528) - 2] (A9)
1—(0)0CP)(wOLS)(O'SZS_o.szs)
Lg{0.670— L
—j494.1 = j ! 2oto(070 ) ; 2] (4-10)
1—(woCP)(woLS)(0-67O_M)
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Solving (A.4) and (A.5) simultaneously, @Cs = 0.000231 S and woLs = 549.537 Q.

Similarly, if we choose two points on the R vs. [ curve and fit the curve with an

exponential function, K1 and K2 constants in (A.7) can be found.

Point 1: at/=0.16 A, R=0.64 Q, f/fo=1/lo=0.16/0.2841 = 0.563.
Point 2: at [ =0.27 A, R=22.4 O, f/fo=1/lo=0.27/0.2841 =0.950.

Applying R and f/foin (A.1), we have,

0.64 = K, e(K2x0.563) (A.11)

22.4 = K, eK2x0.950) (A.12)

Solving (A.11) and (A.12) simultaneously, Ki1=0.00363 and K2 =9.182.

Therefore, the complete equation for the radiation impedance, Zrapo of the

meander dipole antenna under consideration is:

549.537(i—f—°)

Zrap = 0.00363¢%182f/fo 4 j fo [ (A.13)

1—0.127(;—0—%)2
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The equation in (A.13) can be used to determine the radiation resistance of a MDA at a

given frequency, provided the antenna has the same diameter as the one used in this

study.
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Figure 34: Resistance vs. Electrical length (single leg) of a Meander
Dipole Antenna. The “Reference” curve is derived from the simulation
of the prototype meander antenna in EMCoS. The “Model” curve represents
the radiation resistance of the equivalent circuit derived from the graphical
procedure described in Appendix A.
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Figure 35: Reactance vs. Electrical length (single leg) of a Meander Dipole
Antenna. The “Reference” curve is derived from the simulation of the
prototype meander antenna in EMCoS. The “Model” curve represents the
reactance of the equivalent circuit derived from the graphical procedure
described in Appendix A.

In Fig. A.3, the real component of (A.8) which represents the radiation resistance
of the meander dipole antenna studied was superimposed on the resistance-electrical
length curve obtained by simulation through the EMCoS software. For electrical lengths
less than 0.28), there was a good agreement between both curves. However, for lengths
greater than 0.28), there was a divergence of both curves. Since, the antenna designed
for the DDA application will be much smaller than wavelength, the I/A > 0.28 is of no
interest to me. Similarly, in Fig. A .4, the imaginary component of (A.13) which

represents the total reactance of the meander dipole antenna studied was superimposed

on the reactance-electrical length curve obtained by simulation through the EMCoS
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software. In the region of interest I/A < 0.28, there was also a good agreement between
the curves.

To demonstrate the effect of meandering on the model of the meander dipole
antenna model, suppose the resonant frequency of the prototype antenna studied (see
Fig. 4) is known to be 160 MHz. The total length of all the vertical and horizontal
segments of a single leg is 55.71 cm. A straight-line dipole will resonate at [ = 0.297 Ao.
That is, reactance, X is expected to be zero at I/A = 0.297. However, for the prototype
meander dipole antenna of the same total length as a straight dipole antenna, the point
of zero reactance in Figure A .4 is I/\ = 0.284. The difference in I/A is due to the difference
in the total capacitance of both antenna configurations caused by the mutual coupling of

the horizontal segments in a meander antenna.
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Appendix B

Calculations of Antenna Radiation Efficiencies

This section contains calculations of the relative efficiencies of the Antenna with Balun
(simply referred to as AWB) previously used to evaluate the performance of the

Directly-Driven Antenna architecture.

From [50], recall that the radiation efficiency, n: is defined as

T = 2 ©)

Where R: is the radiation resistance and Ri is the loss resistance of the radiating
element. The following are the equations used to compute the radiation efficiencies of
both antennas. The constants used in the following equations and their definitions can

be found in Table B-1 below.

Table B-1: Table of constants.

Antenna AWB MDA
Material Brass Copper
Conductivity, & 1.5x 10" S/m 58x 10’ S/m
Frequency, f 1.5 MHz 1.5 MHz
Permeability, po 4nx 107 H/m 4nx 107 H/m

66



Total electrical length, / A/2200 (9.1 cm) A/180 (111.42 cm)

Radius of radiating 1.6 mm 0.525 mm

segments, a

R, = 80m? (%)2

1
2200

R, = 807 )2 = 0.163 mQ

R, = 80m? (ﬁ)2 = 24.4mQ

Rs = ﬂfauo

R = \/nx1.5x106x4nx10‘7 — 0.628 MmO

1.5x107
TX1.5X106%x41x10~7
Rs = \/ o = 0.32 mQ2
l
R =Rs(5.0)
R, =628%107* x (o —) = 5.69 mQ2
21Xx0.0016
(AWB)
_3 1.1142
R =32x107° x (-—=2—) = 0.180 2
21TX5.25%X10

(MDA)
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(AWB)

(MDA)

(B.2)

(AWB)

(MDA)

(B.3)



Therefore

0.000163

= — 0
- = 0.00569+0.000163 2.8% (AWB)
0.024369
= = 0
T = 5.024369+0.108087 18.4% (MDA)
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