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Time-Varying Small Antennas for Wideband Applications

MOHSEN SALEHI

ABSTRACT

A desirable goal in wireless communication systems is to achieve a high-rate data transmission
through electrically small antennas. However, the overall transmission bandwidth is limited by
the antenna size. As a well-known physical limitation, maximum achievable bandwidth of a
small antenna is governed by the fundamental limit which defines a lower bound on the antenna
quality factor. This limit is a function of electrical size of the antenna and therefore, as the
antenna shrinks in size the bandwidth decreases as well. This dissertation presents a new
technique to decouple the impedance bandwidth of a high-Q antenna from the information
bandwidth in order to provide a wideband data-transmission. This technique controls the natural
resonant frequencies of an electrically small antenna in a time-varying fashion such that ultra-
fast frequency-shift keying modulation can be achieved regardless of the narrow bandwidth of
the antenna. A major advantage of the proposed technique is that the high-Q property of a
miniaturized antenna is a desirable design parameter rather than a limiting factor. Therefore, the
antenna size can be reduced as much as required. It is shown that if the fundamental resonance
of an antenna is shifted in time, the frequency of the near-zone fields which construct the
reactive stored energy, changes momentarily and hence, the radiating fields track any
instantaneous variation of the antenna fundamental resonance. This characteristic is utilized to
employ a single-mode high-Q antenna in the transient state and modulate the fundamental
resonant frequency according to the baseband data information. This approach leads to a new
class of compact transmitters with a minimized architecture and high data-rate transmission

capability.
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Chapter 1

Introduction

1.1 Motivation & Essence of the work

Small antennas with optimized radiation efficiency and bandwidth have remarkable demands in
wireless communications. However, it is well-known that small size, high radiation efficiency
and wide bandwidth are in contradiction [1, 2]. In other words, these three parameters cannot be
optimized simultaneously and a trade-off must be considered. Classical theory of fundamental
limit has been extensively studied and it’s been generally referred to as Chu’s theory [2]. This
limit is independent of antenna type and defines a hard bound on the antenna size versus
performance. Fundamentally, the maximum achievable bandwidth of an antenna with 100%
efficiency is dictated by its size. Therefore, one can reduce the antenna radiation efficiency in
order to increase the bandwidth, while maintaining the same size. However, the fundamental
limit is based on linear time-invariant (LTI) radiating structures. Consequently, any optimization
technique to improve the performance of an LTI antenna with a given size fundamentally cannot

extend beyond the physical limit.

In wireless communication systems, the bandwidth is a critical design parameter as the rate
of data transmission is limited by the system bandwidth. In addition, it is desirable to shrink the
overall system architecture in size, including the antenna. As a result, substantial size reduction
along with increased data-rate capacity has been a growing trend in wireless system designs. In

applications such as implantable biomedical devices, particularly in devices that interact with
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nervous systems, it is essential to minimize the antenna size while implementing a wideband
transmission capability. Therefore, designing optimized wireless communication systems has

drawn a great deal of attention and become a high-demand technology.

This research presents a new technique beyond all conventional approaches proposed in the
literature which are mainly focused on different strategies to use the available volume in a most
efficient way to realize an ultra-wideband and compact radiator. As a figure-of-merit, all efforts
have been carried out to approach Chu’s limit and create an efficient radiation mechanism with
the widest possible bandwidth according to the fundamental limit. Therefore, an ideal antenna
would be a single-mode TMy; radiator which uses the entire occupied volume to radiate the
available power rather than storing the reactive energy [3]. The traditional definition of
impedance bandwidth is based on the amount of reflection at the input terminal of the antenna at
different frequencies. This bandwidth is static and the antenna is treated as a single-port (or
multi-port) LTI unit. Although tunable antennas are widely used to tune the antenna to the

desirable frequency, the bandwidth is still limited by the antenna geometry and size.

The present study uses a time-varying configuration to relocate the antenna poles and
modulate its resonant frequency. A switching reactive load, e. g. a capacitor is utilized to change
the fundamental natural resonance of the antenna in a way that the amount of stored energy is not
disturbed significantly and therefore, the high amount of stored energy in a high-Q antenna is not
a limiting factor as the transmitting frequency changes. It is shown that for a high-Q antenna,
variation of antenna poles results in simultaneous variation of frequency of the radiated power
and hence, the radiation bandwidth is decoupled from the conventional impedance bandwidth.
The switching signal is controlled by a sequence of digital data and at each switching state, one
bit is transmitted. Theoretically, this configuration allows increasing the bit-rate up to the lower
carrier frequency such that a single cycle represents a single bit. This bit-rate will be totally
independent from the impedance bandwidth of the antenna and as a result, the narrowband
properties of small antennas do not restrict the data rate. Furthermore, since each resonance
requires an initial condition to be excited, the need for generating two separate RF signals using
VCO is avoided and the antenna can be employed in the transient mode. Interestingly, this
technique benefits from a high-Q value which is avoided in a traditional design. Therefore, the

antenna can be as small as required without suffering from a limited data-rate.



1.2 Background

1.2.1 Fundamental Limit

The concept of fundamental limits was first investigated by Wheeler [4]. Later, Chu [5] provided
an approximate expression with a circuit model. He developed a relationship between the
antenna size and its quality factor, (. The size of an antenna is defined by a sphere with
minimum radius, a, which encloses the antenna as shown in Figure 1.1. k = 27/A¢ is the free
space wave number associated with the radiated or received field. Chu’s fundamental limit is
given by

1+ 2k*a’

Ochu Zma (1.1)

where Q is the antenna quality factor. This equation directly relates the electrical size of the
antenna with its minimum Q. The quality factor, Q, is related to the radiation efficiency, #, and

bandwidth, BW, as [3]

O=n VSWR —1 1
2BW g, NVSWR (12)
Hence, for a 3-dB bandwidth where VSWR = i:p : . » the minimum @ can be expressed as
P |P|=ﬁ
O=n 1 (1.3)
BW3dB .

Figure 1.1: Antenna enclosing sphere with radius a.
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In parallel with these efforts, Fano [6] and Tanner [7] developed theoretical limitations on
the broadband impedance matching. Harrington published his works on the fundamental limits
on the gain and bandwidth of directional antennas [8, 9]. Collin developed the fundamental limits
based on an evanescent energy concept [10]. Fante extended Collin’s work for TE and TM cases
[11-14]. There are other researches on the fundamental limits as a continuation of previous
investigations [15-18] to enhance Chu’s limits and relate it to the theoretical limits of impedance
matching. McLean [19] re-examined the approximate Chu’s fundamental limits and derived a

more accurate form as

1 1
QmcLean = W + E ' (L.4)

Recently in 2011, the exact relation for minimum radiation Q was derived by Davis ef al of the

Virginia Tech Antenna Group (VTAG), as [20]

1
Qvrac = W' (1.5)

McLean’s efforts triggered a new generation of research on the fundamental limits [21-32].
Fundamental limits, based on any of above theories, relate the electrical size of the antenna, ka,
directly to the quality factor, Q. The antenna characteristics (such as input impedance,
directivity, etc.) and its structural material (metal, dielectric, magnetic material, metamaterial,
etc.) are not involved in the theoretical formulation of the fundamental limits. Therefore,
changing any of these parameters cannot help to improve the antenna bandwidth beyond the

traditional fundamental limits.

All theories based on the fundamental limits indicate that for any linear and time-invariant
lossless antenna design, Q factor cannot be reduced beyond a limit unless the antenna size is
increased. In other words, if the available volume is limited, the bandwidth cannot be improved
beyond its limit. Since the rate of data-transmission in a communication system is limited by the
antenna bandwidth, this problem becomes significant when a highly-miniaturized antenna is

required to transmit information data at a high rate.



Basically, the limiting factor of impedance bandwidth in electrically small antennas is the
high amount of stored energy around the antenna region which in turn, increases the Q factor. In
contrast with all previous efforts, in this research we take advantage of the intense stored energy
in the antenna near-zone rather than trying to reduce it. This way an antenna can be miniaturized
as much as desired such that an increased Q factor will not limit the data rate. We demonstrate
that in a high-Q antenna, one can change the location of antenna poles and consequently the
resonant frequency can be modulated according to a control signal (data). If the near-zone stored
energy can be preserved during the switching of resonant frequency, the data-rate can be
increased as high as the lower carrier frequency such that a single cycle represents a single bit

and the information bandwidth will not be limited by the antenna impedance bandwidth.

1.2.2 Switched Capacitor

A switched capacitor circuit in the basic form is composed of a capacitor and two switches
controlled by two non-overlapping clock signals. Kuntz’s idea of the analog sample-and-hold
[33] was used for the first time as the basis for a new type of analog filter by Fried [34]. Later,
Caves [35] called it a switched capacitor filter and Orchard [36] helped to generalize the design
for low frequency analog filters. Switched capacitors are generally used to simulate other
electronic components and are well-known mostly due to their capability to behave like a
resistor. A popular application of switched capacitors is realizing small-size and highly-linear
on-chip resistors as real resistive elements are usually bulky and their values vary in different
production procedures. Additionally, filters that are made of switched capacitors are accurately
tunable by controlling the clock frequency and hence, switched capacitor modules are beneficial

for programmable integrated circuit (IC) technologies [37-42].

Figure 1.2(a) shows a switched capacitor circuitry which represents a resistance. The
switching signals are shown in Figure 1.2(c). Since the voltage across the capacitor C in Figure

1.2(a) changes between V; and V,, the net transferred electric charge can be expressed as

AQ=C(Vy = V3)- (1.6)



Therefore, the electric current through the switched capacitor during a switching period is given

by
CVy—=V,)
1 =%=fCLKC(V1 —V3)- (L.7)
Equation (1.7) indicates a relation between voltage and current through a constant term which
can be considered as a resistance. The equivalent resistor of the switched capacitor can be

expressed as follows:

1
R = . (1.8
FeuxC :
Vlc / VZ
51 SZ
—I_ C
(a)
Vg //
Sl SZ
C1 CZ

s

!

(b)
st ] | [

S(t) | | | |

r—T=1/fc

(©)

Figure 1.2: Switched capacitor: (a) as an effective resistance, (b) as a low-pass filter, and (c)
switching signals.
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As (1.8) shows, the resistance is a function of frequency and can be controlled dynamically.
This type of resistor has been used extensively in IC filter designs. Figure 1.2(b) shows a simple
low-pass filter implemented by a switched capacitor. The cut-off frequency of the filter can be

controlled by the clock frequency according to the following relation:

Gy
W34p =fCLK'C_2' (1.9)

1.2.3 Switched Antenna

The first attempt to use a dynamically switched current as a non-LTI system in an antenna
structure to increase the impedance bandwidth was in the early 90’s by Joseph Merenda [43-46].
He switched the antenna current between two states, ON and OFF, to synthesize a wideband
signal and claimed a significant improvement of the antenna bandwidth. Although he filed four
patents on his idea, it took many years to publish his first paper on his antenna [47]. Based on his
new approach, the antenna was located between quad-bridge switches, and the desired waveform
was synthesized by a sequence of ON and OFF switching states as depicted in Figure 1.3. It has
been claimed that the radiation efficiency of the antenna is increased across a wide frequency
range. In reality, this design is simply a direct digital synthesizer (DDS), a charge pump/voltage
source, and a leaky capacitor/inductor. Therefore, the synthesized signal generated by the DDS
radiates through the leaky capacitor/inductor. However, this design requires a switching rate
much higher than the frequency of the radiating signal and especially in the microwave regime it
turns out to be a challenging design. Also, strong frequency harmonics due to abrupt variations
of the voltage across the loop antenna result in spurious radiation and should be taken into

account.

A motivating study was reported in 1999 by Fusco [48] which includes a distributed
Schottky diode between a patch antenna and ground plane by direct aluminum metallization
deposition onto a silicon substrate material. It is shown that by applying different DC bias
voltages, the radiation level can be controlled due to the imposed loss (resistive loading). Using
this property, Fusco managed to implement a direct amplitude modulation by a narrowband

antenna.
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Figure 1.3: Switched antenna designed by Merenda [47]: (a) Topology and (b) Synthesized
current.

Later, Fusco’s work was extended at UCLA [49-54]. They switched the current path of a
resonant antenna ON and OFF to generate a fast Amplitude-Shift Keying modulation (ASK).
This scenario models the near-field energy as an ideal capacitor which doesn’t radiate during the
OFF state. This hypothesis is fundamentally incorrect and particularly for high-Q antennas it is
not physical to assume that far-field radiation instantaneously vanishes once the current at the
input port of the antenna is switched OFF. Their experimental results show that an ASK signal
can be transmitted with a data-rate much lower that the carrier frequency. Nevertheless, this type
of direct ASK modulation is highly ambiguous since the rising and falling edges of the radiated

signal are still ruled by the antenna Q and no true wideband radiation can be created.

A recent publication also perused the concept of direct antenna modulation attempting to
increase the information bandwidth by a pulsewidth modulation via a switched antenna [55]. A
small antenna is connected directly to a pair of switching transistors and is driven with a

pulsewidth modulated HF signal, eliminating the requirement for a frequency-dependent



impedance-matching network. The high ringing level and dispersive response of the antenna due
to the variations of impedance mismatch factor for different pulsewidths is the major drawback

of this work.

There was another attempt to use switches in an antenna structure to increase the bandwidth
at Purdue University [56-62]. Their work concentrated on time-varying impedance matching by
means of a switched capacitor. This study resulted in realizing a wideband antenna which is able
to receive or transmit a short pulse. However, in order to properly switch the capacitor into the
circuit to maintain a low VSWR and increase the impedance bandwidth, the received signal
should be exactly known in terms of pulse shape, duration and time of arrival. There are some
other efforts in the literature that try to increase the bandwidth of the antenna using non-LTI

methods [63-67].

In all above efforts, the antenna input current is manipulated in different ways except in [48]
which uses a switched resistive load to modulate the radiated power level according to the
baseband data signal which is mixed with the carrier signal at the input port of the antenna. It is
obvious that as long as the radiation mechanism provided by the antenna structure as a black box
remains unchanged, synthesizing the input current using any approach or methodology,
ultimately has to deal with the antenna limitations. The proposed work in this dissertation
provides a different approach and deals with the electrical properties of the loaded antenna rather
than considering a switched current excitation. The baseband information data is used to change
the radiation characteristics. Regardless of the antenna impedance bandwidth, a theoretically
high rate of data transmission can be achieved. In this method, a small-size and high-Q antenna
is represented as a narrowband resonator whose resonant frequency can be controlled by using a
switched reactive load; a switched capacitor for example can be used to move the location of
antenna poles. This way a “time-varying” radiation can be realized and the antenna
characteristics are entirely set in the transient mode. Taking advantage of transient state
operation, carrier frequencies can be excited by only an initial current distribution and there is no
need to provide RF oscillators. Furthermore, we show that basically any RF part can be
dispensed as long as the antenna operates in the transient state and carrier frequencies can be
self-generated by the antenna itself as a high-Q resonator. This approach allows making an

efficient and wideband data transmission through a highly-miniaturized antenna and deals with



the high-Q properties of small antennas as a beneficial point rather than an undesirable limiting

factor.

1.3 Overview of the Dissertation

This dissertation is organized into seven chapters. First chapter provides a brief background of
previous studies on switched antennas and also essential introductory discussions about the
essence of this dissertation and the goals it peruses. Since the present research is principally
based on the transient state of small antennas, Chapter 2 is entirely dedicated to a comprehensive
investigation on time-domain properties of high-Q antennas. As an example of commonly used
low-profile antenna, planar inverted-F antennas (PIFA) are studied in the time domain. It is
shown that a natural resonant mode of the antenna can be mimicked by a high-OQ RLC resonator
not only in terms of frequency-domain characteristics such as input impedance, but also the time-
domain parameters of radiated fields such as damping factor and transient damped resonant
frequencies are perfectly matched with those of RLC resonators. This analogy between high-Q
resonators and small antennas is used to analyze a switched antenna by means of equivalent
switched resonator. Chapter 3 discusses the principles of switched resonators and studies the
effect of switching a reactive component in a narrowband resonator. Chapter 4 concentrates on
switched small antennas as single-mode high-Q resonating structures. However, the impact of
switching on the antenna radiation is considered in this chapter. Chapter 5 provides a brief report
on the technical showstoppers and suggested solutions toward validation of the proposed
technique. In Chapter 6, a very effective and simple method to transmit an RF modulated signal
directly through a small antenna by using only baseband information data is proposed. This
scheme results in eliminating the RF components required for implementing an FSK modulation
such as VCOs. Finally, Chapter 7 summarizes the dissertation and gives the concluding remarks.

It also suggests further ideas and shares some thoughts to be used in future research.
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Chapter 2

Transient Characteristics of Small
Antennas

As the size of an antenna decreases, its Q factor increases. In this chapter, we focus on the
transient aspects of high-Q radiators and present a comprehensive investigation on the time-
domain behavior of resonant-type antennas. The concept of energy storage and its connection
with size and Q factor is described by means of an equivalent circuit of the radial-wave
impedance for the fundamental spherical mode. The impact of antenna structure on the field
response is studied by analyzing the transient radiation of the Planar Inverted-F Antenna (PIFA)
as a typical example of small antennas. Transient mismatch characteristics due to the high
amount of stored energy are observed by evaluating the time-domain reflection at the input
terminal. Without losing generality, the transient behavior of high-Q antennas can be mimicked
by a simple RLC resonator. We show that time-domain characteristics of the fundamental
radiated mode are very well matched to that of a high-Q resonator with the same Q and resonant
frequency. Early-time response to the Gaussian pulse in the near and far-field is closely
observed and its correlation with the exciting pulse is studied. To investigate the effect of
switching on the time-domain fields, antennas are fed with a sinusoidal-modulated pulse signal
and it is shown that the Q factor and time constant of the fields can be controlled by switching to

different source impedances during the OFF-state of the input modulated pulse.
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2.1 Introduction

The transient response of antennas becomes significant when antennas are used in a time-varying
fashion. Radiation properties of the antennas are usually defined, calculated, and measured in
the frequency domain and/or the steady-state time-harmonic regime. Frequency-domain analysis
characterizes the antenna irrespective of the physical time-dependent aspects and neglects the
transient properties of the antenna. When it is required to switch between different narrowband
radiation mechanisms or different sources, e.g. time-varying configurations such as
reconfigurable multi-band antennas, switched-beam antennas, direct-modulating antennas, etc.
[55, 68-72], it is important to have a comprehensive knowledge of the transient behavior of the
antenna. Particularly, if the switching period between different radiating configurations is in the
order of the time constant of the system, it is necessary to fully consider the transient response of
the antenna. In ultra-wideband systems, switching the antenna may not be a matter of concern
because radiation fields track any source variations. In fact, in wideband antennas the amount of
non-radiating energy that contributes to the radiation is small and the input power directly
couples to the radiating fields. Conversely, small resonant antennas are distinguished by their

capability to store a significant amount of reactive energy in the near-field region.

Although there has been a tremendous amount of research on the antenna Q and its
correlation with stored energy in the frequency domain [4, 5, 20, 73-82], only a few studies on
the time-domain representation of energies are reported [83-89]. The Spherical Wave Expansion
(SWE) method is used in [86, 87] to formulate the radiative and reactive pulsed power-flow in
the time domain. A general expression for the total electric and magnetic energy generated by an
arbitrary source in the time domain is presented in [84, 85]. These reports expound the concept
of reactive and radiative energies in time domain. The influence of the antenna structure on
modal currents is also perceived by the well-known Theory of Characteristic Modes (TCM) that
uses a decomposition methodology to express the total current as a set of current modes that
represent the resonances of the antenna according to the boundary conditions [90, 91]. A transfer
function for any type of antenna structure may be achieved by using the Singularity Expansion
Method (SEM) in time and frequency domains by modeling the antenna based on pole/residue

analysis [92-97].
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By definition, antenna Q factor is the ratio of reactive energy to the radiated or dissipated
energy in steady state. Therefore, a high-Q antenna tends to store the input energy rather than
radiating it. It is a well-understood concept that antenna performance is bounded by the
fundamental limit that puts the size, radiation efficiency, and bandwidth of an antenna in
contradiction. Although an antenna can be made of very low-loss conductors and dielectrics,
radiation resistance decreases as antenna size decreases and hence, realized radiation efficiency
is substantially reduced in small-size antennas. Furthermore, in a low-loss antenna structure,
bandwidth is limited by the size. The fundamental limit places a lower bound on the Q factor of
the antenna which is inversely proportional to the impedance bandwidth in narrowband
structures. For a high-Q antenna, energy can be stored in the form of electric or magnetic energy.
Since the near-field of a high-Q antenna is highly capacitive (electric antennas, e.g. dipole) or
inductive (magnetic antennas, e.g. loop), a significant impedance mismatch occurs when the
frequency of the source deviates from that at which the fields resonate; which results in a narrow
impedance bandwidth. Hence, it is preferred to achieve a Q as low as possible when designing
small-size antennas. Far-field response to an input signal is influenced by the O factor of the
antenna. In a high-Q antenna, an extensive amount of energy must be stored in the near-field
before effective far-field radiation begins. Therefore, the transient duration of the far-field
response can be defined as the time it takes for the antenna to build up the stored energy. The
higher Q factor results in a longer time duration for the antenna to reach the maximum radiation
efficiency. In a switched-antenna application, this transient effect dominates the performance of
the antenna if the switching period is not long enough to let the near-field build up the entire

stored energy.

In this chapter, we present a comprehensive study on the transient characteristics of high-Q
antennas. The radiation mechanism will be explained with the help of a circuit model. As an
example of a typical small antenna, the transient response of the Planar Inverted-F Antennas
(PTFA) will be discussed based on the Q factor and exciting signal. Basic radiation fundamentals
are presented in Section 2.2. In Section 2.3, the Gaussian pulse response of PIFAs with different
O factors is discussed. A switched antenna with sinusoidal excitation is investigated in Section

2.4.
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2.2 Circuit Model of Radiation Mechanism

2.2.1 Spherical Modes

Conventionally, the diameter of a sphere that encloses the antenna is known as antenna size. An
ideal antenna is the one that effectively uses the entire enclosing sphere to radiate a TM(; mode
as the only excited spherical mode. Such an antenna meets the fundamental limit and can be used
as a reference to evaluate the figure-of-merit of any small antenna design. Chu introduced an
equivalent circuit to represent the radial-wave impedance for spherical modes [5]. Figure 2.1
shows an antenna enclosed by a sphere with radius “a” and the Chu’s equivalent circuit for the
radial TMy; wave impedance. Circuit components are normalized to the far-zone wave
impedance, 1. If p is the electrical size of the antenna i.e. p=ka where k is wave number in free
space, impedance of the shunt inductor L and series capacitor C can be expressed as jp and (jp)”,
respectively. Series capacitor C and shunt inductor L represent the stored energy in the near-field
of the antenna. If the electrical size of the antenna is large (p>>1), capacitor C approaches short
circuit and shunt inductor approaches open circuit. This means a large-size antenna directly
interacts with the wave impedance of a travelling wave in free space and the reactive near-field
region that stores the energy is small. In other words, an electrically large antenna does not store
a considerable amount of energy and has a small Q factor. Conversely, for an electrically small
antenna (p<<l), the series capacitive reactance is large and the shunt inductive reactance is
small. Therefore, combination of the shunt inductor and the wave impedance results in a small
resistive part and a large capacitive part in the input impedance of the spherical TMy; mode. It
means that most of the energy is stored in the near field and a small portion of energy radiates
and antenna has a high Q factor. This can be understood easily by looking at the normalized

input impedance of the TMy; mode as

Zogyy =L 2.1)
@ 1+p? Tp(1+p?)
1 —# ; o> 1
Zrmy, = . ' (2.2)
p?—j = s pKl
p(1+ p?)



Real and imaginary part of the normalized input impedance is shown in Figure 2.2. It shows
that for a small-size antenna (p=ka<<1), the input impedance is extremely capacitive and the
real part is small, denoting that the antenna stores a high amount of electric energy. For a
magnetic antenna such as a small loop, the fundamental mode is TE(; and the circuit model will
be dual of TMy; mode. Therefore, for a small antenna that excites TE; as the fundamental mode,
input impedance is extremely inductive and energy is stored in the form of magnetic energy. The
point ka=1 in Figure 2.2 is known as radian sphere where the real and imaginary parts of the
normalized input wave impedance cross at +£0.5 Q and radiating fields start to decouple from the
stored energy. It should be noted that due to the time delay between the near-field and far-field
regions, a lossless transmission line should be placed after the wave impedance [3]. Since such a

transmission line does not contribute to the Q factor, it is not within the scope of this chapter.
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(@)
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{ components ____impedance ;
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Figure 2.1: Chu’s antenna model: (a) antenna with enclosing sphere of radius a and (b)
equivalent circuit for normalized wave impedance of fundamental mode (TMy,).
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Figure 2.2: Normalized wave impedance for fundamental TM(; mode.

Chu’s equivalent circuit can be employed to explain the contradiction between size and Q
factor (bandwidth) of an arbitrary antenna that excites the TMy; spherical mode. The circuit

model in Figure 2.1 results in the lower bound of radiation Q for small antennas which is given

by [20, 76]

1

Qmin = p3 ) (2.3)

For higher order modes, more LC pairs are added to Chu’s ladder circuit according to the
number of excited modes. Hence, stored energy in reactive elements will increase, which in turn

increases the Q factor as well.

Chu’s circuit model represents the radial spherical modes and provides knowledge about the
radiation Q. It characterizes the antenna as a high-pass filter such that each excited mode can be

specified with a cut-off frequency.

If we consider the circuit model as a two-port network with a power source with normalized

impedance 1y = % at the input port and the far-field region represented by the normalized wave
0
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impedance as the output port, we can find the voltage transfer function of the fundamental TMy,

mode. Letting s= jp, the voltage transfer function can be found as

1 s?
H(s) = .
1+ 2 1
$'s +S+1+Ts
N 1 (2.4)

1 B STT+7,
1+ 2 1

s s +S+1+Ts

Transfer function consists of an entire function representing the transmission of the source signal
and a pair of complex conjugate poles representing the far-field transient which is typically an

underdamped response. Poles are

(2.5)

As can be observed from (2.5), the location of the poles is a function of source impedance. This
indicates that the source impedance can change the type of the transient response for a given
antenna size; for example if »; < 3 as in most practical cases, the transient response will be

ringing.

2.2.2 Antenna Structure

Chu’s circuit model doesn’t deal with the antenna structure. Depending on the antenna
geometry, they can be modeled by transmission lines, cavities, etc., with equivalent reactive
components that are capable of storing energy. Moreover, some energy can be stored in the
matching network. As a result, the location and number of poles in the transfer function will
change according to the equivalent components of the antenna structure and matching network.
This will affect the overall performance of the antenna. If the antenna is a resonant type, natural

resonances of the structure dominate the high-pass behavior of the spherical modes and turn the
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antenna into a high-Q bandpass configuration. In fact, the antenna structure in Figure 2.1 is a
tuning network that adjusts the resonant frequency and consequently modifies the overall Q. In
its simplest form, antenna structure can be modeled by a series inductor that tunes the antenna at
a desired resonant frequency. Impedance of this tuning inductor can be expressed as

jp

Z =0 2.6
e = A+ D) 20

where pp=koa is the electrical size of the antenna at the tuned resonant frequency. However, a
series inductor may not be sufficient to model the entire antenna structure. Depending on the

antenna type, the equivalent circuits that represent the antenna structure may differ.

Overall performance of the antenna is a result of coupling between the modal currents on the
antenna surface (natural resonances of the antenna structure) and the modal spherical waves. A
significant amount of work has been done to obtain a transfer function that mimics the antenna as
a black box associating the radiation fields with the input RF signal. One common approach to
obtain the transfer function of antennas is using the Singularity Expansion Method (SEM) that
utilizes the time or frequency-domain response to model the antenna [92-95]. Since SEM
requires the transient response of the antenna in order to model the antenna characteristics,
numerical methods in the time domain should be employed to characterize the transient behavior
of any arbitrarily shaped antenna [98, 99]. In the next section we use CST Microwave Studio,
which includes a commercial time-domain code, to study the transient characteristics of planar
inverted-F antennas (PIFA) as an example of widely-used low profile antennas in cellular

communications.

2.3 Gaussian Pulse Excitation

2.3.1 Reflection at the Input Terminal

Figure 2.3 shows a traditional PIFA with a ground plane size of half-wavelength at resonant
frequency. In order to study the transient response of the fundamental mode (TMy;), a Gaussian
pulse with a full-width at half-maximum (FWHM) of tzy 4y = 800 ps is chosen to ensure that

high order modes are not excited. Four different antennas are designed at the same resonant
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frequency 530 MHz with different Q factors. Table 2.1 summarizes the physical dimensions and
Q factors of the different designs. PIFAs are made of copper with thickness of 0.5 mm and the
width of shorting pin for all designs is 3 mm. Q factors are calculated as the ratio of resonant
frequency to the 3-dB impedance bandwidth according to the reflected power. Figure 2.4 shows

the return loss for different designs.

Figure 2.3: Planar inverted-F antenna (PIFA) structure.

Table 2.1: Physical dimensions and Q factors of PIFA designs

Dimensions (L xWxh) (cm) O factor
PIFA 1 9x5x%0.3 128
PIFA 2 9x5x%0.5 78
PIFA 3 9x4.6x1 36
PIFA 4 5.5%3x%5 6.4

Since a high-Q antenna has a highly capacitive or inductive near field, a large mismatch
occurs during the excitation period which is conventionally known as “early time”. Early-time
reflected signals at the input port are shown in Figure 2.5. Depending on the geometry of the
antenna and the feeding type, early-time mismatch can be similar to an open or short circuit. For
a PIFA, due to the shorting pin which is located near the feeding point, early-time behavior can
be seen as a short circuit. However, if the height of the shorting pin increases, input inductance is
dominant and the early-time reflection can be approximated as the reflection from an RL circuit
as depicted in Figure 2.5. PIFA 4 has a significantly longer shorting pin and the reflected signal
approaches that of an inductive impedance. For a differentially-fed antenna such as dipole, early-

time reflection would be similar to an open circuit.
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Figure 2.4: Return loss for different PIFA designs.

In fact, due to the high Q of the antenna, only a small portion of the available power leaks into
the near field and forms the reactive energy. Since the PIFA is a resonant type antenna, reactive
energy is distributed between the excited natural resonances. If the input pulse is wide enough to
excite only the fundamental mode, stored energy dissipates at the 1* resonant frequency after the
source signal completely dies. Depending on the source impedance, part of the energy reflects
back to the source and the rest of the energy radiates. Similar to a narrowband resonator, the rate
of the energy dissipation is a function of Q factor. This can be seen in Figure 2.6 that shows the
late-time reflection at the input terminal. From Figure 2.6 the fall-time (90 to 10 percent) of the
reflected signals can be calculated to be about 170 ns, 100 ns, 48 ns and 8 ns for antenna of 1 to
4, respectively. This time duration can be interpreted as the required time for the antenna to
maintain the complete impedance matching once the source is turned on. We will show in
Section 2.3.3 that the time constant of the near and far fields is indeed the same as that of the

reflected signal at the input port of the antenna.

It should be noted that for differentially-fed antennas such as the dipole, the proper
equivalent RLC circuit for the resonant mode would be a series arrangement, because there is no
such capacitor parallel to the source which leads to a short circuit in early-time. As a result, the
reflected signal at the input port will be in-phase compared to the input pulse, denoting an open

circuit behavior in early-time.
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Figure 2.5: Early-time reflected voltages at the input port of different PIFA designs.
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Figure 2.6: Late-time reflected voltages at the input port for (a) PIFA 1, 0=128, (b) PIFA 2,
0=78, (c) PIFA 3, 0=36, and (d) PIFA 4, 0=6.4.
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Figure 2.7 shows the input pulse and reflected voltage waveform for a half-wavelength dipole
which resonates at 530 MHz. Although dipole bandwidth is usually much wider than a PIFA at
the same resonant frequency and therefore, the oscillating tail of the reflected signal decays

much faster, the early-time reflection exhibits a very high impedance during the excitation.
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Figure 2.7: Input pulse and reflected voltage waveform for a half-wavelength dipole resonating
at 530 MHz.

2.3.2 Far-field and Near-field Response

As was discussed in Section 2.2, spherical modes have high-pass characteristics and all antenna
resonances above the cut-off frequency of the fundamental mode exist in the electric field
response. However, each excited resonance appears with a different damping factor. Since at
higher resonances, electrical size of the antenna is larger, higher order Q factors are greater than
O of the fundamental resonance, results in higher damping factors. As a result, all higher order
resonances decay faster compared to the dominant resonance. In order to study the higher order
resonances we would feed the antenna with a narrow pulse such that more number of modes are
excited. Figure 2.8 shows the simulation set-up for field computation. Four probes are located in
the azimuth plane of PIFA 2 (Qpmndamenia=78). The distance of the probes p;, p» ps with the
ending aperture of the antenna is 1, 10 and 30 mm, respectively. Probe p, is used to compute the
far field at a distance of 2 m. Figure 2.9 shows the z components of the electric fields at each

probe location for an input pulse with a Tz = 100 ps. Regardless of the probe position at
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which fields are computed, higher order resonances exist at the beginning of all time-domain
responses. Each resonance has a unique damping factor which is much larger than that of the
fundamental mode. Damping factor for each frequency component can be calculated by
singularity expansion method and it is shown that the existence of each resonant frequency and
their damping factor is not affected by the distance and angle of measurement position with
respect to the antenna origin [92]. Thus, the transient fields are similar in any arbitrary

measurement point in terms of time constant associated with each resonant frequency.

t .. 1 11
P4 iP3 P2 p1

Figure 2.8: Simulation set-up for field computation. z-directed probes p; to ps are located 1, 10,
30 mm and 2 m away from the radiating aperture of the PIFA.
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Figure 2.9: Electric fields of the PIFA 2 due to an input Gaussian pulse with Tgyyy = 100 ps,
computed at different probe positions: (a) 1 mm, (b) 10 mm, (¢) 30 mm and (d) 2 m.
(time delays are excluded).
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It is worthwhile to point out that the early-time response of the electric field is a signature of
source signal. If the surface current distribution is J, electric far-field can be related to the time

derivative of current distribution as [88]

o u r—f-r
- | L S — 1. 2.7
e(r, 0 ot 47rr,];,]<r't c >dsl @7

If the input pulse is sufficiently narrow such that the early-time radiation is caused by the
travelling current on the antenna surface, boundary conditions at the open end side of the antenna
do not contribute to the creation of modal currents and high-pass characteristics of the spherical
modes allow transmitting a wideband signal. Hence, a time derivative of the input pulse appears
in the far field in early time according to (2.7). Figure 2.10 illustrates the current distribution on
the PIFA 2 for three time samples. Since the input pulse ends before the surface current hits the
open end of the antenna structure and the natural resonances are formed, early-time response can
be approximated by a small dipole that excites the TMy; mode. The shape of early-time electric
field varies with the distance from the antenna. This can be demonstrated by looking at the time-
domain electric field of a Hertzian dipole which is equivalent to the fundamental mode (TMy;)
fields. If the moment of Hertzian dipole is represented by P, electric and magnetic fields is given

by [100, 101]:
—jkr
E(rw)=

. e A 1 jk\ _i,
pr {kz(r XP)Xr + [3F(F.P) — P] (r_3 + ﬁ) e Ik } (2.8)

k2 —jkr 1
H(rw) = — (& x P)° <1+,—>- 2.9)
41 T Jkr

Taking inverse Fourier transform from above expression yields

e(r.t) = 1 {(l'i(f) XF) XF N 3F[F.p()] — p(7) N 3r[f. p(7)] - p(T)} (2.10)
41e, c?r cr? r3
h(r,0) = — [ij(r) xE, p(r)zx f], @.11)
4 cr T
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where t =t — E is retarded time. For a z-directed Hertzian dipole, we have

p(t) = p(t)z (2.12)

and the time-domain fields can be expressed as

e(r,t) = 4;0{[15(T)+pr(? 2c0s6 [p(f) P | b )l e} (2.13)

cr? 2y cr2
h(r, t)— [p(r) p(T) Sinf . (2.14)

In the azimuth plane, € (or z) component of the electric field for a z-directed Hertzian dipole can

be expressed as

eg (r,t) = (2.15)

1 <25(T)+15(T)+p(f)>

4Ameyr \ c? cr r?

where p represents the time-domain electric charge distribution of the dipole. The expression
within the parentheses in Equation (2.15) divides the azimuth plane into three sections: quasi-
static zone (1/r* term), induction zone (1/r term) and far-field zone (constant term) as shown in
Figure 2.11. It can be seen from (2.15) that in the proximity of the antenna or quasi-static zone,
electric field is similar to the surface electric charge. However at intermediate distances or
induction zone, electric field is proportional to the derivative of the dipole moment which is
equal to the electric current on the dipole. As the probe moves away from the antenna to the far
zone, constant term will be dominant and the electric field will be proportional to the second

derivative of the dipole moment or first derivative of the current.

Figure 2.12 depicts the early-time electric fields of PIFA 2 at four probe locations. It
demonstrates the electric field development when probe moves from near to far distance from the
antenna. It can be concluded from (2.7) and (2.15) that fields tend to approach the time
derivative of the source current as they are measured from a larger distance from the antenna.

For a narrower input pulse, this trend will be closer to the theoretical expectation.
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Figure 2.11: Illustration of different field zones around the Hertzian dipole.
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Figure 2.12: Early-time electric fields of the PIFA 2 in the azimuth plane normalized to their
peak values.

It would be also interesting to point out that not only the early-time response of the fields is

evolving over different zones; the radial energy flow velocity also varies from near field to far

field [3, 102].
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This velocity can be computed from Kaiser’s definition [102] as the ratio of Poynting vector to

the total electric and magnetic energy

S (r,t) e(r,t) x h(r,t) egh,t — €,h,0
V(r't)ZW(rt)zl 1 =2 (e2 + e3) + poh? (2.16)
’ 5 €ole(r, )| + 5 polh(r, )| €o\er T €g) T Hollp
The radial component of the velocity is
2€9h<p
U = 2.17
" eo(e? +e3) + uoh? 217
Therefore, the normalized velocity of the radial energy flow can be expressed as
P(T) + @ P(T)] [P(T) +P@
Ur _ 5 cZr T or? cr? 2.18)
¢ [p @, @ p(D]’ p(f) p(r)
c’r = cr? r3 toz

Figure 2.13 shows the radial energy flow velocity versus time for different positions in the
azimuth plane when the dipole moment is a sinusoid with magnitude 1 and frequency 1 GHz. It
can be seen than for the observation points close to the dipole (near-field) a pulse of energy is
radiated at every half-period. The emitted energy is partly absorbed by the dipole, creating a
negative-sign energy velocity. The part of the energy which is not reabsorbed forms the
radiation. As the observation point moves away, the amount of backward energy reduces and in
the far field, we can see a total radiation without any energy reflection. It is interesting to notice
that both backward and forward energy velocity is smaller than the speed of light in the near
field and approaches the speed of light in the far field [103]. Equation (2.18) denotes that at the
dipole origin (»=0) the energy flow velocity is zero and at a very large distance from the dipole

1.e. r=o0 the energy flow velocity approaches the speed of light.
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Figure 2.13: Instantaneous radial energy flow velocity in the azimuth plane of a Hertzian dipole
with sinusoidal momentum with magnitude 1 and frequency 1 GHz at different positions:
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2.3.3 Time Constant of the Fields

To evaluate the time constant of the electric fields of the fundamental mode, we would either
filter the electric fields shown in Figure 2.9 to extract the 1% mode or alternatively, we can excite
the antennas with a wider input pulse. Generally, high-Q resonant antennas can be modeled by
RLC resonators as will be discussed in details in Chapter 4. Therefore, it is convenient to look at
the transient response of a high-Q resonator. For a PIFA, we would consider a parallel RLC
model because of the short circuit behavior at zero-frequency. The equivalent inductor and

capacitor for a parallel RLC resonator with resonant frequency, w,, can be expressed as
L=——;C=— (2.19)

where R=R;||R;, Rs and R, are source and load impedance respectively. For instance, equivalent
L and C values for PIFA 1 at ;=530 MHz can be found equal to 58.651 pH and 1.537 nF. Figure
2.14 compares the return loss and input impedance of PIFA 1 with those of the resonator model.
It can be seen that in frequency domain, port characteristics of the antenna is similar to the circuit
model. To compare the time-domain behavior of the antenna with that of the circuit model, we
would examine the damping factors or time constants of each one. According to the resonator

model, the transient response can be written as
vR(t) = Vy - e * sin(wyt), (2.20)

where vi(t) is the voltage at the load and V|, is determined by initial conditions. The « and w,

are damping factor and damped resonant frequency, respectively and can be calculated as

Wy 1
a:ﬁ ; Wy = W /1—4—Q2, (2.21)

where Q is loaded quality factor and is equal to (Rg Il R;)~/C/L.
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For a high-Q resonator (0>>1), damped resonant frequency can be approximated by steady-state

resonant frequency wy = 1/ VLC and the transient voltage at the load can be expressed as

_Wo
vp(t) =V, e 2Q° sin(wgt). (2.22)

Figure 2.15 and 2.16 show the near-field and far-field of the PIFAs measured by probes p; and p,
due to an input pulse with Tz 4y = 800 ps. For each field representation, envelope is compared

to an exponentially decaying function as

t—tg14
e(t) =rpiqe m o,

(2.23)

where 7 1s equivalent time constant of a parallel RLC resonator and is calculated for each antenna

2 . . . . o
as Ty, = % m is the number associated with each antenna according to Table 2.1. The ¢, is time
0

delay and r,, is the peak value of each field response. The “/” and “4” stand for probes p; and
p+. In order to exclude the early-time response of the fields from the damped sinusoidal ringing
of the transient response, time delay ¢, is calculated by adding the duration of the input pulse to
the traveling time of the waves from the antenna to the probe location. As depicted in Figure
2.15 and 16, the envelopes of the transient fields agree very well with the described exponential
function. This shows a high-Q antenna has the same time-domain properties of a narrowband
resonator that operates at the same resonant frequency with an equivalent Q factor. Furthermore,
the time constant of the fields agrees with the time constant of the reflected signal at the input
terminal as shown in Figure 2.6. However, magnitude of the transient response is a function of
probe position, antenna structure, polarization and input power. This magnitude can be computed
as the residue of the pole at which antenna response is ringing using SEM [92-95]. Each excited
resonance has a particular Q factor and a unique equivalent RLC resonator can be introduced to
model each resonant mode separately. It is worthwhile to point out that the spherical radiation
modes described in Chu’s circuit model should be distinguished from the resonant modes that are
modeled by RLC resonators. Since time-domain reflection from the input terminal is an
integrated response to the entire excited modes, damping factor (or time constant) for each

resonant frequency can be extracted from the reflected signal. Importantly, damping factor is not
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a space-dependent quantity and hence, does not change in different distances or angles. This can

be clearer by looking at the current distribution as the superposition of current modes as follows:

@', 0 = ) Ja)etenen,

(2.24)

where J,,(r") is the spatial distribution of current modes and eU®n~@nt js the time-dependent

term. Time-domain magnetic vector potential can be expressed as

r,; t—rt r— r’
PN L (N (LTl D OVRNO Lt
41 s/ TC c

Combining (2.24) and (2.25), A can be expressed as

! _(jwn_an)f

j re
A(r, t) = iz e(]wn_an)t ]n( ) dsl’
4m o o
n

and the electric field is given by

t

0
e(r,t) = —aA(r, t) + Czj VV.A(r, t")dt -
0

(2.25)

(2.26)

(2.27)

The equation (2.27) consists of spatial and time differential operators. Obviously, any

differential or integral operation on A(r,t) will keep the time-dependent term, eU®n=@n)t

unchanged and hence, the electric fields of each resonance at any arbitrary position have the

same damping factors, a,,. Therefore, the time-domain reflected signal at the input terminal due

to an impulse input contains the complete information about damping factors for all resonant

frequencies.
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Figure 2.15: Near electric fields calculated at probe p; due to an input Gaussian pulse with
Trwum = 800 ps: (a) PIFA 1, (b) PIFA 2, (c) PIFA 3 and (d) PIFA 4.
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Figure 2.16: Far electric fields calculated at probe p, due to an input Gaussian pulse with
Trwum = 800 ps: (a) PIFA 1, (b) PIFA 2, (c) PIFA 3 and (d) PIFA 4.

50

Since the time constant of the reflected wave is the same as time constant of the fields, the

“matching time” or the required time for a steady-state-matched sinusoidal source to be fully

impedance-matched with the input terminal of the antenna can be evaluated by time constant of

the fields. Figure 2.17 shows the incident and reflection voltage waveforms for different PIFA

designs when excited at 530 MHz. for all cases, the time that takes for the reflected wave to be

minimized is exactly equal to the fall or rise time of the electric fields either in the near field or

far field.
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Figure 2.17: Incident and reflected voltage waveforms at the input terminals of: (a) PIFA 1, (b)
PIFA 2, (c) PIFA 3, and (d) PIFA 4, when excited at 530 MHz.

2.4 Sinusoidal Pulse Excitation

As discussed in Section 2.3, the transient field response of high-Q antennas can be modeled by
an RLC resonator with equivalent resonant frequency and Q factor associated with the excited
mode. This equivalence can be used to predict the time-domain response of a high-Q antenna
when excited with sinusoidal pulses. Since the time constant of the fields is a function of loaded
0, source impedance impacts the time constant. Figure 2.18 shows two different approaches to
feed the antenna with a sinusoidal pulse train. Figure 2.18(a) depicts a modulated source with a
matched impedance at the resonant frequency. In Figure 2.18(b), source is modulated by using a
switch and therefore, during the OFF-state of the switch, QO is not loaded by the source
impedance and the antenna operates as a switched-Q resonator. This is shown in Figure 2.19 that

compares the electric fields radiated by PIFA 3 which is fed by a switching source and a
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modulated source. A small measuring dipole is located in azimuth plane at half a meter away
from the antenna to capture the electric field and fields are normalized to the peak values. In
Figure 2.19(a), a single period of the electric field is shown where the exciting signal is a
sinusoidal pulse starting at 0 and ending at 150 ns. Figure 2.19(b) shows the electric field for a
switching source configuration as illustrated in Figure 2.18(b) where a continuous sinusoidal

signal is switched off at 150 ns. For both cases, rise-time of the fields is identical and time

. 20 . . o . .
constant is T3 = w—3 However, since in the switching source configuration, Q is doubled due to
0

disconnecting the source impedance, time constant of the field is doubled as well.

Figure 2.20 displays a prototype of PIFA 3 and the measured return loss. The antenna is
connected to a single pole-double throw switch (ADG918 from Analog Devices) which switches
the input port of the antenna between an RF source and a chip resistor as depicted in Figure 2.21.
Due to the loading effect of the switch and the insertion loss which is about 0.5 dB at 530 MHz,
the measured Q factor is reduced to 12.1. Figure 2.22 shows the time-domain voltage waveforms
received by a small measuring dipole at a distance of half-meter from the antenna. The dipole is
connected to a high impedance oscilloscope and measures the antenna response to a 530 MHz
sinusoidal pulse with duration of 100 ns. Figure 2.22 shows the received voltages for =50 Q and

r=oo (open circuit) as well as the exponential functions based on (2.23) in which, the time

ZQmeaS

constant T = is calculated using the measured Q factor. It can be clearly seen that the

Wo
envelopes of the measured waveforms agree with the analytical functions extracted from the

circuit model.

It is also possible to lower the time constant of the fields by switching to a smaller resistance
during the time that source is disconnected as depicted in Figure 2.21. A single pole-double
throw switch is used to switch between the source and a resistor, 7, at t=150 ns. According to the

circuit equivalence presented in Section 2.3, Q factor after switching can be approximated by

r |l 50

Q, = mQRS, (2.28)
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for R¢=50 Q, (2.28) can be simplified as

_ 2r
T r+50 Oso 0

Qr (2.29)

Figure 2.23 shows the electric fields for =10, 30, 100 and 300 Q. It should be noted that
(2.29) is valid only if 7 is sufficiently large such that Q, > 1 and antenna can be modeled by a
high-QO RLC circuit. Figure 2.24 compares the computed Q from full-wave simulation with Q,.
They merge around O0=25 (=20 Q) and both converge to 2xQs5)=72 as r—oo, as predicted in
(2.29). Therefore, as described in Section 2.2, source impedance can move the location of
antenna poles and control the time constants of the fields. This phenomenon becomes significant

where a fast switching mechanism along with a desirable transient response is required.

Rs

(a) (b)

Figure 2.18: Feeding port for sinusoidal pulse excitation: (a) pulse modulated sinusoid and (b)
switching sinusoid.

- |
i -

Figure 2.19: Electric field radiated by feeding the PIFA 3 with (a) modulated sinusoid and (b)
switching sinusoid. Pulse width is 150 ns starting from 0, for both cases.
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(2)

Figure 2.20: (a) Prototype of PIFA 3 and (b) measured return loss.
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Figure 2.21: Measurement and simulation set-up to study the impact of source impedance on Q
factor.
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Figure 2.22: Measured voltage received by a small dipole from PIFA 3 fed by a sinusoidal pulse
with duration of 100 ns and (a) =50 Q, and (b) 7=o0. ¢'is delayed time according to starting time
for each waveform.
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Figure 2.23: Normalized z components of the electric fields for different » values measured in the
azimuth plane at 0.5 m from the PIFA 3: (a) =10 Q, (b) r=30 Q, (¢) =100 Q and (d) =300 Q.
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Figure 2.24: Comparison between Q factors calculated based on simulated fields during the
source-OFF state according to set-up in Figure 2.21 (dashed blue) and Equation (2.29) (solid
red), vs. different » values.

2.5 Chapter Summary

Energy storage mechanism in antennas was explained based on circuit model and the impact of
antenna size on the amount of stored energy was illustrated. It was shown that in contrast to the
UWRB structures, high-Q antennas have a relatively large time constant that is an important factor
to be considered in time-varying applications. Time constant and Q factors associated with
fundamental mode for different PIFA designs were compared to those of an equivalent RLC
resonator and it was shown that for O>>1, there is an excellent agreement between them.
Therefore, time-dependent properties of high-Q antennas can be accurately predicted by their
equivalent resonator circuit. The effect of input pulse on the excited modes and early-time
response of the fields was also studied and it was shown that the early-time response is a
signature of exciting pulse and appears as a copy of input current in the near-field and changes to
the time derivative of the input current in the far-field. Furthermore, the transient response to a
sinusoidal-modulated pulse was investigated and the impact of source impedance on the time

constant and Q factor of the fields was studied.
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Chapter 3

Principles of Switched Resonators

Switching a reactive component in a network rearranges the location of the poles and hence, one
should expect the variation of damping factor and resonant frequency after the switching instant.
Since the input impedance of a switched resonator changes due to the change of a reactive
component, the resonator will be tuned out with respect to the source frequency and the input
impedance deviates from the matching condition. In this chapter, the transient behavior of an LC
resonator with a switched capacitor or inductor is studied. It is demonstrated that switching a
reactive component, namely a capacitor, in a high-Q resonator with proper switching rate can
preserve the stored energy and couple it onto a different frequency. Switching boundaries are
found by continuity of electric charge and magnetic flux. It is shown that if the switching time is
synchronous with zero-crossing of the voltage waveform across the switched capacitor or current
flowing in the inductor, impulsive components can be avoided and continuity of electric charge
and magnetic flux is satisfied without energy dissipation. We use this property to realize a simple

binary frequency-shift keying (FSK) modulator with no switching loss.
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3.1 Introduction

Switched circuits are distinguished by their time-varying characteristics. The time-varying
properties of switched circuits have been utilized in a wide range of applications such as time-
varying matching networks, reconfigurable networks, tunable filters, power convertors, and
phase shifters [61, 104-110]. Although most switched circuits are traditionally analyzed in a
steady-state fashion, there are some reports that present an analytical transient representation for
switched circuits [111-117]. The most important consideration in analyzing a switched network
is the switching boundaries. Due to the momentary change in stored energies caused by
switching the reactive components such as inductors and capacitors, impulsive terms may appear
in the solution domain in order to satisfy electric charge and magnetic flux conservation [115].
The main focus of published reports is to find consistent initial conditions for capacitors and
inductors and analyze the circuit based on conventional integration method. Even though these
efforts are mostly concentrated on providing an efficient model to analyze any arbitrary switched
network, they do not give a comprehensive correlation between the concept of energy

conservation in time and frequency domains.

In a fully impedance-matched network that consists of reactive elements, any change in the
topology of the network may result in shifting the network poles. Pole variation, in turn, causes
impedance change at the input port of the network. After the switching instant, the new topology
interacts with an independent source as a mismatched component. Depending on the new
impedance matrix of the network, part of the incoming energy reflects back to the source and a
portion of the energy leaks into the network. However, since the switching imposes initial
conditions in reactive components, stored energy is exponentially dissipated in resistive
elements. The decay rate in the stored energy is dictated by the new poles which are determined
by the new topology after the switching. In other words, the stored energy in the reactive
components at source frequency (before switching) will be dissipated in the resistive loads at the
new resonant frequency after the switch changes the topology of the circuitry. For transient
analysis, if we consider the circuit to be source-free after the switching instant, the stored energy

decays exponentially with a decay rate inversely proportional to the new Q factor of the circuit.
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In this chapter, a simple LC resonator with a switched capacitor (or inductor) is analyzed.
Initial conditions after the switching instant are found using continuity of electric charge and
magnetic flux. If the resonator operates in single-mode before and after the switching, the stored
energy shifts to a secondary frequency as soon as the capacitance or inductance values change. It
is shown that in order to prevent impulsive components in the currents or voltages, switching
must occur when the voltage across the capacitor or current flowing in the inductor are zero.
Additionally, a high isolation between the two frequencies should be maintained through the
impedance mismatch to prevent frequency mixing. This can be achieved by either increasing the
difference between the two resonant frequencies or using high-Q resonators. Furthermore, the
property of energy shifting in frequency domain can be used to create a frequency-shift keying

(FSK) modulation using a switched resonator.

Section 3.2 presents the fundamental concepts of capacitive switching and Section 3.3
discusses the switched-inductor resonators. In Section 3.4, we propose an FSK modulation
technique by applying a pulse train as the switching signal. Experimental results are also used to

validate the feasibility of the proposed idea.

3.2 Fundamentals of Switched-Capacitor Resonators

Figure 3.1 shows an LC-tank as a resonating structure connected to a resistive load. A single-
tone sinusoidal signal, v;,.(t), is incident to the input port of the resonator with characteristic
impedance Z,. A voltage-controlled switch is used to change the capacitor from C; to C;;C, at
t=t,. Incident sinusoidal signal is at resonant frequency of the resonator, w;=1/~LC;. Assuming
that the load is matched to the characteristic impedance Z, the reflection coefficient at the input

port is zero and the voltage at the load in the steady-state is

VR(8) = vinc () , (t < t5) (3.1
At t=t,, C, is added to the circuit and changes the resonant frequency of the LC-tank. As a result,

the input port will be mismatched with respect to the characteristic impedance, Z, and part of the

power reflects back to the source. Thus, voltage at the load resistor and input current for t > ¢,
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Figure 3.1: Configuration of switched resonator with an incident sinusoidal signal traveling
along a transmission line.

can be expressed as sum of the steady-state incident and reflected signals, v,f(t), as

VR(t) = Vine (£)+pef (0) (3.2)
1
iin(t) = Z_O [Uinc(t)_vref(t)] ) (3.3)

By eliminating v,./(t) from (3.2) and (3.3), we can write the load voltage in terms of input

current and incident signal as

Ur ) = Zvinc(t) - ZOiin(t): (3.4

where

lin(t) = ic(8) +1i,(6) +ig (D), (3.5)

and i.(t) represents the current in the switched capacitor. Since the capacitance is time-varying,

one can write the relation between the voltage and current of the capacitor as

dq(t) dvg dc(t)

ic(t) = ar C(t) ar + vg(t) —ar (3.6)
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where ¢() is the total electric charge in the capacitors. Equation (3.6) indicates that a step-like
variation in the value of capacitor at the switch-ON time, i.e., C(t) = C, - u(t — t;) + C; results

in an instantaneous current as
, dvg
lC(t) = C(t) ? + vR(ts)- C26(t - ts)- (37)

Equation (3.7) describes the presence of an impulsive component in the capacitor current when
an ideal switch is applied to the capacitor. Magnitude of this impulsive component is a function
of instantaneous voltage across the capacitor and the value of switched capacitor C,. On the other

hand, at the switch-ON time, ¢, electric charge continuity implies

q(td) = q(ts) (3.8)
or

Civp(ts) = (C1 + CIvR(ts). (3.9)
Therefore, the load voltage right after the switching instant can be expressed as

G
€, +C,

vR(tS) = vg(ts). (3.10)

This discontinuity in the voltage results in a discontinuity in stored electric energy which is a
result of using an ideal switch. To satisfy the electric charge continuity, an instant reduction in
stored electric energy occurs in the LC-tank right at the switching moment. Ratio of this energy

reduction can be written as

1
ge(t=t;)_§(c1+cz) Ucz(t;)_ 1 3.11)
Et =1t5) %CvaZ(ts—) 1+ G .

This reduction in stored electric energy is a result of voltage drop at the switching moment which

is necessary to satisfy the continuity of electric charge.
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In addition, boundary value for the inductor current, /), can be obtained using the continuity of

magnetic flux, ¢, as

p(t) = o(t5), (3.12)
or
Lyip(t5) = Lyi (tS), (3.13)
thus
i (t) =i (). (3.14)

Therefore magnetic flux continuity requires the current in the inductor to be continuous at the
switching moment and hence, energy interaction occurs only between the switched capacitor and
the source. For a larger switched capacitor C,, energy reduction will be more significant
according to (3.11). However, if the switching time is synchronous with the zero-crossing of the
incident signal, impulsive term in (3.7) will vanish; i.e. if v-(t;) = 0 then at the switching
moment instantaneous electric charge in the capacitor is zero and all stored energy is
accumulated in the inductor in the form of magnetic energy. Therefore, the amount of stored
energy will be preserved and won’t be disturbed by the switching procedure. This energy will be

dissipated in the resistive load at a secondary resonant frequency after the switching instant.

For t > t;, voltage at the load is composed of two frequency components. The first
component is a leakage from the incident signal at frequency w;=I1/NLC; which is mismatched to
the input impedance of the resonator. Magnitude of this component is dictated by the mismatch
factor. The second frequency component w; is due to a transient response produced by initial
conditions of the inductor and capacitor in a source-free RLC circuit. Since we are interested in
shifting the stored energy into the frequency w; after the switching instant, leakage from the
incident signal should be minimized. It is obvious that the maximum mismatch can be achieved
by choosing the capacitor C such that w; is far enough from w; or alternatively, if the resonator
has a high Q factor and bandwidth is sufficiently narrow, a large mismatch factor can be

achieved by a small frequency deviation. If the incident signal is v;,.(t) = V;sin(w;t) and total

capacitance is represented by C,,,= C;+C; such that w, =1 /\/ LC;,, the leakage voltage at the
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load can be expressed as

V
Vleak(wl) = > ) (3 15)
1+ g (@ = 3) -
thus
|4
Viear(t) = == sin(w;t —tan™* N), (3.16)
V14 N?
where
2 _ 2
N=Q, "%, (3.17)
2w,

The unloaded quality factor, Q>, in (3.17) is calculated at w,. Equation (3.16) denotes that the
magnitude of the leaked signal at the source frequency, w,, is inversely proportional to the O
factor of the resonator multiplied by difference of squares of resonant frequencies. As previously
mentioned, for a high-Q resonator, source is well-isolated from the load after switch-ON time

and the only significant frequency at the load is w,.

Figure 3.2 shows a simple RLC resonator and its equivalent topology before and after the
switching. The RLC circuit with a switched capacitor is fed by a matched source (R;=Rs) at
frequency f; = 1/2m\/L,C;. At t=t,, the capacitor C, is added to C; which was resonating

together with the inductor L. The switched capacitor will change the steady-state resonant

frequency to f, =1/ ZEM where the new input reactance is zero and hence, the
source will be mismatched with respect to the input impedance of the new circuit topology. If the
mismatch factor is high enough, the source will be totally isolated from the resonator. However,
the stored energy in the capacitor and inductor before the switching instant will be discharged to
the load at a different frequency which is determined by the switched capacitor as illustrated in

Figure 3.2(c) which shows the equivalent topology of the circuit after the switching moment.

The voltage across the load according to the equivalent topology in Figure 3.2(c) can be

expressed as

ve(t) = e_“t'[Vl sin(wgt') + V, cos(wgyt')], (3.18)
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where t' =t —t;. The a and w, are damping factor and damped resonant frequency,

respectively, given by

22 — o, [1—— (3.19)
a 20, Wy = W, 207 .
R
WYY
t=t,
NS = ; L é R,
—_ C,
(@)
Rg Rs
Yy A

& Lo

2

(b)

GRS

(c)

Figure 3.2: (a) Topology of the switched RLC circuit fed by a matched source (R;=Rs) at
frequency f; and its equivalent topologies: (b) before and (c) after the switching moment.

For a high-Q resonator (Q,>>1), damped resonant frequency can be approximated by steady-

state resonant frequency w, = 1/VL(C; + C,)

The voltages V; and V; are determined by initial conditions

n=-
17 w4

Wy = Wy -

I
aV, +—0> ;

C

50

V,

(3.20)

=V, (3.21)



where C is total capacitance, C;+C>, and Q> is the loaded quality for 7> ¢. Initial voltage of the
capacitor, V), and initial current of the inductor, /j, can be calculated using continuity of electric

charge and magnetic flux as shown in (3.10) and (3.14) to give

C
Vo = va(t) =z v(t5), (322)
I = L.(t) = L.(t5). (3.23)

According to (3.22), a voltage discontinuity occurs across the capacitors to compensate the
abrupt variation of the capacitance. The voltage discontinuity in turn, imposes an energy loss in
the capacitors. Therefore, by switching a capacitor at =, part of the electric stored energy in the
capacitor dissipates in the source impedance. Since the inductor current is continuous according
to (3.14), stored magnetic energy is not interrupted at the switching time and therefore, the

amount of energy reduction can be expressed as the variation of stored electric energy

1 1
AW = AW, = I/Ve|t=ts+ —Welt=e; = EQ'VR(ts_)'Z - 5(61 + C)vr(tHI?
(3.24)

1
_ _ -\ 12
=3 Glvr(E)] (1+Cl/Cz)'

Equation (3.24) suggests that if vz(t;) = 0, entire stored energy will be preserved. Therefore,
one may set the switching time such that the voltage across the capacitor is zero and the current
of the inductor is at maximum at the switching moment. Assuming ¢, is synchronous with zero-

crossing of the incident signal, initial values for voltage and current can be found as

(3.25)
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Initial conditions in (3.25) together with (3.21) and (3.18) yield the voltage at the load,

, V P , V (1)22 _&t’ . ,
ve(th) = me * sin(wgt') = ?Swlwd e 2@ sin(wg4t') - (3.26)

By substituting (3.20) into (3.26), (3.26) can be simplified to give
ve(t) = —e 2Q2 [— sin(w,t’ )] (3.27)

Equation (3.27) depicts that for zero-crossing switching boundary, the first peak after switching
occurs at t = t; + T, /4 and takes a value of z—i e_%VS /2 that can be approximated by :—i Ve/2
for a high-Q resonator. Since the amplitude of the steady-state voltage before the switching is
equal to %, the ratio of two consequent peaks before and after the switching instant is equal to the
ratio of frequencies

Ypeariot) 2.

3.28
Vpeak(<ts) fl ( )

. P . . C
For a maximum initial value, first peak occurs at t," and its value is c +1C (f) If the
1 2 1

switching instant is matched with zero-crossing of the voltage, total dissipated energy for t > t

can be calculated as

1 (@ 1 /wy)\2 20,°
E;co=— ] vp2(t dt'=—<—) CI— R
diss Rf() R ( ) R W, s w2(1+4Q22)

(52) e
w,) ° 2w,

(3.29)

~

1
R
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2
Replacing 2—22 and (z—j) with R(C; + C,) and %, respectively, the total dissipated energy

yields

1
Egiss = EC1VS2 ’ (3.30)

Equation (3.30) indicates that the total dissipated energy in the load after the switching instant is
equal to the stored energy before the switching. Thus, if switching occurs when instantaneous
voltage across the capacitor is zero, entire stored energy will be dissipated in the resistive load
and there will be no energy loss due to the switching. The switching loss for the case that voltage

1S at maximum can be evaluated as

1 (o]
switching loss = Ejo [vR*(t)lvy=0 = VRZ () lyy=vp, Jdt’

(3.31)
YL 1CV2( G )—lcvz( 2 )
T2t 2SN+ ¢ 27\ + G

Figure 3.3 shows the simulation set-up and results using Agilent Advanced Design System
(ADS) software. Component values are chosen to have two resonant frequencies f;=500 MHz
and f,=300 MHz with 0;=119 and 0,=198 before and after the switching, respectively. A
single-pole single-throw voltage-controlled switch is used to switch the capacitor C,. A step
function signal u(z-t,) is employed to trigger the switch at #. The source is a sinusoidal at 500
MHz with an amplitude of 2 V. Figure 3.3(b) shows the load voltage at £,=400 ns and #,=400.5 ns
which correspond to the zero and maximum crossing of the voltage, respectively. As is depicted
in Figure 3.3(b), right after the switching instant the voltage waveform at the load shifts to the
new resonant frequency, 300 MHz. Also, the magnitude of first peaks for each case agrees with

predicted values in (3.10).

Figure 3.4 compares the leakage voltage at the source frequency with the second resonant
frequency by decomposing the total voltage in frequency domain and taking each component
back to the time domain. As predicted in (3.16), magnitude of the source frequency component

after the switching is about 5 mV. Note that O in (3.16) is unloaded because the source
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impedance is not included in calculations. Time constant for the second frequency is T = 202

w32
Therefore, a fall-time from 90% to 10% of the peak voltage can be calculated as 2.2t = 460 ns
which agrees with the simulation results. If the time constant is sufficiently large compared to the
duty cycle of the switching pulse, such that certain amount of energy is maintained during the
switch-ON state, we are able to switch between two frequencies according to a sequence of
binary bits that are triggering the switch signal and therefore, realize a simple FSK modulator.
This requires a high-Q resonator such that fall-time is long enough to support the lower limit of
required bit-rate. In Section 3.4, a binary FSK modulation using a double-leveled switched

capacitor will be discussed.
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Figure 3.3: ADS simulation set-up and results: (a) topology of simulated resonator with
component value C;=1.51 nF, C,=2.69 nF, L=67 pH and Rs =R;=50 Q, and (b) load voltage
around the switching instant.
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Figure 3.4: Decomposed load voltage after the switching for resonator in Figure 3: (a) 300 MHz
component and (b) 500 MHz component.

3.3 Switched-Inductor Resonator

A similar methodology can be applied to a switched-inductor in order to characterize the impact
of switching on the voltages and currents. In a switched-inductor circuit, switching boundary
conditions may be determined by the continuity of magnetic flux within the inductors. Figure 3.5
shows a series RLC circuit with a switched inductor. Either L; or L;+L, contribute to the
resonance at each switching state. In contrast with a parallel switched capacitor circuit, the
current is the switched parameter in a series arrangement. Therefore one may consider the

continuity of magnetic flux to find the initial values as follows:

o(t5) = (ts) (3.32)
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or

Liiy(ts) = (Ly + Lp)i  (t), (3.33)
thus
N ~
i () = mh(ts ). (3.34)

The drop of current magnitude at the switching instant imposes a switching loss which appears
as a power-drop at the load. Figure 3.6 shows the current when the inductor L, is switched in at
the maximum current instant. The component values are L;,=1.014 uH, L,=1.8 uH, C=0.1 pF, and
Rs=R;= 50 Q. These values result in Q factors equal to 63.7 and 106.1, corresponding to resonant
frequencies 500 MHz and 300 MHz, before and after the switching. According to (3.34), the
ratio of currents after and before the switching moment is about 0.36 which can be seen in Figure

3.6. The source voltage is a 500 MHz sinusoidal with magnitude 1.

Vst . . RL
Switch signal

Figure 3.5: Topology of a series switched-inductor circuit.
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Figure 3.6: Current waveform of the switched-inductor when switched at the maximum current.
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Analogous to the switched-capacitor circuit, switching loss can be avoided by synchronizing
the switching moments with the current zero-crossing. Figure 3.7 illustrates this case: at the
switching instant current waveform changes the frequency from 500 MHz to 300 MHz (Figure

3.7(b)). The transient current at 300 MHz decays with a damping factor equal to 26072 (Figure
2

3.7(c)) and once its magnitude is small enough, the leaked current from the source at 500 MHz

becomes noticeable (Figure 3.7(d)). Eventually, when the transient 300 MHz component

completely dies, the only current component is the source leakage at 500 MHz which is a result
of impedance mismatch (Figure 3.7(e)).
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Figure 3.7: Current waveform of the switched-inductor when switched at current zero-crossing:
(a) entire waveform, (b) around the switching instant, (c¢) transient current at 300 MHz, (d)
combination of two frequency components, and (e) leaked current from the source due to
impedance mismatch.
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3.4 A Binary Frequency-Shift Keying Modulator

In Section 3.2, a switched-capacitor resonator with a step function as the switch signal was
analyzed. Decay rate for the source-free frequency component depends on Q factor of the
resonator. For a high-Q resonator, we can switch between the source and secondary frequency by
using a pulse train as the switch signal and implement a frequency modulation. As discussed
previously, in order to preserve the stored energy, switching must be synchronous with zero-
crossings of both frequency components. Therefore, both resonant frequencies should be an
integer multiplication of the switching frequency. Assuming that duty cycle of the modulating
pulse is %50, each pulse represents a pair of 0 and 1 with bit duration of 7;, where 27} is the
pulse period. In order to generate orthogonal FSK signals, separation between frequencies should
be an integer multiplication of switching frequency f; = 1/ T [118]. For the resonator in Figure
3.3, examples of switching frequencies that meet all the mentioned considerations are 10, 20, 50
and 100 MHz. Figure 3.8 shows the FSK signals for different switching frequencies. Since each
switching pulse represents a pair of 0 and 1, bit-rate is twice of switching frequency. In fact, by
using a fast switching mechanism, a simple narrowband RLC resonator excited by a single-tone
source can be employed to generate a high data-rate FSK signal. 1* frequency is the same as the
source frequency and 2™ frequency can be tuned by the switched capacitor. Moreover, by using
a variable capacitor such as a varactor diode, one can easily tune the 2™ frequency. Figure 3.9
shows a measurement set-up for validating the proposed technique. A PIN diode (Avago Tech,
HSMP-482B) with 9 ns nominal reverse recovery time is used to create a shunt RF switch. The
resonator is made of surface mount components with values 2 nF, 3 nF, 1 nH and 50 Q for C,,
C,, L and R;, respectively. Measured resonant frequencies are about f;=115 and />=70 MHz. the
resonator is fed by a 70 MHz sinusoidal source and input power is 8 dBm. Figure 3.10 shows the
time-domain measurement results where switching frequency is 2.8 MHz. Although PIN diode
switch has a low reverse recovery time, but the fall-time and rise-time of the pulse generator
limits the switching speed. Low Q factor of the circuit components is also another non-ideal
aspect that affects the measurement. However, it can be seen in Figure 3.10 that the oscillation
frequency shifts from source frequency 70 MHz to 115 MHz and decays exponentially. A faster
switching configuration with high-Q circuit components can be used to increase the bit rate of

the FSK signal with slight variations in the magnitude.
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Figure 3.8: FSK signals generated by different switching frequencies: (a) fsies=10 MHz, (b)
Sswiten =20 MHz, (¢) fswiren=50 MHz, (d) fswirer=100 MHz.
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Figure 3.9: Measurement set-up: switching pulse is generated by a Tektronix AFG3252 signal
generator and a VNA (R&S ZVA50) is used as RF source. Time-domain signals are measured by
a Tektronix MS0O4102 oscilloscope.
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Figure 3.10: Measured voltage at the load.
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3.5 Chapter Summary

A transient analysis for high-Q resonators with switched capacitor/inductor was presented in this
chapter. Electric charge and magnetic flux continuity were used to find the switching boundary
conditions and it was shown that part of the stored energy is momentarily reduced to satisfy the
continuity requirements. If switching occurs at the moment that the capacitor is at rest and entire
energy is in the form of magnetic energy stored in the inductor in a switched-capacitor circuit (or
vice versa for a switched-inductor circuit), the total energy can be preserved. After the switching
instant, the energy is shifted to a new frequency due to the topology change in the resonator and
is dissipated in the resistive load at the new frequency. This phenomenon was employed to
realize an FSK modulation by means of a switched capacitor. It was shown that a bit-rate equal
to twice of the switching frequency can be achieved provided that the decaying factor of the

transient response is sufficiently small. Experimental results were also presented for validation.
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Chapter 4

Switched Antennas I:
Theory&Simulations

The rate of wireless data transmission is limited by the antenna bandwidth. In this chapter, an
efficient technique to realize a high-rate direct binary FSK modulation by using the transient
properties of high-Q antennas is presented. It is shown that if the natural resonance of a
narrowband resonant-type antenna is switched at a high rate, the radiating signal follows the
variation of resonant frequency and provides a high-rate data-transmission regardless of the
narrowband characteristics of the antenna. The bit-rate in this method is dictated by the
switching speed rather than the impedance bandwidth. Since the proposed technique employs the
antenna in a time-varying arrangement, carrier frequencies are not required to be simultaneously
within the antenna bandwidth. When demanded, the antenna is tuned to the required carrier
frequency according to a sequence of digital data. Moreover, if the switching frequency is
properly chosen such that the amount of stored energy in the near-zone is not dramatically
disturbed, any variation in the antenna resonance will instantaneously appear in the far-field
radiation due to the previously accumulated energy in the near field. Therefore, depending on the
Q factor and switching speed, radiation bandwidth of the antenna can be improved independently
from the impedance bandwidth. Furthermore, we show that a single RF source is sufficient to

excite both carrier frequencies and the need for a VCO is obviated.
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4.1 Introduction

Wireless communication techniques have been widely developed during the past decades due to
their extensive applications. One desirable characteristic of most wireless systems is a wide
bandwidth. Although there have been lots of studies on different techniques to broaden the
bandwidth of small antennas, the antenna bandwidth strictly follows the fundamental physical
limit. It is well-understood that in linear time-invariant (LTI) structures, antenna bandwidth is in
contradiction with the size and hence, small-size antennas suffer from narrow bandwidth [76,
119, 120]. This problem becomes significant when a high-rate data-transmission is required
along with a very small-size antenna. Therefore, designing ultra-wideband (UWB) antennas
which are capable of transmitting high data-rate information while occupying a small volume, is
one of the challenges that has drawn a great deal of attention [65, 121-131]. For instance,
biomedical implants are among the most critical devices that are required to be shrunk in the size
while transmitting high data-rate information. Particularly, devices that interact with the nervous
systems such as cochlear and visual prostheses need to transmit a large amount of data in order
to provide high-resolution sensing for the user [132-134]. Even though a high data-rate can be
achieved in broadband systems by increasing the carrier frequency, in low-frequency
applications such as biomedical implantable devices, wideband data-transmission remains an

open challenge.

The technique proposed in this chapter employs an antenna in a time-varying fashion such
that the data-rate is not correlated to the traditional definition of the impedance bandwidth. We
show that for a high-Q antenna, if the fundamental natural resonance is shifted over the time,
electromagnetic fields that construct the stored energy in the near-zone simultaneously shift to a
new resonant frequency. Since the radiative power is tightly coupled to the stored energy of the
antenna, far-field radiation responds to any abrupt variation of the antenna resonant frequency
provided that the total stored energy doesn’t decay significantly. Therefore, if the resonant
frequency of the antenna is switched at a high rate, a fast frequency-shift keying (FSK)
modulation can be realized directly from the antenna. We also show that a high-Q antenna can be
used in the transient mode by imposing initial conditions on the current distribution and

therefore, a single RF source is sufficient to excite both resonant frequencies when operating in

64



the transient mode. Hence, an FSK signal can be generated and transmitted by exciting the

antenna by only a single-tone source without needing to use a VCO.

To demonstrate this idea, we utilize a high-Q miniaturized antenna loaded by switched
capacitors as tuning elements. Similar to a switched resonator, the frequency can be modulated
by the switching signal which is coded by a sequence of digital data and an FSK modulation can
be generated directly by the antenna. The maximum realized bit-rate is therefore a function of

switching rate rather than impedance bandwidth of the antenna.

In Section 4.2, we follow the analogy between a resonant-type antenna and its equivalent
circuit model in the time-domain which was introduced in Chapter 2. In Section 4.3 a direct
modulation technique using a digitally driven switched antenna is presented. A new class of loop
antenna suitable for the proposed direct modulation technique is introduced in Section 4.4.
Section 4.5 studies the reflection due to the switching. The impact of non-ideal (lossy)
components is investigated in Section 4.6. A straightforward approach is presented in Section
4.7 to achieve switched antenna. Full-wave simulations in this chapter are carried out by CST

Microwave Studio while Agilent ADS is used to perform the transient circuit simulations.

4.2 Circuit Model for Small Antennas

Modeling the antennas by lumped-element equivalent circuit has been extensively studied.
Wheeler [135] introduced the concept of RLC circuit equivalence in a parallel or series
arrangement for TMy; and TEy; modes, respectively. Schaubert [136] applied Prony’s method to
Time-Domain Reflectometer (TDR) data to synthesize a rational function with real coefficients
that describes the input impedance of the antenna as the summation of poles. Schelkunoff [137]
introduced a general representation of impedance functions based on an arbitrary number of
resonant frequencies and developed a wideband equivalent circuit. Kim and Ling [138] used a
rational-function approximation in conjunction with Cauchy method [139] to find the
coefficients by using the frequency-domain data. Also, the Singularity Expansion Method (SEM)
[140] and Method of Moments (MoM) [141] have been used to derive equivalent circuit for
antennas. Many different approaches to find broadband equivalent circuit for antennas have been

proposed as well [142-147].
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Nevertheless, high-Q small antennas excite only one spherical mode and input impedance
can be matched only at the fundamental resonant frequency. A self-resonant small antenna can
be represented by an RLC circuit. As demonstrated in Chapter 2, although an equivalent circuit
is found by mimicking the input impedance of the antenna by that of an RLC circuit, transient
properties of the radiated fields such as damping factor (or time constant) are also similar to
those of the circuit model. Since the radiation resistance of the antenna is lumped into a resistor,
one can compare the radiated fields of an antenna excited at the n™ resonant mode with the load
voltage of an equivalent RLC circuit that is tuned to the resonant frequency of the antenna and
resembles the antenna input impedance. Figure 4.1 shows an antenna that operates in a single
resonant mode (nth mode) and its equivalent circuit with the same input impedance. Current

distribution on the antenna surface for the tuned mode can be expressed as

Jo (")
(s —s)(s—sp)

Ja(r',s) = (4.1)

where s, and s;; are the unloaded conjugate poles associated with the n™ resonance of the

antenna and J,,(r") is the spatial current distribution of the n™ resonance.

(b)

Figure 4.1: (a) A single-mode excited antenna and (b) equivalent circuit model.
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Assuming that the current distribution for the n™ mode is known, electric far field can be

expressed as

U , _r-fr,
En(r,s)=ﬁ S. ), (r',s)e” ¢ °dS
S,
4.2)
U s

= 4mr (s —sp)(s—s5) Jgr

_r—frs
J.(r)e < °ds’.

Equation (4.2) implies that the electric field in the far zone has the same poles as the surface
current as it is also shown in details in the theory of singularity expansion method [92]. These
poles can be found by using the equivalent RLC circuit as depicted in Figure 4.1(b). Input

current and the input impedance of the RLC circuit is

V.
Iy = —— 4.3)
Rs+ Z;y
s/C
Zin = / : 4.4)
(s —s)(s—sn)
where
wOn . 1
S, =———+jw 1-— . 4.5
n ZQn ] on 4Qn2 ( )

The wo, and O, are the resonant frequency and unloaded Q factor of the circuit and are defined

as

Won = 5 Qn = RpChwon (4.6)

1
L sy,
R,C™ " 4.7)

(S - Snloaded)(s - S;;loaded)
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where loaded poles are

w 1

. _ _ (4.8)
Nloaded Zinoaded 4Q7’2110aded

The Qnyygeq 1 l0aded quality factor and is equal to Q404 = (Rn | Rs)Crwoy. Equation

(4.8) gives the electric far-field poles of any arbitrary small antenna that operates in single mode

at resonant frequency, wgy, with corresponding Q factor, @y, ,4.4- The equivalent circuit model

can be constructed based on simulated or measured input impedance. Since the poles of the
modal currents are preserved in the far zone, the equivalent circuit can be employed to evaluate
the transient characteristics of the antenna in the far field. Even though the circuit model doesn’t
account for the time delay, free-space loss or directional aspects of the radiation such as
polarization and directivity, however these parameters don’t contribute to the radiation poles and
affect only the residue of each pole, i.e. magnitude of the electric fields. Moreover, electric near-
field can be also represented by the same poles. Generally, if the current distribution is expanded
by the antenna natural poles, any time-derivation or integration of Maxwell’s equations will not
impact the location of the poles. In other words, damping factor of the fields for each resonant

mode is identical at any measurement point.

Equation (4.8) suggests that the damping factor for the electric fields of the n™ resonance is

equal to

Won

an (4.9)

2inoaded

In small antennas with O>>1, O can be well approximated by the inverse of 3-dB impedance

bandwidth as [5]

Q _ 1 _ fOn
Nioaded BW3dB Af?’lgdB’

(4.10)
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where Afy,. .. = fu_3ap — fi-3ap- Equation (4.9) implies that damping factor is inversely
proportional to the loaded Q of the antenna. Since at higher order resonances electrical size of
the antenna i.e. ka is larger, Q factor will be smaller [20]. Therefore, the lowest damping factor is

associated with the fundamental mode. By combining Equations (4.9) and (4.10) one finds

Wy =M, (4.11)

Equation (4.11) shows that the damping factor of the n"™ resonant field can be found by knowing
the absolute 3-dB bandwidth of the antenna. It should be emphasized that Equation (4.11) is
based on the equivalent circuit model and is valid only if the antenna is narrowband such that

Equation (4.10) holds, which is the case in a typical small-size antenna.

In order to validate Equation (4.11) we shall study the time-domain electric fields of two
typical resonant-type antennas: dipole and Planar Inverted-F Antenna (PIFA). In Chapter 2 an
extended explanation was presented about the similarity between PIFAs damping factor and their
equivalent circuit model. Here we add two more demonstration using a PIFA and a dipole at a
different resonant frequency. Figure 4.2 shows the antenna structures. The dipole is a half-
wavelength center-fed with a diameter of 0.2 mm and the dimensions of the PIFA are
LxWxh=13cmx7cmx5cm on a 0.3Ax0.6A ground plane. Both antennas are designed to resonate
at 300 MHz. To excite the antennas, a power source matched to 50 Q with a Gaussian pulse
voltage is used in the simulations. As shown in Figure 4.3(a), the full-width at half-maximum
(FWHM) of the input pulse is chosen to be Tz = 1.35 ns to ensure that high order modes are
not excited and only the fundamental resonance contributes to the radiation. Figure 4.3(b) shows
the return loss for each antenna. According to Equation (4.10), Q factors of the dipole and PIFA
can be found about 3.9 and 22, respectively. Based on the circuit model, i.e. Equation (4.9) or
(4.11), damping factor of the radiated fields for the dipole and PIFA is agipoe = 0.23 /ns and

(XPIFA == 004 /nS.

69



o

Figure 4.2: Simulated antenna structures: (a) PIFA and (b) half-wavelength center-fed dipole
antenna.
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Figure 4.3: (a) Input Gaussian pulse used to excite the PIFA and dipole, and (b) Simulated return
loss for the PIFA and dipole.

Figure 4.4 shows the time-domain z-component of the electric fields in the azimuth plane of
each antenna which is measured at a distance of 2 meters from the antennas. For comparison, the
decaying exponential function, Ege~*(~ta)_is shown as well. E, is the magnitude of the field at
the first peak and 7, accounts for the travelling time delay and is set to the first peak time. As
illustrated in Figure 4.4, damping factor of the electric fields agrees with that of predicted by
Equation (4.11). Moreover, Equation (4.8) indicates that the damped resonant frequency of the
circuit model (transient oscillations) is approximately equal to the steady-state resonant

frequency if Q>>1.
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Figure 4.4: Time-domain z-component of the electric fields in the azimuth plane measured at 2 m
from the antennas: (a) dipole and (b) PIFA.

4.3 Direct FSK Modulation Using a Narrowband Switched-Antenna

As discussed in Section 4.2, a single-mode small antenna can be modeled by an RLC resonator
that mimics the antenna in both time and frequency domain. As a result, the switched-capacitor
technique presented in Chapter 3 can be applied to a small antenna in order to realize a high bit-
rate direct FSK modulation. The purpose of employing the switched-capacitor technique to
create a direct antenna modulation is to decouple the data-rate from the antenna bandwidth
similar to the resonator case [148]. Figure 4.5 shows the block diagram of the direct BFSK
modulation. Two capacitors, C; and C, are used to tune the antenna at f; and f>, respectively. The
antenna is fed at f; and a single pole-double throw (SPDT) switch controlled by the data

sequence is used to switch between the resonant frequencies.

Radiation

(f & f)

\4

High-Q antenna

Data
Sequence e & ¢lSPDTSwitch

G G

|H

Figure 4.5: Block diagram of the proposed direct BFSK modulation.
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Starting at t=0, C; loads the antenna and reactive energy begins to build up at frequency f;. A
portion of the energy is stored in C; and the rest is stored in the near zone of the antenna. At the
moment of zero-crossing of the capacitor voltage, the switch changes its state to connect C, and
shifts the fundamental natural resonance of the antenna to f>. Hence, the antenna will operate in
the transient mode and radiating fields shift to f5. Since the capacitor C; doesn’t face a voltage
discontinuity, the stored electric energy is not disturbed and if the capacitor is high-Q, the entire
stored energy is preserved until the next cycle of charging. Depending on time constant of the
fundamental resonance, after several cycles stored energy in the near-field and capacitors builds
up to its maximum. During the transient operation of the antenna, the stored energy within the
near-field decays slightly and provides the radiative power. The amount of energy decay depends
on the Q factor of the antenna. Therefore, if the antenna has a high Q, total amount of near-field
stored energy will not change dramatically and the bandwidth of the antenna will be decoupled
from the stored energy, i.e. any abrupt variation in the surface current distribution will appear in
the far-field momentarily (transmission delay is ignored). By using a pulse train as the switch
control signal where a pair of “0” and “1” can be represented by each pulse cycle, f; associated

with C; represents a “1” and C; associated with f> represents a “0”.

4.4 Switched Electrically-Coupled Loop Antenna (ECLA)

In contrast with the resonator, an antenna may excite higher-order modes. Even though the
higher-order modes have larger damping factors, part of the input power may couple to these
modes and high-order resonances appear in the radiating fields. A small antenna typically excites
the fundamental mode; however, for switching application an antenna structure with only one
excited natural resonance is required. Recently, an electrically-coupled loop antenna (ECLA) has
been introduced as a dual for planar inverted-F antenna (PIFA) [149]. Since ECLA uses an
electrically coupled feeding mechanism, further impedance matching is not required and the
antenna can be highly miniaturized. As a result, the antenna operates with a single resonance and
a high Q factor. In addition, ECLA shows a good radiation efficiency compared to its
counterpart, PIFA. These considerations make the ECLA a suitable choice for the proposed

modulation technique.
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Figure 4.6 shows the structure of ECLA. The antenna is fed via a capacitive plane (W)

which is used to match the input impedance. The loop (L xXH xW) resonates along with a tunable

capacitive gap (4.) that tunes the resonant frequency and miniaturizes the antenna.

(a)
Figure 4.6: Structure of the electrically-coupled loop antenna (ECLA): (a) perspective view and
(b) side view.

L
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Ease of fabrication and measurement is another advantage of ECLA. Since the impedance

matching is carried out by a moving capacitive plate, an excellent matching can be achieved as a

post-fabrication procedure. Figure 4.7 shows different prototypes of ECLA with measured return

loss. Physical dimensions of different designs are listed in Table 4.1. The electrical size of the

antennas (diameter of the enclosing sphere) is :—5,% and % for ECLA 1, ECLA 2 and ECLA 3,

respectively. Simulated gain pattern of three prototypes are shown in Figure 4.8. One can see that

the doughnut-shape radiation pattern is similar to a magnetic dipole as a dual of loop antenna.

The simulated gain for three designs are about -0.8 dB, -0.6 dB and -15 dB for ECLA 1, ECLA 2
and ECLA 3, respectively.

Table 4.1: Physical dimensions of different ECLA designs

Wr W hf hc f
L (mm) | H(mm) | W (mm)
(mm) (mm) (mm) (mm) (MHz)
ECLA1 18 11 16 8 10 1 1.5 634
ECLA2 47 42 15 6 8 0.2 1.5 263
ECLA3 100 105 16 12 80 4 0.2 40
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Figure 4.7: Different prototypes of ECLA and their measured return loss: (a) ECLA 1, (b) ECLA
2, and (c) ECLA 3.
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Figure 4.8: Simulated gain pattern of three ECLA designs: (a) ECLA 1, (b) ECLA 2, and (¢)
ECLA 3.
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Figure 4.9: Simulated return loss of an ECLA with L=H=20 mm, W=15 mm, wy = 3.2 mm, A,
=0.5 mm, w.= 10 mm and /4, =2.5 mm.

In order to change the resonant frequency, the tuning port is located at the edge of the
capacitive gap. Therefore, a switched capacitor can be placed in parallel with the capacitive gap
and contribute to the antenna resonance. Figure 4.9 shows the simulated return loss of an ECLA
with L=H=20 mm, W=15 mm, w; = 3.2 mm, 4. =0.5 mm, w, = 10 mm and A, =2.5 mm. The
unloaded antenna resonates at fy =630 MHz with 1.65 MHz 3-dB bandwidth (Qy = 382). The
electrical dimension of the unloaded antenna is 0.04Ax0.04Ax0.03A. By loading the antenna with
two capacitors C; = 1.93 pF and C, = 4.74 pF, the resonant frequency can be tuned at f; =500
MHz and f> =400 MHz with 3-dB bandwidth of B;=1.6 MHz and B,=0.8 MHz (Q; = 312.5 and
0, = 500). Figure 4.10 shows the simulation set-up for the switched antenna. A small dipole is
placed 1 meter away from the antenna in the E-plane to measure the electric field. The measuring
dipole is aligned with the co-pol direction and terminated by a 100 KQ resistor. As discussed in
Chapter 3, in order to preserve the stored energy in the capacitors, switching moment must be
synchronous with the zero-crossing of the capacitors voltage. This requires the resonant
frequencies to be integer multiples of the switching frequency. It should be pointed out that due
to the transmission-line delay, voltage zero-crossings may not be in-phase with the source. This
can be compensated by delaying the switch signal such that the switching moment coincides with
the voltage zero-crossing of the capacitors. Figure 4.11 shows the voltage of the capacitors in
conjunction with the switching signal at 50 MHz. Since the distance between the feeding and
tuning ports is small, transmission-line delay would not be remarkable with this antenna

configuration.
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The switching signal is a two-level voltage waveform. “0” indicates the OFF state of the
switch which is associated with the capacitor C; and frequency f;, while “1” indicates the ON
state of the switch which puts the capacitor C, in charge of the transient radiation at frequency f;.
Figure 4.12 shows the received signal by the measuring dipole for four different switching
frequencies: 10, 25, 50 and 100 MHz. Since each pulse represents two bits, the bit-rate is twice
the switching frequency. It can be seen that regardless of the extremely narrow bandwidth of the
antenna, bit-rate can be as high as required. This achievement is mainly due to two factors.
Firstly, the time-varying property of the antenna obviates the need for covering the carrier
frequency deviation, Af'= f> - f;. In other words, the antenna is instantaneously tuned to f; and />
when logic “0” and “1” are to be transmitted, respectively. Secondly, since the loading capacitors
change the natural resonances of the antenna, near- field reactive energy switches between
different frequencies. After several switching cycles the stored energy reaches a maximum and
afterwards, the fields shift between two resonant frequencies due to the variation of the antenna
resonant frequency. The nature of this frequency shifting arises from the variation of antenna
poles and is not linked to the input terminal of the antenna where impedance bandwidth is
defined. Therefore, if the antenna is sufficiently high-Q and the switching moment is properly
chosen such that during the transient mode the stored energy doesn’t discharge dramatically and
remains close to its maximum, the conventional impedance bandwidth will not be coupled to the
radiation bandwidth and the antenna is able to respond to any fast frequency shifting caused by

switching the natural resonances of the antenna.

Source (500 MHz) /
+
Input port
-t L2y
Tuning port \ _

i

C,=1.93 pF

SPDT Switch
]

Vo C,=4.74 pF

Figure 4.10: Simulation set-up for the switched antenna.
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Figure 4.11:
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4.5 Reflection at the Input Port

In order to study the effect of switching at the input port of the antenna, we would observe the

time-domain reflected signals. To carry out this study, a directional coupler can be used to

simulate the reflection and decompose the reflected waveform into its constituting frequency

components. Figure 4.13(a) shows a three-section directional coupler on an FR4 substrate with 1

mm thickness which is simulated in Agilent ADS. Figure 4.13(b) shows the scattering

parameters of the directional coupler. The coupling factor at 400 MHz and 500 MHz is between -
17.5 dB ~ -15.7 dB while the isolation is -73 dB ~ -70 dB. By terminating the coupling and

isolation ports by match loads and feeding the antenna by through port, as depicted in Figure

4.14, we can measure the reflected voltage waveform from the antenna.
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Figure 4.12: Simulated received voltages by the measuring dipole at the switching frequencies:
(a) 10 MHz, (b) 25 MHz, (c) 50 MHz and (c¢) 100 MHz. Antenna is fed by a sinusoidal at 500
MHz and magnitude 100 mV.

Starting from t=0, the antenna is tuned to 500 MHz and fed by a 500 MHz source with 0
dBm power. At t=1 us, antenna is switched to the capacitor associated with resonant frequency
400 MHz. Figure 4.15 shows the entire simulated voltage from t=0 to t=2 us at the isolation port
which represents the reflected signal. Since the reflection after the switching is of interest, the
voltage waveform from t=1 us to t=2 us is extracted from the total response. Figure 4.16 shows
the frequency-domain of the reflection calculated within the time window t=1 us to t=2 us. A
narrowband component at 500 MHz and a wider band component at 400 MHz can be seen in the
frequency response. This indicates that the duration of source frequency component (500 MHz)

is longer than that of the 400 MHz component. In other words, the 500 MHz component which is
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due to the impedance mismatch is present in the reflected waveform without decaying while the
400 MHz component which is tied to the new pole of the antenna exponentially decays. The
time-domain reflected waveform after the switching instant is decomposed into two frequency
components as illustrated in Figure 4.17. As explained, the reflection is composed of a constant
magnitude waveform at the source frequency and an exponentially decaying waveform at the
new resonant frequency. The damping factor of the decaying signal is dictated by the new QO

factor of the antenna after the switching instant.

4.6 Effect of non-Ideal Components on the Radiation

Since switched-antennas are required to have a relatively high Q factor, it is important to know
how loss can affect the radiated power. The main loss mechanism as will be discussed later is the
insertion loss of the RF switches. In addition, the switched capacitors have limited Q factors as
well and always impose some loss on the total performance of the antenna. To study the effect of
switching insertion loss, small resistors (r;) are added to the switch model in series as depicted in
Figure 4.18. Equivalent series resistance of the capacitors is represented by 7, and therefore, the
overall equivalent resistance can be modeled by R= r;+r,. Figure 4.19 compares the time and
frequency domain waveforms of the received voltage at the open-circuited input port of the

measuring dipole for different R values at the switching frequency 25 MHz.
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Figure 4.13: A three-section directional coupler for simulating the reflection at the input port of
the antenna: (a) ADS model, and (b) Scattering parameters.
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Figure 4.14: Simulation set-up for calculation of reflected voltage waveform.
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Figure 4.15: Simulated voltage waveform from t=0 to t=2 us at the isolation port. Switching

occurs at t=1 us.
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Figure 4.17: Decomposition of time-domain reflection after the switching instant: (a) 500 MHz
component and (b) 400 MHz component.

The amount of voltage reduction due to the series resistor at each resonant frequency is
summarized in Table 4.2. It is obvious that loss has a substantial impact on the received voltage.

This problem becomes a challenging showstopper as will be discussed in the experimental
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Figure 4.18: Simulation set-up for to study the loss e?fect.
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Figure 4.19: Time and frequency domain waveforms of the received voltage at the open-circuited
input port of the measuring dipole for different R values at the switching frequency 25 MHz: (a)

R=0 Q, lossless case, (b) R=1 Q, (c) R=2 Q, and (d) R=3 Q.

Table 4.2: Amount of voltage reduction due to the series resistor.

R (Q) 0 1 2 3
Voltage level at
-20.8 -28.0 -31.9 -34.7
400 MHz (dB)
Voltage level at
-21.5 -28.7 -32.6 -35.1
500 MHz (dB)

4.7 Switched-Antenna with Tunable Resonant Frequency

One desirable characteristics of any transmitting system is the capability of tuning the carrier

frequency on demand. Since the analysis of the proposed switched antenna is totally independent

of the switched capacitor values, resonant frequency of the antenna can be tuned by using

variable capacitors. However, it is important to arrange a mechanism for the switching frequency

such that it can be automatically discretized and locked to the resonant frequencies such that the

switching frequency always remains a common divisor of both resonant frequencies.

A straightforward technique to achieve a tunable resonance is using varactor diodes which

are voltage-controlled capacitors. Technically, a proper choice of varactor diode for this purpose

is the one that has minimum loss and enough tunability range regarding the available variation of
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DC bias voltage. Figure 4.20 shows an example of tuning circuitry for tunable switched antenna.
Two varactors independently control the resonant frequencies of the antenna through a variable
biasing DC voltage. A low pass filter composed of Lz and Cj; is used to prevent the RF leakage
from the antenna to the DC source and capacitors Cpc provide the DC isolation for the antenna.
The antenna is excited by a 500 MHz sinusoidal with magnitude 200 mV. The SPICE model of
the varactors is extracted from SMV1247 varactor diode by Skyworks. The capacitance values
versus reverse bias voltage based on factory data sheet is shown in Figure 4.21. Figure 4.22
shows the simulated time and frequency domain of the received voltage waveform for
transmitting varactor-loaded switched ECLA using Agilent ADS. In the simulation, the first
capacitance (C)) is kept constant around 1.93 pF by applying a 1.19 V DC voltage to diode D, so
that the 500 MHz resonant frequency does not change. The other switched capacitance varies by
changing the DC voltage at diode D,. The DC values used to tune the second resonant frequency
are 0.35 'V, 2.4 V and 10 V to make capacitance values approximately equal to 9 pF, 1.2 pF and
0.6 pF. Resonant frequencies associated with this arrangement are 350 MHz, 550 MHz and 600
MHz, respectively. The switching frequency for all cases is 25 MHz. As expected, the carrier

frequencies of the FSK signal can be easily tuned to the required frequency.
|| . YN

I
CDC
SPDT Switch / D, — r§<—
"J_b

ll—Vcc

\‘\._>
CB—: r§ ¢
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Figure 4.20: Tuning circuitry for tunable switched antenna.
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Figure 4.22: Simulation results for tunable switched antenna. The reverse bias voltage for D; is
constant at 1.19 V and for D, is: (a) 0.35 V, (b) 2.4 V and (c) 10 V.

4.8 Chapter Summary

A new technique to realize a wideband data-transmission by using a narrowband antenna was
presented. The proposed technique uses the transient property of a high-Q antenna to implement
a binary FSK modulation with a high data-rate. It was shown that if the Q factor is sufficiently
high such that the transient damping factor is small, the antenna can be switched between two
resonant frequency and maintain a continuous radiation with minor power decay. The effect of
lossy switching was also investigated and the capability of tuning the carrier frequencies by

using variable switched capacitors was also explored.
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Chapter 5

Switched Antennas II: Experiments

In Chapter 4 the theory of switched antennas was developed and simulation results were
presented. It was shown that a high-Q small-size antenna can be employed in a time-varying
fashion to realize a wideband transmission with high data-rate. One key point in the theory of
switched antennas is maintaining a high radiation Q. In contrast with the conventional designs
which in a low Q factor is desirable to increase the bandwidth, a switched antenna benefits from
a high value of Q factor for two main reasons: first, in the cases that carrier frequencies have a
small deviation it seems necessary for the antenna to have sufficiently high Q factor in order to
prevent mixing the two frequencies. In fact, a high-Q switched antenna is able to transmit two
independent frequencies when the modulating digital data change from 0 to 1 and vice versa.
Second, the damping factor of the fields decreases as Q increases. This phenomenon is used to
operate in the transient mode without a remarkable reduction in the radiated power. In the
simulations, the switching mechanism assumed to be ideal without any loading effect. However
in real life, there is no such an ideal switch. As a result, a low-loss switching mechanism should
be used to demonstrate the validity of the switched antenna technique proposed in previous
chapter. In this Chapter, challenges and solutions for such an experiment are discussed and the

measured results for both Tx and Rx modes are presented.
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5.1 RF Switch ICs

To validate the proposed technique, a switched electrically-coupled loop antenna (ECLA) is
prototyped and measured. The experiments are performed at a low frequency in order to
implement a high-Q radiation and achieve a good isolation between the two alternating
frequencies. In addition, realizing an ultra-fast and high-Q switching mechanism is a challenge
as most of the commercial RF switches suffer from a relatively high insertion loss and low
speed. Nevertheless, ultra-fast switching can be addressed by recently developed technologies
such as SiGe transistors [150]. It is also important to implement a very low-loss switching
mechanism in order to maintain a high-Q radiation. To configure the required switching

mechanism, three off-the-shelf RF switches have been used:

a) NJG1512V (JRC): GaAs single pole-double throw (SPDT) switch with nominal 8 ns
switching speed and 0.6 ~ 1 dB insertion losses.

b) AS211-334 (Skyworks): pHEMT single pole-double throw (SPDT) with nominal 20 ns
switching speed and 0.3 ~ 0.5 dB insertion loss.

c) ADGI18 (Analog Devices): CMOS single pole-double throw (SPDT) with nominal 10
ns switching speed and 0.4 ~ 0.7 dB insertion loss with on-board CMOS control logic.

Figure 5.1 shows the switched antenna prototypes using each of these switches along with
control logic circuitry and the pin configuration. All the switching circuits were used to make a
switched ECLA. However, all switches have failed to maintain the required Q factor due to their
insertion loss. Figure 5.2 displays the return loss of the ECLA design shown in Figure 5.1(c)
when ADG918 is used to switch the antenna. By turning the switch ON and OFF, the resonant
frequency switches between 192 and 237 MHz. A capacitance of 1.6 pF adds to the input RF
port when the switch is ON. Also, the input capacitance of control pin is equal to 2 pF. Although
the antenna won’t be impedance-matched after connecting the switch due to the input
capacitance of the switch, the switch dramatically loads the antenna and reduces the measured Q

factor from 22 to about 7.

Moreover, the switch loss increases with the switching frequency results in a very low O
when the antenna is switched at a high rate. In order to investigate the amount of loss caused by

the switching circuitry, the input impedance of ADG918 switch has been measured.
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Figure 5.1: Switched antenna prototypes and switching circuitry using different switches: (a)
NJG1512V (JRC), (b) AS211-334 (Skyworks), and (c) ADG918 (Analog Devices).
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Figure 5.2: Measured return loss of the ECLA design shown in Figure 4.7(b) when ADG918 is
used to switch the antenna.

Figure 5.3 shows the measurement set-up including a calibration arrangement on an FR4
board with and without the presence of switching circuit. The measured results shown in Figure
5.4 clarify why switch ICs would not be excellent choices to implement a high-Q switching
mechanism. The input impedance of the switch is summarized in Table 5.1 for ON and OFF
states as well as different switching frequencies measured at the RF frequency 265 MHz. At
higher switching frequencies, input resistance of the switch increases substantially and makes the

switch an unsuitable choice for realizing a high-Q radiation.

(a) (b)

Figure 5.3: Evaluating the switch loss: (a) calibration set-up and (b) measurement set-up.
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Table 5.1: Input impedance of ADG918 (SPDT switch) at 265 MHz

Input Resistance (Ohm) Input Capacitance (pF)
ON-State 37 1.7
OFF-State 13 3.8
f~=1 MHz 33 2.8
/=10 MHz 80 3.5
/=20 MHz 101 4.9
/=30 MHz 96 7.2

5.2 PIN Diode Switch

A PIN diode typically operates as a variable resistor at radio and microwave frequencies. In
contrast with varactor diodes which are voltage-controlled capacitors, a PIN diode is controlled
by the bias current. PIN diodes exhibit a small capacitor in reverse bias that blocks the RF signal.
In forward bias, a PIN diode shows a very small resistor allowing the RF signal to pass through
with a very low insertion loss. If the control current is switched ON and OFF, the PIN diode can
be used for switching purposes. Due to the high speed, low package parasitic elements and low
forward-bias resistance, PIN diodes are excellent choices to realize extremely low insertion-loss
RF switches [151]. Since realizing a single pole-single throw switch (SPST) requires fewer
components and hence, less loading effect on the antenna, we use a single switched capacitor in
our experiment to tune the antenna to a desired resonant frequency. The second frequency is
achieved by letting the antenna radiate at its own resonant frequency by opening the switch.
Figure 5.5 shows series and shunt PIN diode circuits as the two common SPST switch
configurations [152]. Since the shunt arrangement shows a better performance in terms of loss,
we would carry out the measurements by a shunt switch. In our experiment, we use a low-loss
PIN diode (Avago HSMP-482) in a shunt arrangement as depicted in Figure 5.6 which shows the
switching schematic for the switched ECLA. Figure 5.7 displays the prototyped switching
circuitry. The switching signal is separated from the antenna by a low pass filter (L;,r and Cy).
When the PIN diode is in reverse bias (switch-OFF), the tuning port is open-circuited and the
antenna is not loaded. Therefore the antenna resonates at its original resonant frequency, f;. In
the forward-bias state (switch-ON), the antenna is loaded by the capacitor C; through a 0.6 Q

resistance of the forward-biased PIN diode and resonates at the lower frequency, f>.
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5.3 Switched ECLA Prototype

The prototyped antenna is shown in Figure 5.8 with dimensions: L=100 mm, W=30 mm, w; = 25
mm, 4.=0.51 mm, w.= 30 mm and A, =2.5 mm. The bottom side of the antenna that includes the

switch circuitry is supported by a 20 mil Rogers RT/duroid 5880.

(b)

Figure 5.8: (a) Prototyped antenna with dimensions: L=100 mm, W=30 mm, wy = 25 mm, A,
=0.51 mm, w.= 30 mm and A, =2.5 mm, (b) switching circuitry attached to the antenna on a
RT/Duroid 5880 with thickness 20 mil.
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Figure 5.9: Measured and simulated return loss of the prototyped ECLA.

Although the capacitors and PIN diode are chip components, however due to the relatively

low-Q properties, particularly for the capacitors, measurement shows that the loaded Q is
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considerably affected. Figure 5.9 compares the measured return loss with the results of full-wave
simulation that uses an ideal capacitor. The measured resonant frequencies are f; =57.75 MHz
and f> =42 MHz where the tuning capacitor is C; =47 pF. Low pass filter with Cj,,=470 pF and
Ly =1 uH provides an insertion loss equal to 30 dB and 25 dB at frequencies f; and f>,
respectively. Measured Q factors at f; and f> are Q; =18.6 and O, =52.5 and the measured
leakage from f; to f> and vice versa is less than 0.04 dB. Since the Q factors are still much
greater than one and two resonant frequencies are well-isolated from each other, this
configuration can be used to validate the proposed technique. The maximum practical bit-rate in
our experiment depends on the switching speed which is determined by the PIN diode rise and
fall time. Figure 5.10(a) shows the measured response of the PIN diode to a rectangular pulse
function varying between 2 V. The ON and OFF time based on 0 to 0.65 V and vice versa is
measured about 65 ns. This limits the switching speed to about 15 MHz. Also, the PIN diode
exhibits an overshoot about 1.5 times the biasing voltage at the falling edge causing the OFF
time to be shortened. The switch signal measured as the anode voltage at frequency 2 MHz is
shown in Figure 5.10(b). Even though the duty cycle of the pulse is %50 the switch-ON duration
associated with the lower frequency, f>, is approximately twice the switch-OFF duration that

represents the higher frequency, f;.

5.4 Transmitting Mode

A small dipole is used to capture the radiated fields from ECLA as displayed in Figure 5.11.
Figure 5.12 shows the voltage waveform at the receiving dipole when the switched ECLA is in
transmitting mode. The RF source is an R&S ZVAS50 vector network analyzer in the CW mode
which excites the antenna at the frequency f; =42 MHz. A Tektronix AFG3252 signal generator
is used to provide a periodic pulse as the switching signal. Time-domain electric fields are
measured by a Tektronix MSO4102 oscilloscope with 1 MQ input impedance. The electric fields
shown in Figure 5.12 are measured at switching frequencies 2 MHz, 4 MHz, 8§ MHz and 12
MHz. It can be seen that even though the antenna bandwidth is measured about 3 MHz at the
upper band, an FSK modulation with a bit-rate equal to R=2x12=24 Mb/s is realized. The
restriction on the switching frequency is due to the time constant of the low-pass filter and also
the ON and OFF time of the PIN diode. Hence, the bit-rate can be further improved by using a

faster switch and improving the filter performance.
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Figure 5.10: Measured voltage waveform across the PIN diode: (a) comparison between ON and
OFF times and (b) switch signal is a 2 MHz periodic pulse varying between +2 V with %50
duty-cycle.

Figure 5.11: Measuring dipole.

5.5 Receiving Mode

For demonstration purposes, the antenna has also been measured in the receiving mode. Figure
5.13 shows the measurement set-up. An HP8648D function generator and an HP8625A
synthesized RF sweeper are connected via a power combiner to provide a dual-tone excitation
for a small dipole which is used as the transmitting antenna. Since the received power by the
ECLA is different at each frequency due to different impedance matching, the transmitted power
is tuned at each RF source such that the ECLA receives both frequencies at the same power
level. Source 1 feeds the dipole at 58 MHz and power level 13 dBm and Source 2 is set to 42

MHz at power level 20 dBm. Figure 5.14 shows the frequency spectrum of the received voltage
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at the input port of the ECLA when connected to a 1 MQ oscilloscope. Figure 21(a) depicts the
switch-OFF state where the ECLA receives the higher frequency (58 MHz) signal and the
switch-ON state is shown in Figure 21(b) where lower frequency (42 MHz) is received. At each
state, the out-of-tune frequency component is about 29 dB below the level of tuned frequency.
However, both frequencies are evenly received by the ECLA at the level -41 dB. Figure 5.14
shows the received signals when both frequencies are on the air and the antenna is switched at
frequencies 1 MHz, 5 MHz and 10 MHz. Similar to the transmitting mode, the switched antenna

receives both frequencies according to the switching frequency.
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Figure 5.12: Measured voltage waveform received by a small dipole for different switching
frequencies: (a) =2 MHz, (b) =4 MHz, (¢) /=8 MHz, and (d) ;=12 MHz.
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Figure 5.13: Measurement set-up for receiving mode.
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Figure 5.14: Frequency spectrum of the received voltage at the input port of the ECLA when
connected to a 1 MQ oscilloscope: (a) switch-OFF state and (b) switch-ON state.

It is necessary to mention that when the switching frequency increases, the radiation is fully
in transient mode. It means that the received voltage by the antenna in Rx mode or radiated fields
in Tx mode are due to the transient response of the antenna caused by the momentary current
distribution right after the switching moment, when the location of fundamental pole of the
antenna changes. To study this phenomenon more closely, one of the source frequencies is
turned off when the antenna operates in Rx mode and the received voltage is measured. Figure
5.16 shows the open-circuit terminal voltage at the receiving ECLA when the higher frequency
source (58 MHz) is turned off and only 42 MHz signal is on the air. The switching frequency is

chosen to be very small in order to have long intervals between two consequent switching states
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and hence, the transient response at each state is fully observable. Figure 5.16(a) shows the
switch-OFF moment when the resonant frequency of the antenna shifts to the 58 MHz which is
not supported by the RF source. It can be seen that an exponentially-decaying voltage waveform
can be measured at 58 MHz. The damping factor of this transient response is inversely related to
the Q factor of the antenna at 58 MHz, as discussed in Chapter 2. In Figure 5.16(b) the switch-
ON moment is shown when the resonant frequency of the antenna changes from 58 MHz to 42
MHz. The voltage waveform for this case is composed of the transient response and the steady
state whose magnitude is dictated by the received power level. A similar phenomenon occurs
when the lower frequency source (42 MHz) is turned off and the 58 MHz signal is on the air.

Receiving voltage for this case is shown in Figure 5.17.
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Figure 5.15: Measured voltage waveform received by the ECLA when operating in Rx mode at
different switching frequencies: (a) /=1 MHz (b) =5 MHz, and (c) /=10 MHz.
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Figure 5.16: Measured voltage waveform received by the ECLA when the higher frequency
source (58 MHz) is turned off and only the 42 MHz signal is on the air. Antenna is switched at
100 KHz: (a) switch-OFF instant and (b) switch OFF instant.
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Figure 5.17: Measured voltage waveform received by the ECLA when the lower frequency
source (42 MHz) is turned off and only the 58 MHz signal is on the air. Antenna is switched at
100 KHz: (a) switch-OFF instant and (b) switch OFF instant.

The measurement results indicates that if a single transmitting frequency is on the air, the
other frequency component can be generated by switching the resonant frequency of the antenna.
It suggests that if the switching rate is high enough such that the antenna operates in transient
mode at both frequencies, one of the sources can be removed and only a single source is
sufficient to receive a signal which alternatively shifts between two frequencies. This can be seen

in Figure 5.18 that shows the measured terminal voltage of the ECLA when switched at 5 MHz.
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Figure 5.18(a) shows the case that higher frequency source (58 MHz) is removed and Figure
5.18(b) is the received voltage waveform when the lower frequency (42 MHz) is turned off. It is
interesting to notice that these waveforms are similar to Figure 5.15(b) where both frequencies
are on the air. Since each frequency component requires an initial current distribution to be
transmitted or received in the transient mode, further simplification can be carried out to
minimize the architecture of the antenna as a self-contained frequency modulation transmitter. In
the next chapter a new technique to remove both sources will be introduced and it will be
demonstrated that basically a transient mode radiation doesn’t require to be supported by an RF

source and an impulse excitation is sufficient to transmit an FSK signal by a switched antenna.
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Figure 5.18: Measured voltage waveform received by the ECLA at switching frequency 5 MHz
when (a) 58 MHz source is removed and (b) 42 MHz source is removed.

5.6 Chapter Summary

This chapter discusses the efforts toward the validation of frequency modulation technique
proposed in Chapter 4. The impact of lossy switch ICs on the performance of the antenna was
studied and a PIN diode switching circuitry with a low loss level was introduced as a suitable
approach to carry out the experiments. The ECLA was prototyped and measured in both Tx and
Rx mode and it was verified that a high-Q antenna can be used to transmit a high-rate data
beyond the conventional limits of FSK modulation. Although the switching speed was limited to
12 MHz (24 Mb/s) due to technical limitations, a higher data-rate can be achieved by using a

faster switching mechanism with minimized insertion loss.
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Chapter 6

Self-Contained Transmitter with
Direct Excitation

In previous chapter it was shown that a single-mode small antenna can operate in transient state
if there is an initial current distribution on the antenna. This property was used to employ a single
RF source in order to achieve a frequency-shift keying modulation where a carrier frequency was
supported by the source and the second frequency was generated through the switching
procedure. This phenomenon brainstorms the idea of implementing a transmitter with no RF
oscillators. Basically, if the antenna radiates only transient EM waves, an impulsive excitation
may be sufficient to generate the required frequencies. As a matter of fact, the idea of impulsive
transmitters has been established years ago as “spark-gap transmitters”. Spark-gap transmitters
were composed of LC resonators with a narrow gap in between where an instantaneous high
voltage was applied to send a single pulse. This chapter focuses on the idea of realizing a self-
contained transmitter which is fed by only a DC power source and results in a high-rate FSK
modulation produced by the switching mechanism. A switched capacitor is used not only to tune
the resonant frequency, but also as an intermediate component to transfer the energy from the

DC source to the antenna.
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6.1 Introduction

Spark-gap transmitters are known as the oldest transmitters made by man in 1880’s. The
structure of a spark-gap transmitter is as simple as an inductor and capacitor in series with an air
gap. When a spark takes place across a narrow gap by applying a momentarily high voltage that
for example can be achieved by discharging a capacitor, the spark energy will be released in the
form of heat and electromagnetic radiation. An example of early spark-gap radio from 1917 is

shown in Figure 6.1 [153].
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Figure 6.1: Schematic of early spark-gap radios: (a) transmitter and (b) receiver.

In 1857, Berend W. Feddersen realized that an electric spark is composed of damped
oscillations. He managed to experience this phenomenon by using magnetic coils and a Leyden
jar (early capacitors) and wrote an article “On the Electric Discharge of the Leyden Jar” where
he demonstrated that oscillating currents can be produced by discharging an electrical condenser
into a metal [154]. Later in 1868, James C. Maxwell assumed that the energy during the
condenser discharge is partly dissipated as heat and partly conserved as current energy in the
circuit. He solved the describing 1% order differential equation for an RLC circuit excited by an
impressed current and showed that a maximum in the response occurs when wl=1/(wC) [155].
David Hughes in 1879 accidentally realized that due to a loose wire in his induction balance, a

spark is generated which results in hearing a burst of noise in his earphone [156]. He made a
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primitive transmitter by interrupting the coil current and hearing the noise burst within the range
of several rooms, but never published his discoveries. Several years later in 1887, Heinrich Hertz
made his first spark-gap transmitter and successfully tested it [157]. A year later in 1888, he
verified the radiation caused by a spark gap by calculating the electromagnetic fields due to an
rectilinear current element as predicted by Maxwell [158]. In 1893, Nikola Tesla introduced a
spark-gap transmitter with capability of tuning the receiving coil in order to achieve a higher
efficiency [159]. In late 1890’s, Guglielmo Marconi was inspired by Hertz’s and Tesla’s
findings and demonstrated a series of his radio systems. In 1901, he developed a practical
wireless telegraphy using high-powered spark-gap transmitter and managed to transmit and
receive radio signals across the Atlantic [160]. Although the use of spark-gap transmitter was a
technological breakthrough at the time, due to their interference with other radio signals, spark-
gap transmitters were restricted after the invention of vacuum tube technology. In recent
decades, spark-gap feeding is used in several applications such as transient radars and high-
power ultra wideband systems [161, 162]. In these applications, various techniques such as gas

or oil switching are employed to generate high-power short pulses.

6.2 Theory of Self-Contained Transmitter

Here we use the concept behind the spark-gap transmitters in a different fashion in order to
realize a wideband transmission through a small antenna. We employ the switched capacitor for
two purposes: first, transferring the energy from the DC power source to the antenna and second,
changing the resonant frequency of the antenna. With this configuration, we can build a self-
contained transmitter by using the antenna in transient mode. While the radiation power is
obtained from a DC source, an RF oscillator is no longer needed. On the other hand, the
switching mechanism is used to move between two resonant frequencies and realize an FSK
modulator and hence, a modulating component such as a VCO is not required either. Since the
switch is controlled by a sequence of digital signals, the transmitter can operate by only the

baseband data.

Either early transmitters or recent high-power UWB systems use the stored energy inside a
capacitor to energize the antenna and send a pulse. At each spark, the stored energy which is

provided by a DC power supply converts to a radiating energy in the form of damped resonating
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electromagnetic fields. In other word, a capacitor is charged by the power supply over a certain
amount of time and then the stored energy is injected into the antenna by a fast switching
mechanism. However, if the antenna is high-Q, a high amount of stored energy within the
capacitor will be stored again in the near-zone of the antenna and a portion of it radiates. The
near-field stored energy will keep radiating while the antenna is disconnected from the capacitor.
This radiation will be exponentially decaying. The damping factor of the fields is inversely
related to the Q factor of the antenna. Hence, if the antenna has a high O, a small decay in the
radiating power occurs during the time that the capacitor is recharged by the battery. Figure 6.2
demonstrates the radiation mechanism of the antenna. In order to transmit the maximum power,
the capacitor must be fully charged as shown in Figure 6.2(a). Once the maximum electric
energy is stored, the capacitor is switched to the antenna port and provides an impulse-like
excitation. Depending on the antenna Q factor and the switching period, the entire or part of the
stored energy within the capacitor will be injected into the near-zone of the antenna if we neglect
the loss. Simultaneously, antenna starts to radiate the injected power in the form of an
exponentially damped oscillation. Since the capacitor contributes to the tuning mechanism, the
frequency of radiated power will be determined by the loading effect of the capacitor as shown in
Figure 6.2(b). Depending on the time constant of the fields, the radiated power stays above a
certain level for a specific amount of time. The criteria for the lower limit of the radiated power
may be determined by the required total radiated power. In the next phase, the capacitor is again
connected to the DC source to be recharged. During this time, the antenna near-zone stored
energy provides the radative power which is again exponentially decaying. However, since the
capacitor is not connected to the antenna, the resonant frequency is the same as original resonant
frequency of the antenna as shown in Figure 6.2(c). If the switching period is short compared to
the time constant of the fields, the antenna will radiate continuously while alternating between
two resonant frequencies and the radiated power will remain above a certain level. Minimum
radiated power level is a function of switching speed. In other words, if the switching rate is high
enough, the magnitude of the fields doesn’t drop dramatically and the stored energy around the
antenna continues to radiate with slight variations in the magnitude. Since the stored energy is
already built up in the near-zone, the variation of the resonant frequency at each switching state
immediately appears in the far field and therefore, similar to the previously discussed method,

the high-Q property of the antenna won’t be a limiting factor for the radiation bandwidth.
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Figure 6.2: Radiation mechanism of self-contained transmitter: (a) initial charging phase, (b)
injecting the energy into the antenna and simultaneously tuning the resonant frequency at f;, (c)
radiation by pre-stored near-zone energy at frequency f while the capacitor is being recharged.
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6.3 Circuit Model

Figure 6.3 show the circuit model of the proposed self-contained transmitter. Capacitor C; is
switched between a DC power source and a high-Q RLC resonator composed of C;, L, and R;.
Ry 1s the source impedance and plays a critical role in determining the upper limit of the
switching rate. The major difference of this configuration with the one presented in Chapter 3 is
in this case, the switched capacitor is not only a tuning component but also an intermediate
element to collect the electric charge from the DC source during the charging phase and inject it
into the resonator during the discharging phase. The total charge accumulated in the switched
capacitor will be used to excite the resonant frequency of the resonator which determined by the
value of inductor and sum of C; and C,. Therefore, an efficient power transfer from the source to
the load occurs if the switching period is long enough such that the switched capacitor is charged
up to a certain maximum DC level. Since the time constant of the charging phase is equal to
R;.C,, the DC impedance, R;., must be small in order to achieve a high switching rate with an
efficient power transfer. Another difference of this configuration with the switched resonator of
Chapter 3 is that the switching moment here is intended to be when the capacitor C; is
sufficiently charged and its voltage is at maximum. Therefore no zero-crossing switching is
required here. In addition, if the voltage across the switched capacitor is at maximum at the
beginning of charging phase, i.e. the moment that C, is connected to the battery, required time to
achieve a full charge can be substantially reduced and hence the switching rate can be increased.
This is clarified in the following example which is obtained by the transient simulator of ADS

software.

Vdc—— Cz Cl L RL

Figure 6.3: Circuit model of the self-contained transmitter.
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Component values in Figure 6.3 are chosen as C;=2546 pF, C,=1431 pF, L=39.8 pH, R;=50
Q, and R;=2 Q. These values result in two resonant frequencies at 400 MHz and 500 MHz with
Q factors equal to 500 and 400, when the switched capacitor, C,, is connected and disconnected
to the RLC circuit, respectively. Within the first several cycles, the stored energy in the resonator
is built up and afterward, the charging and discharging phases are similarly repeated. Figure 6.4
and Figure 6.5 show the voltage waveforms across the switched capacitor and the load as well as
the consumed power which is supplied by a 1 V DC power supply. The switching frequency is a
50 MHz periodic pulse with %50 duty cycle. In Figure 6.4 initial switching cycles are shown
where the stored energy in the LC pair is being built up while Figure 6.5 shows the same
waveforms when they are settled down. It can be seen in Figure 6.5(b) that the load voltage is a
frequency modulated waveform whose amplitude is close to 1 V for both frequencies. The
voltage across the switched capacitor as depicted in Figure 6.5(a) indicates that if the switching
moment is coincided with the maximum voltage, the charging time will be shorter that the case

of zero voltage and therefore the rate of switching can be increased.

To study the impact of DC source resistor on the switching rate, we would consider a case in
which the actual time for a full-charge is longer than the duration of charging phase. Figure 6.6
shows the switched capacitor voltage when the DC level and DC resistance are equal to 1 V and
10 Q respectively and the switching frequency is 50 MHz. The charging curve associated with

the switched capacitor voltage can be expressed as

t,

Vena = Vac — Vge — Vg)e Teha, (6.1)

where V% is the voltage of the switched capacitor at the beginning of charging phase and t’ is the
delayed time originated at an arbitrary starting point of the charging phase. 7.y, is the charging
time constant and is equal to 7., = R;.C,. The envelope of exponentially decaying oscillations

during the previous discharge phase can be represented by
_ t'+Tb
Viiscna = Vinaxe Tdischa, (6.2)

where V},,,, 1s the maximum voltage during the charging phase and 7} is the bit period which is

equal to a half-pulse or charging/discharging duration.
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Figure 6.4: Initial switching cycles when the stored energy is being built up: (a) voltage
waveform across the switched capacitor, (b) voltage waveform across the load, and (c) supplied
power by the DC source.
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Figure 6.5: Switching cycles after the stored energy is built up: (a) voltage waveform across the
switched capacitor, (b) voltage waveform across the load, and (c) supplied power by the DC
source.
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The T4i5cnq 1S the discharging time constant and is equal to Tgiscnq = R, (Cy + C,). Equating
(6.1) and (6.2) at t' = 0 results in

T
— Tdi .
VR = Vmaxe discha

(6.3)

Therefore, t,, the required time for the switched capacitor voltage to rise from Vx to V. can be

found by substituting (6.3) into (6.1) as

Tp to
Vimax = Vac — <Vdc — Vinaxe Tdi“ha>e fcha (6.4)
D
V.,.—V Ry (C1+C3)
or to = RycCyp - In| == V;“fevmax - (6.5)
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Figure 6.6: Voltage waveform across the switched capacitor in Figure 6.3, where V4=1 V and
R4.=10 Q at the switching rate 50 MHz.

Equation (6.5) gives the condition which in the bit-rate is sufficiently long such that the switched

capacitor voltage can reach from Vi to Vi

Ty

_ Tp = RdCCZ )
Vdc — Vmaxe Ri(C1+C;) (6.6)

In
Vdc - Vmax
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If we assume V,,,, = kV;,, since T}, = %, then (6.6) can be rewritten in terms of switching
N

frequency as

1
1 — ke 2fsRL(C1+C2) 1
< .
1—-k — 2R,;.C,

fs-In (6.7)

6.4 Direct Excitation of Electrically-Coupled Loop Antenna (ECLA)

Figure 6.7 displays the geometry of the ECLA which is used to demonstrate the directly-excited
FSK modulation using a small antenna. The dimension of the antenna is the same as the one used
in Section 4.4 except that the RF feeding port is eliminated and the excitation is applied directly
to the edge of the capacitive plate. The antenna is simulated in CST Microwave Studio and the
scattering parameters are taken into Agilent ADS for transient simulations. The measuring probe
is located 1 mater away from the antenna along the co-pol electric fields as described in Section
4.4. Figure 6.8 shows the ADS circuit simulation set-up which uses an ideal single pole-double
throw (SPDT) switch to switch a 3 pF capacitor between the antenna and a 1 V DC power source
with a 2 Q resistance. Figures 6.9 and 6.10 show the far field, voltage across the switched
capacitor and the power supplied by the DC source for two switching frequency 25 MHz and 50
MHz, respectively. It can be seen that the far field for both cases is an FSK modulated signal
with the same rate as the switching. Carrier frequencies are around 458 MHz and 648 MHz. The
switched capacitor voltage quickly approaches the DC level in charging phase and resonates
during the discharging phase which indicates that it contributes to the resonant frequency of
radiated fields. Since the switched capacitor is small compared to the resonator model in
previous section, the time constant of the charging capacitor is very short (2x3 pF=6 ps) and
hence, the DC resistance is not a limiting factor in this case. Instead, the Q factor of the antenna
is required to be high enough such that during the charging phase of the switched capacitor, the
far field benefits from a small damping factor and the amount of power decay decreases. In
practical cases as will be shown in the next section, a lower Q antenna must be switched at a
higher rate to prevent the far field falling off to low levels. Therefore, similar to switched
antenna presented in previous chapters, higher O will be a desirable design parameter which

results in maintaining an almost consistent power in the far field. It is interesting to notice that a
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very high-rate FSK modulation with desired frequencies is realized by a small antenna and a DC
power source. The consumed power as depicted in Figures 6.9(c) and 6.10(c) shows that due to
the current spikes which occur once a switching cycle, an impulse-like power is transferred from
the source to the antenna at the beginning of every charging phase, provided that a high-Q
switched capacitor is used. Nevertheless, a continuous radiation is achieved by using the stored
energy within the near-field (during the charging phase) and the stored energy within the
switched capacitor (during the discharging phase) and simultaneously the resonant frequency can

be tuned according to the switched capacitance.
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Figure 6.7: Direct excited ECLA: (a) perspective view and (b) side view.
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Figure 6.8: ADS simulation set-up for the direct excited ECLA.
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Figures 6.9: Simulation results for the switched ECLA at the rate of 25 MHz: (a) received
voltage by the measuring dipole, (b) voltage across the switched capacitor, and (c) supplied
power by the DC source.
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Figures 6.10: Simulation results for the switched ECLA at the rate of 50 MHz: (a) received
voltage by the measuring dipole, (b) voltage across the switched capacitor, and (c) supplied
power by the DC source.
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6.5 Measurements

In order to implement the direct-excited antenna and demonstrate the feasibility of the proposed
idea, an ECLA is prototyped according to Figure 6.7 with dimensions L=5 cm, W= 1.5 cm,
w=1.5 cm, and h= 0.79 mm. Figure 6.11 shows the prototyped ECLA with the switching
circuitry which is supported by an Rogers RT/Duroid 5870 substrate with thickness 31 mils and
dielectric constant 2.33. The SPDT switch is HMC194MSS from Hittite Microwave Corp. which
is a reflective switch (i.e. open circuit when Off, versus absorptive switches which are terminated
by a match load when Off) with On/Off time about 24 ns which supports a switching frequency
up to 40 MHz. It should be noted that it is important to use a reflective switch in this case
because during the discharging phase the battery is open circuited and therefore, no power is
consumed. Also, during the charging phase the antenna is open circuited with a higher O
compared to the case that it is terminated by a 50 Q load. The switched capacitor is 10 pF which
is switched between a 3 V DC power source and the edge of capacitive plate as depicted in
Figure 6.7. The voltage across the switched capacitor is shown in Figure 6.12 for two switching
frequencies, 2 MHz and 8 MHz. As expected, the capacitor stores the electric energy by
collecting electric charges during the charging phase and transfers the energy to the antenna
during the discharging phase and at the same time contributes to the antenna resonance and
causes a continuous FSK signal whose rate is a function of switching frequency rather than the
antenna bandwidth. Two resonant frequencies are measured about 140 MHz and 205 MHz for
the loaded and unloaded antenna, respectively. Figure 6.13 shows the measured voltage at the
receiving dipole at different switching frequencies. As illustrated in the measurement results, a
switching rate of 25 MHz (50 Mb/s) can be easily obtained and it can be even further increased

by using a low-loss switch with improved performance along with a high-Q capacitor.
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Figures 6.11: Prototyped ECLA on Rogers RT/Duroid 5870 (31 mils) for demonstration of
direct-excited antenna.
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Figure 6.12: Measured voltage across the switched capacitor at two switching frequencies: (a) 2
MHz and (b) 8 MHz.
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Figure 6.13: Measured voltage at the receiving dipole for different switching frequencies: (a) 2
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6.6 Chapter Summary

This chapter demonstrates a minimized architecture for high-rate transmission through a small
antenna. It is shown that since a transient radiation can be achieved by an initial excitation of the
antenna, the proposed switched antenna in the previous chapters can be further simplified by
removing the RF source and applying a DC power supply to excite the fundamental resonance of
the antenna at the tuning port. A switched capacitor is used to transfer the required energy from
the DC source to the antenna and provide a fast frequency-shift keying modulation without using
a VCO. This technique directly utilizes the DC power supply to deliver the radiation power with
minimum number of components and hence, the overall size of the transmitter is reduced.
Furthermore, the battery is used only to charge the switched capacitor and therefor has a very
short duty cycle if the capacitor is high-QO. Experimental results were also presented for

validation.
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Chapter 7

Conclusion & Future Work

This dissertation presents the time-domain characteristics of high-Q antennas and offers a neat
time-varying technique to significantly increase the information bandwidth using narrowband
antennas. Despite the fact that antenna designers generally tend to implement miniaturized
antennas with a Q factor as low as possible, the presented work takes advantage of high-Q
properties of small antennas to realize a fast frequency-shift keying modulation where the data
rate is not limited by the impedance bandwidth of the antenna. A high-Q radiator is modeled by
an equivalent RLC resonator and it is shown that if the natural resonant frequencies of any
arbitrary narrowband antenna are switched at a proper rate by loading the antenna with a
switched capacitor, the frequency of the radiated fields changes accordingly. Therefore,
information data can be transmitted at a rate up to the carrier frequencies with no limitations due
to the impedance bandwidth. Additionally, it is demonstrated that if the damping factor
associated with the fundamental resonance is sufficiently small (which is the case for high-Q
antennas), the antenna can be used completely in the transient state and switched back and forth
between two resonant frequencies. If the time constant of the fields is much smaller than the
switching period, a DC voltage can be used to excite the fundamental frequencies and the
reactive energy stored outside of the antenna region will be sufficient to maintain a continuous
radiation with minimized decaying at each resonant frequency. This chapter summarizes this

dissertation and outlines the potential future work.

121



7.1 Summary of the Dissertation

As there are only a few attempts to decouple the impedance bandwidth of the antenna from the
information bandwidth, a brief background and literature review was presented. A time-varying
technique was proposed in order to modulate the resonant frequency of a small antenna such that
the rate of data-transmission is not tied to the antenna bandwidth. Since it is essential to
understand the time-domain characteristics of small antennas, a comprehensive survey of small
antennas was presented in time domain. By using Chu’s equivalent circuit for the fundamental
TMp; mode, the radiation mechanism and the concept of stored energy in the near-zone of
antennas and its relation with antenna Q was investigated. Planar inverted-F antennas (PIFA)
were used as typical examples of low-profile antennas to demonstrate the transient response of
small antennas and the impact of the Q factor on the near-fields as well as radiated electric fields
in the far-zone. In addition, the effect of excitation signal and the source impedance on the early-
time response and time constant of the fields was studied. As an essential introductory
exploration, it was shown that the damping factor and time constant of the electromagnetic fields
in both near and far-fields are identical and can be mimicked by an equivalent RLC resonator.

This property was used to analyze a switched antenna using a circuit approach.

The theory of switched resonators was presented and it was shown that switching a reactive
component in a network changes the location of the poles and causes a variation in damping
factor and resonant frequency. It was demonstrated that in order to avoid switching loss due to
the impulsive terms in the response of a switched resonator, it is important that the switching
occurs at the zero-crossing instant of the capacitor voltage for a switched-capacitor circuit (or

inductor current in case of switched-inductor circuit).

The analogy between a narrowband high-Q antenna and its equivalent resonator was used to
present the theory of switched antennas. Using full-wave simulation along with the transient
circuit simulations, it was proposed that if a small antenna is loaded by a switched capacitor, it is
possible to modulate the resonant frequency of the antenna at a high rate up to the carrier RF
frequency and realize a wideband data transmission through a miniaturized antenna. It was also
shown that a single RF source is sufficient to excite both carrier frequencies. The feasibility of

this idea was also investigated and experimental results were presented.
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Finally, a new type of self-contained compact transmitter with dispensed RF sources was
presented that resulted in a minimized architecture. Inspired by the primitive spark-gap radio
transmitters, a switched capacitor was used to collect electric energy from a DC source and
transfer the stored energy to the antenna in order to excite the fundamental resonance. A proper
feeding position was used such that the switched capacitor contributes to the resonant frequency
while injecting the stored energy into the antenna. Once the capacitor delivers a certain amount
of stored energy to the antenna, it is switched back to the DC source to be charged again. On the
other hand, knowing that a high amount of energy is stored in the near-zone of a high-Q antenna,
this energy was used to maintain an exponentially decaying radiation when the antenna input
current was switched off. Consequently, after several switching cycles the stored energy in the
near-zone of the antenna is built up and provides the radiative power during the time that
capacitor is being recharged. Since the frequency of this radiation is determined by the natural
resonant frequency of the antenna, an FSK radiating signal similar to what presented in Chapter

4 was generated.

7.2 Suggestions for Future Work

The research in this dissertation can be extended in different ways. One of the most important
keys in characterizing an antenna is the radiation pattern. Even though small antennas that excite
only the fundamental TM or TE modes generally have omnidirectional doughnut-shaped
radiation pattern similar to a Hertzian dipole, but that is the case in a steady-state regime. Since
this research is focused on the transient-state operation of small antennas, it would be interesting
to investigate how the radiation pattern evolves over the time to reach the steady state. That
indicates a “time-domain radiation pattern” can be defined based on the radiated fields due to an
impulse excitation. Obviously, such a radiation pattern is a superposition of all excited
frequencies at a certain time and approaches the steady-state radiation pattern of the fundamental
mode according to the damping factors of the higher-order modes. Consequently, some other
parameters that are conventionally defined in frequency domain such as gain, directivity and

radiation efficiency need to be investigated in time domain as well.

The presented research has laid the foundation for the ultimate goal of high-speed wireless

communication through electrically small antennas by using a time-varying technique. However,
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antenna integration with RF frontends can be further studied. Implementation of other types of
digital modulations using the proposed technique can be also perused. In addition to the
traditional modulation schemes, this technique can be used to introduce ‘“polarization
modulation” and “Q modulation” as well by switching the feeding point and source impedance,

respectively.

Adaptability of different types of miniaturized antennas with the proposed approach can be
also examined in order to improve the antenna performance. In particular, planar antennas would
be the most important class of antennas as they are widely used in many applications. For
example, a planar form of electrically coupled loop antenna (ECLA) that has been used in this
dissertation is demonstrated in Figure 7.1. As previously pointed out, a proper antenna choice for

the presented time-varying technique is a high-Q and single-mode antenna.
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Figure 7.1: Planar form of the electrically coupled loop antenna (ECLA).
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The modulation scheme used in this dissertation was a binary FSK with a single bit per
symbol. However, it is possible to further increase the data rate by using a multi-tone FSK
modulation. For example, a dual band antenna can be used to implement a 4-level FSK
modulation with two bits per symbol which results in a doubled data rate compared to binary
FSK modulation. Figure 7.2 suggests a dual-band version of planar ECLA as a good candidate
for this purpose. A dual-band PIFA is also demonstrated in Figure 7.3 as a potential candidate to

implement a 4-level FSK modulation using the proposed technique in this dissertation.
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Figure 7.2: Dual-band version of the planar electrically coupled loop antenna (ECLA).
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