
ABSTRACT

HUANG, DANYANG. Theory and Design of Practical Direct Antenna Modulation Transmitters.
(Under the direction of Dr. Jacob Adams).

Long-distance communications often use systems in high frequency (HF), very high fre-
quency (VHF), and ultra-high frequency (UHF) bands because of the favorable propagation
characteristics at these frequencies. In these frequency regimes, however, antennas usually have
a large size, making them difficult to be implemented. For example, the physical size of a self-
resonant antenna in the HF band is fairly large (e.g., a quarter-wave monopole at 10 MHz is
7.5 meters long), and it is not easy to be used in many applications like mobile handsets, radio
telescopes, etc. Therefore, electrically small antennas are widely used in these bands.

The use of small antennas faces high quality factor (Q, antenna Q, radiation Q) and narrow
bandwidth, which distort the signal in broadband transmission in a linear time-invariant (LTI)
system. As this narrowband limit does not naturally apply to non-LTI systems, researchers have
investigated non-LTI systems, and one time-varying technology called direct antenna modula-
tion (DAM) has been proposed as a solution. Prior studies show that DAM can overcome the
narrowband restriction to small antennas. Many of these papers focus on circuit study, however,
few papers show a complete and quantitative study on its signal characteristics. As many of the
critical indicators for LTI system, like antenna bandwidth, is less meaningful in quantifying the
performance of a time-varying system, it is critical to select or develop useful metrics to build a
connection between DAM and a conventional LTI transmitter. Moreover, although many papers
have attempted to show the benefits of DAM, its physical limitations remain unknown.

This dissertation focuses on providing a thorough analysis on understanding the principle
of operation, characterizing the signal properties, and modeling the fundamental limitations
of DAM transmitters. Two DAM transmitter configurations, one in on-off keying (OOK) and
one in phase-shift keying (PSK) schemes, are analyzed in detail using appropriate circuit mod-
els and their signal characteristics in the far-field measurement are studied at different data
rates. In these analyses, analytical models, circuit simulations, and experimental validation are
developed, and the overall performance of the DAM transmitter is evaluated in time domain us-
ing well-defined communication metrics such as eye diagram, constellation diagram, and error
vector magnitude, where the performance of a conventional LTI transmitter is used as an exper-
imental control. The detailed analyses of different DAM configurations conclude that DAM is a
promising solution to transmit broadband signals using narrowband antennas, but the parasitics
restrict its performance in practice. A DAM transmitter with an auxiliary DC source is proposed



to improve the signal quality of DAM in quadrature phase-shift keying (QPSK-DAM). The sig-
nal characteristics of the proposed system, including the selection of different DC sources, are
studied in simulation and measurement. In particular, a numerical metric developed using the
parameters (bandwidth and efficiency) of a measured conventional LTI transmitter is used to
characterize the bandwidth and efficiency of a DAM transmitter, which effectively connects the
performance of DAM with the LTI transmitter using conventional antenna properties. Further-
more, different circuit models are used to study the fundamental limitations of DAM, which
include the limitation of the non-ideal switching network and the transmitter circuit parasitics,
at different frequencies. This study provides a valuable model and guidelines for choosing cir-
cuit elements to design DAM transmitters. The future scope of the dissertation is summarized
at the end of the dissertation.
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Chapter 1

Introduction

As our communication systems continue to grow and require more transmit bandwidth in

smaller form factors, there is a need for small size antennas that can also transmit broadband

signals. In a linear time-invariant (LTI) system, to transmit the broadband signal without incur-

ring signi�cant distortion, the transmit antenna needs to be broadband enough.

Many applications require that the physical size of an antenna be as small as possible while

still meeting strict bandwidth requirements such as mobile handsets, radio telescopes, and es-

pecially long-range communications in high frequency (HF), very high frequency (VHF), and

ultra-high frequency (UHF) bands where the operating wavelengths are so large. Therefore,

electrically small antennas (ESAs) are widely used in these bands. However, the use of small

antennas faces a quality factor (Q factor, antenna Q, radiation Q) limit, where it states that the

maximum Q of a lossless antenna is bounded by the electrical size of the antenna and can not

be exceeded. Therefore, as an antenna becomes small relative to its resonance frequency, its

Q increases drastically. Also, its bandwidth decreases because of its inverse relation with Q,

which leads to signal distortion.

The impact of the antenna's narrow bandwidth on the broadband signal can be considered

in both frequency and time domains. In the frequency domain, the narrow bandwidth of the

antenna behaves as a narrowband bandpass �lter that �lters out portions of the desired signal,

which makes the information in the broadband signal can not be completely recovered and

leads to signal distortion. In the time domain, this distortion appears as long rising and falling

envelopes between symbol (or bit) transitions. Speci�cally, if a broadband signal is transmitted

by a narrowband antenna, the long charging and discharging times of the narrowband antenna

keep the transmit signal from reaching a steady state between symbols.

Although researchers strive to design broadband matching techniques to achieve large an-
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tenna bandwidth in an electrically small antenna, the antenna bandwidth restriction can not be

exceeded in an LTI system. Alternatively, non-LTI circuit approaches can be potentially used

to bypass the LTI bandwidth, as this high Q/narrowband limit is under the assumption that the

system is LTI, the bound does not necessarily apply to non-LTI systems. Moreover, it is less

meaningful to discuss the bandwidth of a time-varying system given that the state of the system

is changing. Therefore, one time-varying technique called direct antenna modulation (DAM)

came out to potentially meet the need to transmit broadband signals using ESAs.

DAM is a technique where actively switched components are used in the matching network

or on the antenna to match the operating conditions and align the energy change on the antenna

between different symbol states in a short time. In theory, DAM can improve the signal quality

of a high Q antenna in transmitting broadband signals. This technique was originally proposed

in the 1950s and is recently regaining attention from researchers [1, 5, 11, 12]. Prior studies

show that it can overcome the narrowband restriction to small antennas. Many of these papers

focus on circuit study, however, few papers show a complete and quantitative study on its signal

characteristics. As many of the critical indicators for LTI systems, like antenna bandwidth,

is less meaningful in quantifying the performance of a time-varying system, it is critical to

select or develop useful metrics to build a connection between DAM and conventional LTI

transmitters. Moreover, although many papers have attempted to show the bene�ts of DAM, its

physical limitations remain unknown. Therefore, based on the current work, this work aims to

answer the following unanswered research questions:

• What are the signal characteristics of DAM transmitting broadband signals in on-off-

keying (OOK) and phase-shift keying (PSK) schemes using electrically small transmit

antennas?

• What metrics can we use to quantify the signal quality of DAM? How does DAM perform

compared with an LTI transmitter?

• What factors degrade the performance of DAM? Can we model, mitigate, or otherwise

control these factors?

To study the system and answer the above research questions, the organization of the dis-

sertation is as follows:

Chapter 2 introduces the fundamentals of electrically small antennas and direct an-

tenna modulation.In this chapter, the relation between quality factor (Q factor) and bandwidth

of electrically small antennas is introduced, and the impacts of ESAs on the broadband trans-
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mission are described. The basics of direct antenna modulation are discussed, and the prior

works by other researchers are presented and discussed.

Chapter 3 describes the research methodology and the work�ow of this work.We

describe the work�ow and methodology of this work. We introduce the modeling techniques

used in the following research and present the experiment setups for lab circuit tests and over-

the-air (OTA) measurements by actual antennas.

Chapter 4 studies signal characteristics of direct antenna modulation using on-off

keyed modulation (OOK-DAM) and tests the OTA performance of the system.In this

chapter, we develop a thorough understanding of the time-domain characteristics of DAM in

the OOK scheme using transient circuit analysis. A broadband circuit model is used to study the

system in different conditions. Over-the-air measurements are conducted to validate the OOK-

DAM transmitter. The performance of the transmitter is quanti�ed by communication metrics,

and the signal �delity of the system is compared with a predictive model and the conventional

LTI system.

Chapter 5 proposes DAM in the phase shift keying (PSK-DAM) scheme and studies

the signal characteristics of the system.We extend the implementation of OOK-DAM dis-

cussed in the last chapter and propose a DAM transmitter for PSK modulation. Circuit simula-

tions are carried out to examine the signal characteristics of the system �rst, then over-the-air

measurements are conducted to validate the PSK-DAM transmitter. The performance of the

proposed system is quanti�ed by communication metrics, while the performance of the con-

ventional LTI system is also measured and presented as an experimental control.

Chapter 6 studies how circuit parasitics affect the DAM transmitter. Our PSK DAM

transmitter exhibits signi�cant degradation in the measurement and unexpected effect is hy-

pothesized to be a result of circuit parasitics. We investigate this effect by including circuit

parasitics in the circuit model of the DAM transmitter. We develop analytical expressions and

simulations using the parasitic circuit model to predict the degradation. In the end, we conduct

near-�eld measurements to validate the hypothesis and simulated results.

Chapter 7 proposes DAM using an auxiliary DC source.In this chapter, a DC source

is introduced to assist in the operation of DAM as a solution to mitigate the impact of the

parasitic effect to the DAM in the quadrature phase-shift keying scheme studied in the previous

chapters. A parametric study is performed in simulation to verify the appropriate DC value of

the DC source. Over-the-air measurements are conducted to validate the system and quantify

the improvement of the proposed transmitter over the original DAM transmitter and the LTI

transmitter.

Chapter 8 studies the predominant effects a non-ideal switch has on a DAM transmit-
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ter. We explore the predominant effects including the circuit parasitic and switch speed effects

of a non-ideal DAM transmitter and investigate the transient characteristics of DAM at differ-

ent frequencies. Analytical models, simulations, and experiments are involved to study these

effects in the circumstances when they are in isolation, and when they are combined in a more

realistic environment. The goal of this study is to provide an insight into the selection of the

circuits and switch when designing a DAM transmitter.
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Chapter 2

Introduction and Prior Work on Direct

Antenna Modulation (DAM)

2.1 Fundamentals of Electrically Small Antennas and DAM

Electrically small antennas (ESAs) are antennas where the electrical dimensions are much

smaller than the operative wavelength� , and they are highly restricted by a well known lower

bound on radiation Q-factor (quality factor, antenna Q, radiation Q) [13], i.e.,

Qrad � (ka)� 3; (2.1)

wherek = 2�=� is the wavenumber, anda is the radius of the minimum size sphere that en-

closes the antenna. Equation (2.1) indicates that electrically small antennas have high radiation

Q-factors. In the wireless communication system, however, the Q factor of the antennas (both

transmitter and receiver) are very critical in transmission. The de�nition of a time-harmonic

system's Q factor is presented as,

Qrad =
2�W store

Wdiss
; (2.2)

whereWstore andWdiss denote the maximum electric or magnetic energies stored in the �elds

excited by the antenna and the energy radiated and dissipated per cycle with the system, respec-

tively [14]. Furthermore, for narrowband and linear time-invariant (LTI) systems, radiation Q-

factors are directly related to a system's fractional impedance bandwidth,FBW and radiation

ef�ciency, � , i.e.,

�Q rad � FBW � 1: (2.3)
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Figure 2.1: Circuit diagrams of a series RLC LTI transmitter.

The equations (2.1) and (2.3) indicate that the bandwidth-ef�ciency product of a linear time-

invariant (LTI) antenna system is fundamentally limited by its electrical size. However, to trans-

mit a broadband signal (high data rate signal), an LTI system should contain a transmitting an-

tenna where its bandwidth is broad enough such that most of the power in the signal spectrum

can be carried through and transmitted to avoid severe distortion.

The narrow bandwidth (high Q factor) effect of an LTI system can be demonstrated in the

time domain. A monopole is represented by a series RC circuit shown in Fig. 2.1 and it is

tuned by an inductorL to be resonant at! c and has a high Q. For an LTI system, if we apply a

sinusoidal voltage source to the circuit at time zero, the charging time of the voltage oscillating

on the capacitorvC;LTI (t) in Fig. 2.1 can be expressed as

vC;LTI (t) = Vss(1 � e
� ! c t

2Q loaded ) cos(! ct); (2.4)

where

Vss �
1
2

QloadedVcw;peak (2.5)

is the steady state voltage of the capacitor,! c is the radian frequency of the carrier, andQloaded

is the loaded Q factor of the circuit. This equation suggests that the exponential charging time

of the voltage on an LTI circuit is inversely proportional to the Q factor, i.e., proportional to the

fractional bandwidth of the circuit.

Time-domain simulation is presented as an example to observe the bandwidth effect on

the transmitted signal. Fig. 2.2 shows the con�guration of a conventional LTI system using

on-off keying (OOK) modulation scheme. A short monopole is driven by an RF carrier source

modulated by an OOK signal through a tuning inductor. After the system being pre-charged

to the steady-state, the transmitted signal (1's and 0's) is modulated by the sinusoidal source,

sending pseudorandom bit sequence.

Simulation was carried out in Advanced Design System (ADS), and the antenna is repre-

sented by a series RC circuit as in Fig. 2.1. The RLC circuit element is calculated based on

the Q of the circuit, whereRs = Ra = 50 
 , Ca = 1 = (2�f cQR), andL = QR = (2�f c). In

this case, the antenna3-dB fractional bandwidth FBW� 3 dB and the �rst null-to-null fractional
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Figure 2.2: Block diagram of a conventional LTI system. The electric far-�eld is represented
by E � , and the terminal voltage of the antenna byVa. We assume that the real part of the
antenna is perfectly matched to that of the source.

bandwidth of the input signal spectrum FBWsig (where the majority of the baseband signal

power for many digital modulation methods is contained between) are used as the changing

factor to evaluate the signal quality. As can be seen in Fig. 2.3, the radiated signals are gen-

erated by a simulated conventional LTI transmitter with different bandwidths and received by

an ideal receiver. If we take the ideal OOK signal in the top panel as reference (the “ideal”

case that can be measured at the output of an OOK generator), it shows that in a conventional

OOK system, if the bandwidth of the transmit antenna is broader than the transmit signal (mid

panel, whereQ = 28, FBW� 3dB = 4:1%, and FBWsig = 4%), the transmit signal can be

mostly recovered on the receiver. If the bandwidth of the transmit antenna is narrower than

the bandwidth of the transmitting signal (bottom panel, whereQ = 300, FBW� 3dB = 0:38%,

and FBWsig = 4%), long charging and discharging time can be observed between each symbol

transition due to the high Q factor of the narrowband antenna. This distortion becomes worse in

an LTI system as the data rate increases or the size of the antenna decreases (i.e., the bandwidth

of the signal increases or the bandwidth of the antenna decreases), which leads to lower noise

tolerance, inter-symbol interference (ISI), and transmission error.

Although electrically large antennas are usually broadband enough to meet this require-

ment, the size of the antenna causes problems sometimes. For example, the propagation of

electromagnetic waves in very high frequency (VHF) and high frequency (HF) bands is less

affected by objects such as buildings, trees, and weather events due to the long wavelengths,

which is suitable for non-line of sight (LOS) propagation. However, in these bands, the physical

size of a self-resonant antenna is huge (e.g., a quarter-wave monopole at10 MHz is 7:5 me-
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Figure 2.3: Simulated voltage through an ideal voltage source (top) and conventional LTI RLC
circuit models with varying antenna� 3 dB fractional bandwidth FBW� 3dB (middle to bottom)
when transmitting an on-off keyed (OOK) pseudorandom bit sequence. The signal fractional
bandwidth FBWsig is de�ned by the nominal �rst null-to-null signal bandwidth= 2=N, where
N = 50 is the number of carrier cycles per symbol. Note that all waveforms are normalized by
their steady-state values.
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Methods of broadband transmission using ESAs
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Figure 2.4: Broadband transmission technique.

ters height), and it is not easy to be implemented in many applications. Therefore, ESAs are

required in various applications in these frequency bands in military uses, including commu-

nications, search and rescue, navigation, etc. However, as is illustrated before, small antennas

face restrictions on the bandwidth-ef�ciency product due to the small electrical size, which

unavoidably distort the signal in high data rate transmission in the LTI system.

2.2 LTI and non-LTI Approaches to Small Antenna Design

Researchers have endeavored to �nd a way to eliminate or mitigate the narrowband/high Q

effect on electrically small antennas. Broadband ESAs can be achieved in both LTI and non-

LTI systems. For conventional LTI systems, as shown in Fig. 2.4, an effective way to design

a broadband antenna is to utilize the antenna's spherical volume such that larger bandwidth

can be achieved [15]. However, since the LTI system is still limited by the lower bound on

radiation Q-factor, the antenna can only approach the possible largest bandwidth (lowest Q

factor bound), and it can not exceed the bound. While this well-known Q lower bound sets a

hard limit for the LTI system, it does not necessarily apply to non-LTI systems or systems where

active components are involved since the Q factor of those systems is not clearly de�ned. Thus,

they can potentially be solutions to eliminate or mitigate the band-limited effect on ESAs.

Efforts to exploit broadband ESAs in non-LTI systems can be categorized into two cate-

gories: non-linear (or active circuit, depending on the de�nition) and time-varying circuits. One

approach to utilize non-linear circuits to break the Q bound is the non-Foster circuit, where ac-

tive components are used to synthesize negative capacitive and inductive impedance to cancel

out the reactance of an ESA over a wide frequency range [17]. This technique was proposed
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Figure 2.5: Block diagram of an OOK DAM system. The electric far-�eld is represented by
E � , and the terminal voltage of the antenna byva. We assume that the real part of the antenna
is perfectly matched to that of the source.

several decades ago, and an ideal non-Foster circuit shows potentials for antenna broadband

matching. However, the inherent conditional stability of a non-Foster circuit constrains the

use and realization practically [22, 23]. Furthermore, since the noise generated by the active

transistors in a non-Foster circuit increases the noise �gure of the overall system, it provides

little performance advantage in low-noise receiver systems [24]. What's more, the nonlinear-

ity issues in non-Foster circuits cause problems in terms of power handling, and this becomes

evident in transmit applications [25].

Another approach for broadband ESAs is direct antenna modulation (DAM), where time-

varying components are used to change the stored energy and match the initial conditions of

different symbol states of the system to achieve broadband transmission [5, 11]. As an example,

a speci�c way to implement DAM in a short pulse or on-off keying (OOK) modulation is

presented to describe the difference between an LTI system and a DAM system [5]. Fig. 2.2

and Fig. 2.5 show the con�guration of a conventional LTI OOK system and the proposed DAM

OOK system, respectively. In an LTI OOK system, a narrowband antenna is driven by an RF

carrier source modulated by an OOK signal through a tuning inductor. After the antenna is

pre-charged to the oscillating steady-state, the transmitted signal (1's and 0's) modulates the

sinusoidal source, sending a bit sequence. Different from the conventional method, a DAM

system consists of four components. A continuous-wave (CW) signal source, tuning inductor

L tune , high-speed single pole single throw (SPST) switch, and a narrowband transmit antenna

are cascaded in series. In order to introduce the theory of operation of the system, we assume

that an ideal switch is used in the system and it is connected at the antenna terminal directly.
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Figure 2.6: Signal diagram of DAM OOK showing details between symbol transitions. The
top row is the switch control signalvctrl , and bottom are the antenna terminal voltageva and
the radiated �eldvrad .

Again, the switch will �rstly be closed for a long start-up time to ensure the system is in steady-

state. Unlike the conventional modulation method, the antenna in DAM is rapidly switched on

and off (i.e., "directly modulated") based on the signal (“1” or “0”) being sent. When the

switch is closed, the antenna is matched to the source, thus the antenna oscillates at its tuned

resonance, sending a bit “1”. When the switch is open, the antenna is completely disconnected

from the source. Therefore, the antenna will cease to radiate, producing a bit “0”. We refer to

the �rst state (bit “1”) of the DAM OOK system as the radiating mode, or ON state, while the

second state (bit “0”) as the non-radiating mode, or OFF state.

The key to properly operating the system is to control the switching instants between the

two-state transitions (ON to OFF state and vice-versa). The antenna terminal voltageva and the

radiated far-�eldE � in the time domain are shown in Fig. 2.6 to facilitate this discussion. These

waveforms are generated by a narrowband RLC circuit simulation in Advanced Design System

(ADS) by its transient circuit simulation tool. We �rst look at the top panel, where it shows the

behavior of the switch. During the transition from the radiating mode (ON state) to the non-

radiating mode (OFF state), the switch is opened and the current can no longer �ow into the
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Figure 2.7: Circuit diagrams of an DAM transmitter using series RLC circuit.

antenna terminals, causing radiation to stop nearly instantly (bottom panel). If the switch is

opened at the instant when the antenna terminal voltageva is maximum, charges will be stored

on the antenna resulting in a voltage approximately equal to the steady-state peak voltage being

held across the terminals until the next transition (mid panel). In the next transition from OFF

state to ON state, if the switch is closed at the moment when the oscillationva is maximum

(the carrier signal is near its voltage null due to the90� phase difference between the carrier

signal and capacitive antenna impedance), since the antenna has remained “charged" by the

steady-state terminal voltage, it will resume steady-state oscillation without any charging time.

To simplify the theory, we can consider a DAM RLC circuit in Fig. 2.7 where the antenna

RC model is tuned by an inductor. If we pre-stored charges on the capacitor before switching

and align the charges with the source signal when the switch is turned ON, the capacitor voltage

vC;DAM (t) can be expressed as

vC;DAM (t) = Vss(1 + ( astored � 1)e
� ! c t

2Q loaded ) cos(! ct); (2.6)

whereastored 2 [0; 1] is the voltage being stored on the capacitor before the switching moment

normalized to the steady stateVss. It is worth mentioning thatastored = 1 is the ideal DAM case

where the capacitor is fully charged before switching and the oscillation can be instantaneously

resumed to the steady state, whileastored = 0 means no voltage is stored on the capacitor, which

is equivalent to the LTI system in Eq. (2.4). This indicates that the amount of stored voltage

Vssastored is critical for DAM to shorten the rise time of the transmitted symbols, which will be

discussed later in Chapter 8.

Thus, unlike the conventional LTI system, if an ideal DAM (where the switch is ideal in

terms of the switching speed, isolation, etc, and the antenna is modeled by an RC circuit) is

implemented such that the system is switched at the perfect timing, the radiated signal transmit-

ted by a narrowband system can transition between different symbols instantaneously, which

suggests that the antenna's conventional “bandwidth” is irrelevant and the band-limited effect

is bypassed.
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Figure 2.8: Circuit model (left) and the simulated signal (right) of the circuit model. Reprinted
from [1].

2.3 Prior Work on Direct Antenna Modulation (DAM)

Early work on DAM appeared in very low frequency (VLF) applications, wherein VLF, the

small antenna size severely limits the bandwidth [11, 12, 18–21]. This literature covered the

work for frequency shift keying (FSK) modulation, where the antenna is dynamically tuned

to two different carrier frequencies according to the transmit information. These studies are

limited to the VLF range, and only a few of them provide validation using the RC model.

Particularly, the far-�eld experiment in DAM for the FSK system was reported by Gamble in

[20] to validate the DAM-FSK concept. In the same era, Galejs proposed an on-off-keying

(OOK) scheme based on minimizing energy changes between two states, which is the tech-

nique demonstrated in the section 2.2 [5]. In Galejs' paper, an RC circuit model is used as

a small dipole to describe the DAM system for the OOK scheme, but neither simulation nor

measurement was reported.

The work by Galejs in the OOK scheme was then rediscovered by Xu in 2006 [1]. In the

work that is published in [1], as shown in Fig. 2.8, a parallel RLC circuit is used as the antenna

model. The simulated results show that very short CW pulses are transmitted on a small dipole

using synchronous switching. After that, in another paper reported in [2], DAM-related analysis

is carried out on storing the energy on a time-varying matching network to mitigate the long

charging and discharging time of a high Q/narrowband transmitter. The work in [2] studies a

DAM transmitter by sending different short pulses in different loading conditions. As shown in

Fig. 2.9, DC voltage is precharged to the switching matching network by a DC source to create

the initial condition of a circuit in steady state to transmit a short pulse. Simulated result in

13



Figure 2.9: Circuit topology of the system. Reprinted from [2].

Fig. 2.10 shows that compared to a conventional LTI matching network that has long transient

after the short pulse, the time-varying matching can rebuild the short pulse sharply. The papers

discussed above analyze the signal characteristics of DAM mainly from a circuit point of view,

and no actual antenna is involved.

Storing and synchronizing energy on the antenna between different states is a critical part of

the success of the method. Unlike the energy-synchronous DAM system discussed in [5] where

the energy from the previous symbol state is stored on the antenna and synchronized to match

the initial condition of the next symbol state, some of the DAM systems show no intention to

store and synchronize the energy on the circuit for the next transition. In those non-energy-

synchronous designs, the antenna is switched from a matched state to a non-energy-stored

state, and the energy oscillating on the antenna will be disconnected with the source by an

open circuit or shorted to the ground immediately to decrease the fall time of the transmitted

symbol.

As examples, the following papers demonstrate how a DAM transmitter works when energy

is not stored. The design in [3] shows a non-energy-synchronous DAM transmitter transmit-

ting `1010' on-off pulses. In this paper, as can be seen in Fig. 2.11, the DAM system is applied

on a patch antenna and a diode is used to control the timing to short the patch to the ground

plane based on the transmitted data. The results in Fig. 2.12 show that the patch is shorted by

the diode such that it stops radiating immediately with a sharp falling edge on the waveform.

In another two papers with the related concept in [26] and [27], the measurements validate

the implementation of non-energy-synchronous DAM in a patch antenna with PIN diodes to

ground the current on the antenna to increase the falling times in transmitting `1010' pulses.

These papers show improved DAM waveforms with sharper falling edges and broader band-

width than an LTI system, but the time-domain signal comparisons between LTI and DAM

systems in [3, 27] are very qualitative, while no comparison is found in [26]. In addition, while
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Figure 2.10: The simulated input signal (top), re�ected signal (middle), and transmitted signal
(bottom) of the circuit in Fig. 2.9. Reprinted from [2].

Figure 2.11: The radiation structure of DAM using a patch antenna. Reprinted from [3].
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Figure 2.12: The received waveform in conventional LTI transmitter (left) and DAM trans-
mitter (right). Reprinted from [3].

the work in [26] claims that DAM achieves a higher sideband level, and the work in [27] claims

that clear carrier tone and side tones can be observed in DAM, the discussions in these papers

on the spectrum in both DAM and LTI systems are very qualitative. They are less meaning-

ful since the broader bandwidths in a time-varying system can not be directly related to better

signal quality.

Although many of the works related to DAM claim that DAM broadens the antenna's band-

width and increases the transmit signal quality, we found that if the system is designed to

maintain the stored energy on the antenna (i.e., energy-synchronous DAM), DAM provides

more bene�ts by decreasing both the rise and fall times of the transmit symbols than its zero

store-energy counterparts while only the fall times can be potentially mitigated. The study in

[4] has compared the two DAM systems against the LTI transmitter. It shows that although

the energy-synchronous DAM system is highly dependent on the synchronization between the

switch and the input signal, it stores energy for the antenna to reach the steady-state in a short

period to mitigate the charging time of the next symbol. In particular, [4] has demonstrated

a DAM transmitter using the non-energy-synchronous scheme on a switched patch antenna in

an OOK system, and the results (Scheme and BER study are shown in Fig. 2.13 and Fig. 2.14)

show that if no charge is stored, the DAM system offers minimal improvement compared to

a conventional LTI system due to the loss generated by the active component in DAM. This

demonstrates how ineffective DAM is when energy is not stored.

In another paper in [28], analyses are carried out between LTI and energy-synchronous

DAM transmitters using a time-domain metric to calculate the signal distortion and effective

bandwidth. The paper compares the energy-synchronous DAM transmitter as a typical non-

LTI transmitter with the conventional LTI transmitter, and the results show that the energy-
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Figure 2.13: Schematic of a patch antenna for OOK-DAM. Reprinted from [4].

Figure 2.14: BER diagram of non-energy-synchronous DAM compared with a conventional
LTI system at5 Mbps calculated using measurement data. If no charge is stored on the antenna,
the BER of DAM is higher at this data rate due to the non-zero off-state radiation. Reprinted
from [4].
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synchronous DAM transmitter has higher effective bandwidth and lower distortion than the

conventional LTI transmitter. Overall, the work in [4] and [28] suggest that energy-synchronous

DAM offers more potentials to improve narrowband antennas, which is the type of DAM stud-

ied in this dissertation.

Along with the other work reported in [29–35] for the on-off pulse system, DAM was also

rediscovered and implemented in the FSK scheme, wherein in those papers, a switch is used

to change the reactive components of the circuit to adjust the resonant frequency of a high

Q resonator [36–39]. In addition, many other works have contributed to the DAM concept in

different applications, including implementing DAM using mechanical antennas [40, 41] and

applications on near �eld communication in OOK [42] and phase-shift keying (PSK) [43], etc.

Finally, we should note that a similar term, “direct modulation” or “directional modula-

tion” has been used for another approach [44–48]. However, this term is distinct from the

DAM approach discussed in this work because it is a different technique from direct antenna

modulation. Thus, this technique will not be discussed in the following dissertation.

In summary, the previous work related to DAM can be categorized by different modula-

tion schemes chronologically in Fig. 2.15. From this �gure, we can see that DAM for different

modulation schemes is studied using different circuits/antennas to study the signal character-

istics and evaluate the system's performance. We also notice that although many researchers

have studied the FSK scheme, the work related to the OOK scheme since Galejs proposed the

scheme is published mostly in pulse-based systems [1, 2, 31, 32, 34, 35, 42]. Although these

systems can be potentially implemented as an OOK scheme, many of the works are from a

circuit point of view, and the studies reported are very qualitative. Moreover, there is very little

work of energy-synchronous DAM in the PSK scheme reported. Therefore, we aim to �ll the

research gap and provide a more quantitative study in DAM in realistic conditions. In addition,

since it is less meaningful to study a time-varying system in the frequency domain, the study

in this dissertation will mainly focus on time-domain analysis. We also aim to validate the sys-

tem by over-the-air (OTA) measurements and evaluate the overall performance of the DAM

transmitter using well-de�ned communication metrics such as eye diagram, constellation dia-

gram, and error vector magnitude, where the performance of a conventional LTI transmitter is

used as an experimental control. Furthermore, we aim to explore the fundamental limitations

of DAM, which include the limitation of the non-ideal switching network and the transmitter

circuit parasitics, and provide a valuable model and guidelines for choosing circuit elements to

design DAM transmitters in different frequency bands.
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Figure 2.15: Different modulation schemes in Energy-synchronous DAM. Marks in blue rep-
resent work with experiments, while marks in red represent work with simulations or theoreti-
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highest operating frequency Note that the star markings represent the work we published.
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2.4 Conclusions and Discussion

This chapter illustrates the fundamentals and constraints of systems by electrically small anten-

nas, and solutions to bypass the limit of ESAs by either LTI or non-LTI systems are discussed.

Direct antenna modulation as one of the time-varying system is discussed, and the contribu-

tion by other researchers are introduced. In particular, since the energy-synchronous DAM

system is pointed out to provide more bene�t than its counterpart, we aim to study and under-

stand the mechanism and signal characteristics of the system. As the study of DAM has been

mostly covered in the FSK scheme, the OOK and PSK schemes are far from complete. Based

on the current work, in this dissertation, we endeavor to provide a more quantitative study of

the system, readdress the research questions below, and try to answer them in the rest of this

dissertation:

• What are the signal characteristics of DAM transmitting broadband signals in on-off-

keying and phase-shift keying schemes in electrically small transmit antennas?

• What metrics can we use to quantify the signal quality of DAM? How does DAM perform

compared with an LTI transmitter?

• What factors degrade the performance of DAM? Can we model, mitigate, or otherwise

control these factors?
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Chapter 3

Research Methodology in Simulation and

Measurement of DAM Transmitters

In this chapter, we describe the work�ow and methodology of this work. We introduce the merit

of different circuit models used in the following research and present the experiment setups for

lab circuit tests and over-the-air (OTA) measurements by actual antennas.

3.1 Research Methodology

In our study in DAM, we aim to validate the system by over-the-air (OTA) measurements.

While OTA measurements are the most representative of the actual system, they come with

many challenges in isolating and controlling speci�c effects, measurement time, regulatory

issues, etc. Therefore, we endeavored to create a process where we could prototype circuits,

antennas, and signaling schemes in the lab but get results that predict the measurement closely,

which led to the work�ow in Fig. 3.1. In this work�ow, we address research questions and

make hypotheses based on the theoretical study in the prior work, develop circuit simulation

using proper modeling technique, fabricate circuits in the lab for conducted and near-�eld

measurement. In the end, we conduct over-the-air measurements for validation. More details

in each part of this work�ow are given in the next sections of this chapter.

3.2 Circuit Simulations

With the hypotheses created based on the theoretical study of DAM and the investigation in

the prior works in Chapter 2, simulations were carried out in the Advanced Design System
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Circuits are fabricated to recreate the results in sim-
ulation. Both conducted and near-�eld test are used

for terminal voltage and radiated �eld measurements.
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Circuit simulation

Lab test
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Figure 3.1: General work�ow followed in the dissertation for studying DAM.
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Figure 3.2: RC antenna circuit model in Galejs' DAM OOK scheme in [5].
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Figure 3.3: Broadband circuit model of monopole. The frequency scaling factork = 1 is the
value for a0:25 m monopole. The electric far-�eld is proportional to the current through the
resistor.! � 1=

p
LC , Qr � R

p
C=L andRr = L=(RC) are the resonant frequency, quality

factor at resonance and resistance at resonance, respectively, assumingQr � 1.

(ADS) using its transient circuit simulation tool. In the simulation, different circuit models are

used for different purposes. AnRC circuit shown in Fig. 3.2 is used as a dipole type of small

antenna model to recreate the result presented in Galejs' original DAM OOK work in [5].

Although theRC circuit is an appropriate narrowband circuit model to introduce the theory of

operation and prove the concept of DAM, it does not emulate the antenna's impedance in a wide

range of bandwidth properly, which makes it impossible to capture the higher order effects of

an antenna when broadband signals are transmitted. Thus, to prototype and study the signal

characteristics of DAM in an ef�cient way, we implement time-domain circuit simulations

and measurements by a more complex antenna circuit model. As shown in Fig. 3.3, a second-

order high-pass circuit model with a shunt capacitor is used as a model of a small monopole

antenna in the following circuit transient analysis. The high pass model in Fig. 3.3 is based on

a characteristic mode decomposition and has shown a good match in input impedance over a

broad bandwidth [50], which is a proper model for accurate time-domain calculations. For this

analysis, we neglect the radiation by higher-order modes in the model but lump their energy
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Figure 3.4: Re�ection coef�cients of the monopole circuit model with different resonant fre-
quencies in ADS simulation. Note that theQ factor of the circuit models remains the same.

storage into a shunt capacitorCshunt , and thus the current �owing through the resistor is directly

proportional to the radiated far-�eldE � of the monopole. Therefore, the voltagevrad across the

resistor will be used as a proxy for the radiated �elds to compare the relative performance of the

conventional LTI system with DAM when high data rate (broadband) signals are transmitted

through each system.

In the parametric studies in simulation in this work, a frequency scaling factork presented

in Fig. 3.3 is used to calculate the components in the antenna circuit model to scale the antenna

to different frequencies with a �xedQ factor. Fig. 3.4 shows the S-parameters of the antenna

circuit model with different resonant frequencies in the simulation. TheQ factor of each circuit

in the simulation and measurement are maintained to be the same to ensure that all of the

comparisons are made under the same condition in terms of the antenna's bandwidth.

3.3 Circuit Measurements

The circuits mentioned above are used in the simulation and then soldered in the lab for valida-

tion. We carry out the lab test by different setups to evaluate the stored voltage on the antenna
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Figure 3.5: Near-�eld bench test setup.

and the signal behaviors of DAM. A high-impedance contact-probe is used to directly measure

the antenna terminal voltageva and the radiated signalvrad in Fig. 3.3. Considering the circuit

could be detuned by the contact probe and the measured results could be affected, an electric-

�eld probe shown in Fig. 3.5 is used as an alternative to measuring the radiated near-�elds of

the circuit. For the high-pass circuit shown in Fig. 3.3, the radiated �eldvrad can be represented

as

vrad = L
diL
dt

; (3.1)

whereL is the inductance of the circuit inductorL andi L is the current �owing through the

inductor. If we write out the voltage induced on the electric-�eld probe by the magnetic �eld

around the antenna inductorL, which is

vprobe = M
diL
dt

; (3.2)

whereM is the mutual inductance of the electric-�eld probe, we can relate the probing voltage

vprobe to the radiated �eldvrad , which is

vprobe � vrad : (3.3)

Therefore, the voltage induced by the captured magnetic �eld on the electric-�eld probevprobe

is proportional to the voltage across the of the antenna inductorvrad , and we can usevprobe as

an indicator of the radiated �eld of the antenna to evaluate the system performance of DAM.
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Figure 3.7: Schematic diagram of far-�eld over-the-air experiment. An arbitrary waveform
generator (AWG) is connected to the transmit monopole on the left through a matching net-
work, where the matching network includes a tuning inductor and a transformer. The receive
monopole on the right is connected to a low noise ampli�er (LNA) and an oscilloscope (DPO).

3.4 Over the Air Measurements

After evaluating the signal characteristics of DAM in the lab, we conducted over the air (OTA)

measurements to validate the performance of DAM by circuit models. Different communica-

tion metrics are used to evaluate DAM quantitatively, where an LTI transmitter is set up for

the same measurement as an experimental control. We conducted two types of OTA measure-

ments: far-�eld measurement for evaluating the signal �delity in different modulation schemes

and near-�eld measurement for studying the transient behavior of DAM. The far-�eld measure-

ment setup is drawn schematically in Fig. 3.7. Most of the OTA measurements were conducted

outdoors using a carrier frequency in the27:12 MHz ISM band in HF to measure the far-�eld

of the transmitter. The transmit electrically small antenna measures0:09� (0:94 m) tall and

is tuned to resonance at27:12 MHz using a series inductor. A CMOS-based re�ective switch

(Analog Devices ADG902, Single Pole Single Throw (SPST) or ADG919, Single Pole Double
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Throw (SPDT), depending on the experiments) is used to implement DAM. We include the

switch in both LTI and DAM modes due to resistive broadband effects from switch losses to

mitigate the potential biasing of comparison results. A transformer is used to match the tuned

antenna to an arbitrary waveform generator (AWG, Tektronix AWG70002A). To facilitate syn-

chronization control, we con�gure the AWG to produce both RF and baseband switch control

signals.

On the receiver's side, the receiving antenna measures0:22� (2:43 m) tall and is well-

matched at the selected carrier frequency. Both LTI and DAM modes use identical hardware in

their signal paths.

Most of the OTA measurements were conducted in the far-�eld regime at27:12MHz except

the measurements in Chapter 8, where the radiated near-�elds were measured to evaluate the

transients of DAM at different frequencies. Most of the setups in the near-�eld OTA measure-

ments are the same as the far-�eld measurement except that an electric-�eld probe is used as the

receiving antenna to capture the radiated near-�elds. In low transmitting power, we conducted

the near-�eld measurements at three different frequencies (27:12, 47:5, and153:77MHz). For

the measurements at47:5 MHz, the transmit monopole is trimmed to maintain the same loaded

Q factor, and an inductor and transformer are used to tune the antenna to be resonant. In par-

ticular, a helical antenna is used to be self-resonant at153:77MHz to avoid the inductor's loss

and parasitic effects at that frequency, and a transformer is used to match the resistance of the

antenna to the source. More details of the speci�c near-�eld measurement setup are discussed

in Chapter 8.

Measured data were recorded at varying data rates using both LTI and DAM modes. The

signal diagram of the transmitted signal is shown in Fig. 3.8. In LTI mode, the transmitter

switch is �xed in the closed position, and the AWG produces a modulated pseudo-random bit

sequence (PRBS) for the far-�eld measurement and a modulated “01” bits (an OFF and an

ON pulses) sequence for the near-�eld measurement. The AWG outputs a CW signal with the

same voltage level in DAM mode and controls the switch according to the used scheme. In

both modes of operation, a startup time of many “1” bits is used to charge the system to steady-

state before the bit sequence begins. Likewise, a cooldown sequence of “0” bits is used to fully

discharge the system between sequence repetitions.

A channel sounding sequence is used to obtain an estimate of the channel along with mea-

sured antenna impedances. The sounding signal consists of a linear chirp spanning a sym-

metric fractional bandwidth of75%around the carrier frequency, large enough to contain the

broadband signals used in the experiments. Each measurement consists of transmitting and

recording �fty to one hundred repetitions (N = 50 � 100) of both chirp and data sequences.
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Figure 3.8: Signal diagram of the transmitted signal in OTA. Each sequence include a chirp
sequence and a PRBS or “01” bits sequence, and a startup “1” bits before the bits sequence
and a cooldown sequence of “0” bits after the sequence are used to charge and discharge the
system. The total sequence is repeated N times.

Parsing and averaging of the repeated sequences are used to raise the signal-to-noise ratio in

post-processing (for example, the averaging of100repeated sequences can increase the signal

to noise ratio (SNR) of the received signal ten times, which isSNR100rep =
p

100SNR1rep =

10SNR1rep). Independent GPS-disciplined oscillators supply synchronized triggering and clock

references to the transmitter and receiver.

Time-domain signals at the receiver were recorded using a digital oscilloscope (DPO, Tek-

tronix DPO70404C) and a+30 dB low-noise ampli�er (LNA, Minicircuits LNA-530). The

transmitting and receiving antennas are wire monopoles mechanically supported by freestand-

ing, non-conducting masts as indicated in Fig. 3.6. The antennas are fed at ground level with a

1 m2 rectangular copper plate, and8 half-wave long radials are used to reduce ground losses.

The choice of radials in terms of lengths and quantities is studied in Ansys HFSS. Simulations

were carried out to study the bandwidth change on a quarter-wave monopole between a1 wave-

length rectangular ground plane and a1 m2 rectangular ground plane with different lengths and

numbers of radials. The measuredS11 data in Fig. 3.9 suggests that the bandwidth change and

frequency shift of the monopole are negligible when no less than8 radials are used. In addition,

Fig. 3.10 suggests that the bandwidth change of the monopole becomes insigni�cant when the

radials' electrical length is longer than the quarter wavelength at the resonant frequency.

29



Figure 3.9: Re�ection coef�cient of an electrically small monopole with different quantities
of radials in HFSS simulation. The electrical length of radials is one wavelength.

Figure 3.10: Re�ection coef�cient of an electrically small monopole with different lengths of
radials in HFSS simulation.8 radials are used in this case.
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3.5 Conclusions and Discussion

In this chapter, we introduce the methodology and work�ow of this project. The circuit models

for simulations and lab experiments are presented, and the lab measurement setups are illus-

trated. The transmitter and receiver setups of the over-the-air measurement are presented, and

the lossy ground broadband effect of the electrically small monopole is brie�y discussed using

simulation results.
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Chapter 4

Theory and Characteristics of Direct

Antenna Modulation Using On-Off

Keying

In a conventional LTI on-off keying (OOK) system, the broadband transmitted signal is highly

distorted by the narrowband transmit antenna, thus leading to lower noise tolerance, inter-

symbol interference (ISI), and transmission error. As discussed in Chapter 2, if the bandwidth

of the transmit antenna is narrower than the bandwidth of transmitted signal in a conventional

LTI OOK system, long charging and discharging time can be observed between symbol tran-

sitions. The signal distortion becomes worse as the data rate increases (signal bandwidth in-

creases as well) or the size of the antenna decreases, i.e., the bandwidth of the antenna gets

narrower. The concept of direct antenna modulation (DAM) can be implemented into the OOK

scheme to circumvent this effect. The method of OOK DAM was originally proposed by Galejs,

where the energy is stored on the antenna to avoid energy changes during symbol transitions

such that charging and discharging times are prevented. This method was then rediscovered in

2006, but those works are more focused on short pulse transmission [1, 2, 31, 32, 34, 35, 42].

This chapter aims to test the concept of direct antenna modulation in an on-off Keying

scheme. The signal characteristics of the system are observed and analyzed using a broadband

antenna circuit model, in which both time-domain simulation and near-�eld measurements are

involved. Following are the speci�c research questions we intend to answer in this chapter:

Question 1: What are the signal characteristics of DAM transmitting broadband sig-

nals in the on-off-keying scheme by an electrically small transmit antenna? How do the

transmitter bandwidth, signal data rate, and switch synchronization impact the received
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Figure 4.1: Block diagram of a conventional LTI system (left) and an OOK DAM system
(right). The electric far-�eld is represented byE � , and the terminal voltage of the antenna by
va. We assume that the real part of the antenna is perfectly matched to that of the source.

signal in DAM?

We study the time-domain signal characteristics of the DAM transmitter in the OOK scheme

using the broadband antenna circuit model introduced in Chapter 3. Circuit simulation and

measurement are carried out to evaluate the OOK DAM system in different conditions.

Question 2: What metrics can we use to quantify the signal quality of DAM? How does

OOK DAM perform compared with an LTI transmitter in the over-the-air measurement?

Over-the-air (OTA) measurements are conducted to test the signal �delity in a more realis-

tic environment. We evaluate the system quantitatively using communication metrics like eye

diagrams. Also, an equivalent LTI transmitter and a predictive time-domain model for DAM

transmitter are formulated as an experimental control in the measurement.

4.1 Theory of On-Off Keyed Direct Antenna Modulation

Fig. 4.1 shows the con�gurations of a conventional LTI OOK modulation system and the pro-

posed on-off keyed direct antenna modulation (OOK-DAM) system. In an LTI OOK system, a

short monopole is driven by an RF carrier source modulated by an OOK signal through a tuning

inductor. After the system is pre-charged to the steady-state, the transmitted signal (1's and 0's)

is modulated by the sinusoidal source, sending bits sequence. Different from the conventional

method, a DAM system consists of four components. A continuous-wave (CW) signal source,

tuning inductorL tune , high-speed single pole single throw (SPST) switch, and a narrowband

transmitting antenna are cascaded in series. To introduce the theory of operation of the system,

we assume that an ideal switch is used in the system. Again, the switch will �rstly be closed

for a long start-up time to ensure the system is in a steady state. Unlike the conventional mod-
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Figure 4.2: Signal diagram showing details between symbol transitions in DAM OOK. The
top row is the switch control signalvctrl , and bottom are the antenna terminal voltageva and
the radiated �eldvrad .

ulation method, the antenna in DAM is rapidly switched on and off (i.e., "directly modulated")

based on the signal (“1” or “0”) being sent. When the switch is closed, the antenna is matched

to the source. Thus the antenna oscillates at its tuned resonance, sending a bit “1”. When the

switch is open, the antenna is completely disconnected from the source. Therefore, the antenna

will cease to radiate, producing a bit “0”. We refer to the �rst state (bit “1”) of the DAM OOK

system as the radiating mode, or ON state, and the second state (bit “0”) as the non-radiating

mode, or OFF state.

The key to properly operating the system is to control the switching instants between the

two-state transitions (ON to OFF state and vice-versa). The switch control signalvctrl , antenna

terminal voltageva and voltage across the radiation resistancevrad are shown in Fig. 4.2 to

facilitate this discussion. These waveforms are generated by simulation in Advanced Design

System (ADS) by its transient circuit simulation tool. During the transition from the radiating

mode to the non-radiating mode, the switch is opened and current can no longer �ow into

the antenna terminals, causing radiation to stop nearly instantly. If the switch is opened at the

instant when the antenna terminal voltageva is maximum, charges will be stored on the antenna

resulting in a voltage approximately equal to the steady-state peak voltage being held across

the terminals until the next transition.

Then, in the next transition from OFF state to ON state, with charges stored on the antenna,

if the switch is closed at the moment when the oscillationva is maximum (the carrier signal is
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near its voltage null due to the90� phase difference between the carrier signal and capacitive

antenna impedance) since the antenna has remained “charged" by the steady-state terminal

voltage, it will resume steady-state oscillation without any charging time. Thus, there will be

nearly no transition time from OFF state to ON state. The signal details shown in Fig. 4.3 can

also illustrate this effect. Unlike the conventional LTI system, if we switch at the right time,

the radiated signal in DAM can transition between different symbols in almost no charging and

discharging time.

4.2 Numerical Study of OOK DAM

To study the OOK-DAM system in different conditions, simulations were operated in ADS

using the high-pass circuit model introduced in chapter 3 as the antenna circuit model. The high

pass antenna circuit model is adjusted to emulate a�= 10monopole with a fractional bandwidth

of 0:4%. For comparison, the terminal voltage and the voltage across the resistor of the antenna

circuit model when sending an alternating bit sequence OOK signal in conventional LTI system

and DAM are shown in Fig. 4.3. As can be seen in Fig. 4.3, the charging and discharging

transitions in the LTI system distort the radiated waveform as expected. However, the switching

is synchronized in the DAM system when the antenna terminal voltage is peaking, allowing

short transition times between states.

We aim to study the bene�t of OOK DAM in this section by comparing DAM with conven-

tional an LTI transmitter under different conditions. Speci�cally, we carry out simulations in

ADS to observe the impacts of signal bandwidth, antenna bandwidth, and switching synchro-

nization to DAM by altering these factors.

We �rst study the effect of signal bandwidth by changing the number of carrier cycles per

symbolN while sending an alternating OOK sequence using both DAM and LTI transmitters.

The monopole circuit model is for a�= 10monopole with0:4%half power bandwidth. As can

be seen in Fig. 4.4, the waveform radiated by the LTI transmitter is highly distorted because of

the discharge and recharge time. The signals are almost recoverable at the lowest data rate, but

the signal becomes more degraded asN decreases because the symbol rate is much faster than

the time needed to charge and discharge the antenna. On the contrary, the pulses radiated in the

DAM transmitter are distinct and unaffected by changingN decreases.

Next, the antenna's bandwidth is changed by altering the electrical size of the monopole

while sending an OOK sequence with �xed signal bandwidth (N = 50). The monopole circuit

model is retuned by different inductance to operate at a new frequency which changes its elec-
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Figure 4.3: Simulated antenna terminal voltageva and radiated �eldvrad in the LTI system
(top) and DAM (bottom) using circuit model.
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Figure 4.4: Simulations of comparison on the radiated �eldvrad of conventional LTI sys-
tem and DAM with varying signal bandwidthFBWsig (Nominal �rst null-to-null signal
bandwidth= 2=N, whereN is the number of carrier cycles per symbol). Plots on the left
show the LTI system, plots on the right DAM. The time scale is normalized to the symbol rate
for clarity.
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Figure 4.5: Re�ection coef�cients of the monopole with different electrical length a in ADS
simulation.

trical size. Fig. 4.5 shows the S-parameters of the tuned circuit model with different electrical

size. The bandwidth of these circuit models evidently becomes much narrower as the electrical

size of the antenna decreases. Simulation results in Fig. 4.6 shows that with a broadband trans-

mitter in both methods, the radiated waveform is not affected by the transmission mode used.

However, when the transmitter is changed to a more narrowband antenna, the radiated wave-

form using the conventional LTI system is severely distorted by the antenna, and this effect

becomes worse as the antenna bandwidth becomes narrower. On the other hand, the transmit-

ted signals using DAM are only marginally affected by the bandwidth of the transmit antenna

and even the smallest antenna can effectively transmit the signal.

As is addressed above, ideally, we design the switching instants so that the antenna can

store enough voltage to the next transition to recover the radiation instantly. To further study

the importance of switch synchronization in DAM, we study the effect of the relative phase shift

between the carrier and the switching instant� in ADS using the circuit model. Fig. 4.7 shows

the terminal voltage and voltage across the radiation resistor with a varying phase offset of the

switch control signal relative to the carrier. When� = 0 � , the system is synchronized, and the

signal degrades with increasing offset until the worst case when� = 90� . It is demonstrated in

38




	List of Tables
	List of Figures
	Introduction
	Introduction and Prior Work on Direct Antenna Modulation (DAM)
	Fundamentals of Electrically Small Antennas and DAM
	LTI and non-LTI Approaches to Small Antenna Design
	Prior Work on Direct Antenna Modulation (DAM)
	Conclusions and Discussion

	Research Methodology in Simulation and Measurement of DAM Transmitters
	Research Methodology
	Circuit Simulations
	Circuit Measurements
	Over the Air Measurements
	Conclusions and Discussion

	Theory and Characteristics of Direct Antenna Modulation Using On-Off Keying
	Theory of On-Off Keyed Direct Antenna Modulation
	Numerical Study of OOK DAM
	Experimental Validation
	Conclusions and Discussion

	Theory and Implementation of Phase Shift Keyed Direct Antenna Modulation Transmitter
	Theory of Phase-Shift Keyed Direct Antenna Modulation
	Numerical Study of Phase Transitions
	Far Field Measurements
	Distortion and Effective Bandwidth Analysis

	Extension to higher order modulation
	Conclusions and Discussion

	Internal Oscillations by The Parasitic Effect of DAM
	Characteristics of DAM OFF State
	Analytical Study of DAM OFF State
	Measurement of Parasitic Oscillations
	Internail Oscillating Energy to QPSK Transitions

	Conclusions and Discussion

	DC-assisted DAM Approach to Mitigating Parasitic Oscillations 
	Operation of DAM Using an Auxiliary DC Source
	Experimental Characterization of DC-assisted DAM
	Experimental Setup
	Experimental Results
	Equivalent LTI Antenna Parameters

	Conclusions and Discussion

	Frequency Scaling of DAM Transmitters
	Initial Stored Energy to DAM Charging Time
	Frequency Dependence of Switching OFF Transients in DAM
	DC and Oscillations Coupling in DAM OFF State
	Modeling of Signal Behaviors in DAM OFF State and Its Lab Test
	Frequency Dependence of Switching ON Transients in DAM
	Combined Frequency Scaling Effects of DAM Transmitters
	Conclusions and Discussion

	Conclusions and Future Work
	Conclusions
	Research Contributions
	Validation of Galejs' DAM OOK system
	DAM Method for Transmitting Broadband PSK Signals
	A Novel DC-assisted DAM Scheme to Stabilize Internal Oscillations of the DAM transmitter
	Frequency Scaling of DAM
	Publications

	Future Work
	DC-DAM for On-Off-Keying Modulation
	Carrier-Free DC-DAM
	Investigation of DAM Using Quadrature Amplitude Modulation (QAM)


	Bibliography
	APPENDICES
	Analytical expressions for DAM OFF-state behavior
	Equivalent LTI antenna parameters

