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ABSTRACT

The HF/VHF frequency bands (3-300 MHz) are used by various long-range wireless com-
munication systems in both military and commercial applications. Due to the large wave-
lengths in these bands, the antennas used in such applications are often electrically-small.
While wide bandwidth is desired for high data rates, the electrically-small antennas (ESAs)
tend to have very small bandwidth since there is a trade-off between small antenna size
and wide bandwidth. For each ESA, the upper bound of its bandwidth can be calculated.
Despite the fact that fundamental limitations restrain the performance of small antennas,
the growing need of compact and broadband wireless devices for communication and sen-
sor systems has tremendously stimulated the demand for small antennas with performance
levels approaching, or even exceeding, these limitations. To address this need, I pursue

novel bandwidth enhancement and miniaturization techniques for small antennas.

In this dissertation, three parallel approaches that I took to investigate bandwidth enhance-
ment and miniaturization techniques for small antennas are presented. The first method
employs a novel loading structure to allow antennas to achieve compact and miniaturized
dimensions while maintaining a wide bandwidth. The second method involves utilizing
the presence of metallic objects that are in the vicinity of the ESAs—more specifically,
the platforms (e.g. vehicles, airplanes) on which the ESAs are mounted. In this method,

the platforms are considered as the main radiators, and the ESAs act mainly as coupling
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elements. The third method is to design highly-efficient active non-Foster matching cir-
cuits to bypass the gain-bandwidth limitations of the ESAs and achieve wide impedance

bandwidth. All three methods have been experimentally validated.



Chapter 1

Introduction



1.1 Motivation

Antennas, the transitional structures between free-space and a guiding device that
transmit or receive electromagnetic waves, played a vital role in the success of wire-
less communication. Bandwidth enhancement and miniaturization techniques of antennas
have been discussed as two of the most interesting subjects in the antenna design field.
Todays needs for more multi-functional systems impose requirements for small mobile
terminals including mobile phones, radio frequency identification (RFID), wireless power
transmission, etc. In these multi-functional systems and in many other applications, such
as high frequency/very high frequency (HF/VHF) communications and amplitude mod-
ulation (AM) broadcasting, antennas are electrically small, i.e. the size of the antennas
is much smaller than a wavelength at the operational frequency. Small antennas have
been widely studied since 1947 [1]. Numerous research groups studying the relationship
between the electrical dimensions of an antenna and its gain [2-8], radiation efficiency,
bandwidth [1,2,5,7,9-11], and directional characteristics [2—4, 6, 12—17] have pointed
to a set of physical bounds that restrain the performance of small antennas. The perfor-
mance of such small antennas are often characterized by their sizes, their quality factors,
their fractional bandwidth, and their gain. Therefore, it is important to understand these
parameters.

The product of the parameter ka is commonly used to evaluate the electrical size of
an antenna. Where £ is the wave number (27/), where X is the wavelength), and a is the
radius of the minimum size sphere that encloses the antenna. When ka < 1, an antenna
is considered electrically small [5]. The quality factor (), is a dimensionless parameter
that characterizes bandwidth of a resonator or an antenna relative to its resonant frequency
[2, 18]. The lower bound of the () of a small antenna with a given size is of particular

interest because it is inversely proportional to the maximum available antenna bandwidth



(approximately). At any fixed minimum (), a trade-off exists between the antenna size
and the maximum available bandwidth. In particular, as the dimensions of an antenna
are decreased, its bandwidth also decreases with an upper bound that can be derived by
its minimum (). For example, at 10 MHz, the upper bound for the matched impedance
bandwidth of a dipole antenna with a maximum dimension of 1 m can be calculated from
[2,19] to be less than 0.1% (or 10 kHz). This is very narrowband.

Despite the fact that fundamental limitations restrain the performance of small anten-
nas [1-7,9-11], the growing need of compact and broadband wireless devices for com-
munication and sensor systems that use the electromagnetic spectrum has tremendously
stimulated the demand for small antennas with performance levels approaching, or even
exceeding, these limitations. To address this need, we propose to investigate novel band-

width enhancement and miniaturization techniques for electrically-small antennas (ESAs).

1.2 Proposed Approach

We pursue three parallel approaches to investigate bandwidth enhancement and minia-

turization techniques for small antennas. These are:
1. Improving the antenna structure,
2. Utilizing the platform, and
3. Using non-Foster matching circuits.

Improving the antenna structure is the most direct way to miniaturize an antenna. Some
well-known antenna miniaturization techniques include shaping the antenna, loading ma-
terials, and using electromagnetic metamaterials [20]. ESAs designed using these conven-
tional miniaturization techniques, however, generally suffer from bandwidth reduction.

We designed a low-profile, compact spiral antenna with a broadband circularly polarized



response using a novel loading structure which possesses both inductive and capacitive
characteristics. The proposed antenna occupies a volume that is 89% smaller than that
occupied by its conventional counterpart.

Utilizing other structures in the vicinity of the ESA is another way to enhance band-
width. Realization methods include placing the antenna on a large ground plane, using
highly-conductive ground planes, and taking advantage of the platform where the anten-
nas are mounted. Our second approach focuses on taking advantage of the platform. In
many applications, the antennas are mounted on physically-large metallic platforms, such
as ships, vehicles, airplanes, etc. Since these platforms are generally larger than the an-
tenna mounted on it, if the platform can be used as the main part of the radiating structure,
the maximum linear dimension of the main radiator can be increased and the bandwidth
problems can be alleviated. We proposed a systematic method for designing antenna sys-
tems that takes advantage of the presence of the platform to achieve significantly enhanced
bandwidth compared to a stand-alone antenna. This enhanced bandwidth is achieved de-
spite the fact that the maximum linear dimensions of the antenna system (i.e. the an-
tenna(s) and the platform) are not changed.

Our third approach employs external non-Foster matching circuits. The reactance of
an ESA increases with decreasing electrical dimensions [1]. For these antennas, the effec-
tiveness of passive matching is severely limited, as imposed by the gain-bandwidth theory
of Bode, Fano, and Youla [21-23]. Non-Foster matching circuits produce negative induc-
tance or capacitance that allow for bypassing the restrictions of the gain-bandwidth theory,
and for achieving wide bandwidth. However, the use of conventional non-Foster matching
circuits often sacrifices the transmission efficiency or the stability of the antenna system.
We proposed a new non-Foster matching network for electrically-small monopole anten-
nas in transmit applications which achieves wide bandwidth, high transmission efficiency,

and stability at the same time.



1.3 Literature Review

Despite the significant amount of research in the area, the design problems of ESAs
with wide bandwidth remain unsolved. It was proven by numerous studies that a set of
physical bounds exists that restrains the performance of small antennas [1,2,4-7,9-11].
Wheeler was the first to introduce the definition of ESAs, as well as an equivalent-circuit-
model-based method to define the limitations of these antennas [1]. In [2], the concept
and the calculation method of the minimum () of ESAs were established. Chu’s () is
considered a more accurate measure of the physical limitations of ESAs than Wheelers.
Todays needs for multifunctional wireless systems, however, drive requirements for ESAs
with performance levels approaching, or even exceeding, these bandwidth bounds.

The following subsections provide a brief introduction to the research done in the past

regarding bandwidth enhancement and miniaturization techniques for ESAs.

1.3.1 Improving the Antenna Structure

Most antennas either demonstrate broadband responses or have compact sizes. How-
ever, having both of these criteria in a single antenna is highly desirable in many appli-
cations. To address this need, antenna miniaturization techniques that do not sacrifice
bandwidth are needed. A promising method to achieve this goal is to start with frequency
independent antennas, such as spiral antennas, and to employ size reduction techniques. A
number of different spiral antenna miniaturization techniques have been examined in the
past [20,24-30]. These techniques can be categorized into three classes: inductive load-
ing (series inductance), capacitive loading (shunt capacitance), and slow-wave treatments
(series inductance and shunt capacitance). Inductive loading increases the inductance per

unit length of the spiral arms. Some of the well known realization methods are: using a



series of lumped inductors along spiral arms [28], using two dimensional (2-D) meander-
ing lines [20, 24-26], and using three dimensional (3-D) coils [29]. Similarly, capacitive
loading increases the capacitance per unit length of the spiral arms. This can be realized by
using dielectric material loading [20] and tapered dielectric loading [27]. The slow-wave
treatment is a combination of inductive and capacitive loading. It increases both the series
inductance and the shunt capacitance per unit length. In [29], the slow-wave treatment
was realized by using 3-D coils in combination with dielectric loading. Small antennas
designed using these conventional miniaturization techniques, however, generally suffer

from bandwidth reduction.

1.3.2 Utilizing the Platform

Since many antennas are mounted on metallic platforms that are physically larger than
the antennas themselves, the presence of the platform in the vicinity of the antenna may
be exploited to enhance the antenna bandwidth. To do this, the platform and the antenna
must be designed together and the platform must be considered to be a major part of the
radiating structure from the beginning. In the past, various research groups have studied
platform-mounted antennas and proposed different techniques for taking advantage of the
platform. Specifically, in [31-39], the platform-mounted antennas were designed to take
advantage of the platform. These platform-mounted antennas can be categorized into two
classes: 1) Partially exciting the platform modes [31,34-38], and 2) Fully exciting the
platform modes [39]. In [31], HF fan/whip antennas placed on the superstructure of a
ship to excite currents on a portion of the ships structure were discussed. In [34-36],
part of the platform was used as the radiator and part of a folded monopole antenna was
replaced by the mast of a ship. In [37], the half loop antennas were flush-mounted at the
modified ship corners to take advantage of part of the platform as reflecting plane. In a

more recent study, a characteristic-mode-based approach was employed to find desirable



radiating currents from the characteristic modes of the platform [38]. To excite the desired
currents on the structure, slits were cut in the body of the ship where the currents are
strongest. In [39], the theory of characteristic modes was used to determine the optimized
positions of the feed probes to excite the radiating currents on a unmanned aerial vehicle

(UAV).

1.3.3 Using Non-Foster Circuits

ESAs have very small radiation resistances and large reactances [1]- [19]. Conse-
quently, they have very high radiation (Js, and are difficult to match. When matched with
conventional passive circuits composed of positive valued capacitors or inductors (Foster
circuits), ESAs suffer from narrow bandwidth or from low gain due to the realizability
constraints imposed by the gain-bandwidth limitation theory [21]- [23]. This is because
positive valued capacitors or inductors are only capable of canceling out the reactance of
an ESA at discrete frequencies. In theory, active non-Foster matching circuits produce
lossless impedances with a negative reactance-to-frequency slope that allow for bypass-
ing the gain-bandwidth limitations by canceling out the reactance of the ESA over a wide
and continuous frequency band. This technique has been widely used in receiving ESA
systems [40]- [44]. In 1968, the earliest application of non-Foster matching circuit to
electrically-small receiving antennas was proposed [40]. The multistage transistor-based
circuit in this work provides negative capacitance that is controlled by a voltage feedback
loop. The advantage of using negative impedance matching circuits for receive ESAs
was also stated. It improves received signal-to-noise ratio (SNR) only in those frequency
ranges where receivers are internal-noise limited but not external-noise limited. This re-
search was extended in [41] where the negative capacitance is realized using operational
amplifiers. In [42], active coupling networks are used for electrically-small receiving an-

tennas, but the inherent bandwidth and noise issues with solid state devices limited their



use. The designs in [43] use transistor-based negative impedance converters (NICs, in-
troduced by [45]) to generate negative capacitors or negative inductors to implement non-
Foster circuits for receive antennas. A 9 dB SNR improvement was achieved at 30 MHz
in an actual experiment. In [44], it was suggested that, with low-noise floor levels, a
receiving system consisting of a passive ESA and an amplifier can provide better SNRs
compared with a receiving system with a non-Foster matched ESA. On the other hand,
little work has been published on non-Foster matching techniques for ESAs in transmit
applications [43,46]. In the experiments in [46], the use of class A and class B NICs' re-
sulted in transducer power gain improvements compared to passive matching circuits that
exceeded 20 dB in the lower part of the operating frequency band (15 MHz-30 MHz, 67%
transducer power gain improvement bandwidth); while in [43], the class C NIC improved
the transducer power gain by 10 dB at the center part of the operating frequency band (21
MHz-22.2 MHz, 6% transducer power gain improvement bandwidth). There are some
additional challenges that must be overcome for designing transmit matching circuits for
ESAs. First, the matching loss magnification must be overcome. Matching loss magnifi-
cation reduced the transmission efficiency (low transducer power gain) between the source
and the antenna because of the multiple reflections? that exist between a high () ESA and
its matching circuit [47]. Secondly, a non-Foster transmit antenna must be capable of
handling very high voltage/current swings at the antenna terminals to allow for sufficient
power transmission [43,47]. Finally, in wideband non-Foster matching networks, circuit
stability is another problem that has to be taken care of [43,48].

The major source of loss in ESAs is the loss in the impedance matching networks.

The matching network for an ESA, which is highly reactive, needs to cancel out the large

IClass A, class B, and class C circuits conduct 100%, 50%, and less than 50% of the input signal,
respectively.

2Under the high Q condition, a large circulating currents is generated between the antenna and the match-
ing circuit. Similarly, large voltage standing waves are produced within the matching circuit.



reactance and match the input impedance of the antenna to 50 €. If the matching network
is composed of lump elements (discrete inductors/capacitors), requirements for matching
such a highly reactive antenna will produce very large circulating currents and/or high
standing voltages (i.e. multiple reflections) between the antenna and the matching circuits.
This magnifies the intrinsic matched loss to a much larger realized loss which results in
low transmission efficiency [47]. Moreover, due to the small radiation resistance (,) and
large reactance (X,) of the high () ESA, only a small fraction of the applied voltage/current
reaches the radiation resistance. Consequently, the matching circuit has to build up a very
large voltage or current swing at the ESA terminal in exchange for even low radiated
power. The stability of non-Foster transmitting systems is a another major concern due
to the use of active components in these systems. It is very critical that the stability of
these systems is ensured to avoid spurious radiation from the antennas. Addressing more
than one of these challenges will be extremely difficult, but also a major breakthrough
for electrically-small transmit applications, especially for those operating in the HF and
lower VHF frequency bands (e.g. military communication systems, electronic warfare

applications, etc.).

1.4 Thesis Overview

Our three approaches to investigate bandwidth enhancement and miniaturization tech-

niques for ESAs are discussed in Chapters 2—4:

Chapter 2

A low-profile, compact spiral antenna with a broadband circularly polarized (CP)
response is designed. This antenna achieves compact and miniaturized dimensions
by employing a novel loading structure, where each arm of this two-armed spiral

antenna is both inductively and capacitively loaded. Additional miniaturization is
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achieved by using high dielectric constant superstrate and substrate materials. Using
these techniques, the proposed antenna occupies a volume that is 89% smaller than
that occupied by a conventional ground-plane-backed Archimedean spiral antenna
with the same fractional bandwidth. Section 2.1 provides a detailed discussion about

the work that was done taking this approach.

Chapter 3

We examine how a platform-mounted antenna can be used to magnetically excite
the natural resonant modes of the platform and improve the bandwidth of platform-
mounted antennas. In our studies discussed in Section 3.1, we show that the band-
width of these antennas can be enhanced by increasing the excitation efficiency of
the desired platform mode. This is despite the fact that the maximum linear dimen-
sions of the structure (i.e. the feed antenna(s) and the platform) are not changed.
The feasibility of using the proposed approach in designing platform-mounted HF
antennas with enhanced bandwidth is experimentally verified, and is applied to a
realistic armored personnel carrier. In this part of the dissertation, we demonstrate a

method to exceed the bandwidth limitation of an employed ESA.

Chapter 4

Antennas for HF and VHF communication systems and electronic warfare are mostly
electrically small. Due to the small radiation resistances and large reactances of
ESAs, passive Foster matching for these antennas results in narrow bandwidth or
low gain. Active non-Foster matching circuits produce negative reactances which

allows for bypassing the gain-bandwidth limitations. However, most non-Foster
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matching circuits are either unstable or do not offer the highest transmission effi-
ciency. When functioning in a transmit application, the non-Foster matching cir-
cuits also have to meet the challenge of generating a large voltage/current swing at
the ESA terminal in order to radiate even low to moderate power. In this chapter, we
present a new non-Foster matching network for electrically-small monopole anten-
nas in low-power transmit applications. The proposed antenna achieves wide band-
width, high transducer power gain, and stability at the same time. The architecture
of the proposed non-Foster matching circuit consists of a common-base amplifier,
a transformer, and a negative impedance converter (NIC). In the example presented
in this paper, this transmit circuit is used to match a 12.59” high monopole antenna
(0.028\ at the lowest operating frequency, 26 MHz) that functions in the HF/VHF
frequency band. Our experimental results show that the non-Foster transmitting sys-
tem remains stable within the operating frequency band (26 MHz—-89 MHz), and that
the transmission efficiency (transducer power gain) of this system was successfully
enhanced throughout this frequency band by up to as much as 34.4 dB using the
proposed non-Foster circuit. The measured 6 dB return loss fractional bandwidth
of this system is 110%, while the maximum bandwidth that can be achieved using

passive matching for the same system is 0.076% at 26 MHz.

Chapter 5

This chapter discusses possible extensions of our work.
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Chapter 2

A Compact, Broadband Spiral Antenna With Unidirectional
Circularly Polarized Radiation Patterns
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2.1 A Compact, Broadband Spiral Antenna With Unidirectional Cir-
cularly Polarized Radiation Patterns

A low-profile, compact spiral antenna with a broadband circularly polarized response is
presented. The antenna is backed by a ground plane and has uni-directional radiation pat-
terns over its entire frequency band of operation. This antenna is a multilayer structure
composed of a center-fed modified Archimedean spiral that exploits a novel loading struc-
ture, a ring-shaped absorber, and a feeding network which includes a 180° power split-
ter. The loading structure possesses both inductive and capacitive characteristics, which
increase the equivalent electrical length of the antenna while maintaining its maximum
dimensions. The Archimedean spiral is integrated into the multilayer dielectric structure
along with its differential feeding network. An optimized ring-shaped absorber is used
on the periphery of the antenna to reduce the ground effects on the antenna performance.
The proposed antenna occupies a volume that is 89% smaller than that occupied by a
conventional ground-plane-backed Archimedean spiral antenna. At its lowest frequency
of operation, the antenna has electrical dimensions of 0.21)\,,;, X 0.21\,;, X 0.09A,5,
where \,,;, is the free-space wavelength at the lowest frequency of operation (0.5 GHz).
Over the frequency range from 0.5 to 1.4 GHz (2.8:1), the antenna has a VSWR of 2.4:1,
and it has a circularly-polarized radiation pattern with an axial ratio better than 1.2 dB.
Within this frequency range, the antenna has minimum and maximum realized gain values

of -5.0 dBiC and 3.1 dBiC, respectively.

2.1.1 Introduction

Compact and broadband antennas have a wide spectrum of applications in commer-
cial and military wireless systems. Numerous techniques for designing such antennas

have been reported in the past [49]— [51]. In many applications, broadband antennas with
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circularly-polarized (CP) radiation characteristics are needed. Examples include Global
Navigation Satellite Systems, mobile satellite services, satellite communications, and cer-
tain radio-frequency identification applications [52]— [56]. A number of different tech-
niques for designing broadband circularly-polarized antennas have been examined in the
past [57]- [60]. Among such antennas, spiral antennas have received a significant amount
of attention over the past several decades due to their ultra-wideband (UWB) character-
istics and reasonably compact and low profile dimensions [51]. A two-arm Archimedean
spiral antenna that has a constant input impedance and circularly-polarized radiation pat-
terns over a wide range of frequencies was proposed by Kaiser in 1960 [51]. In this tradi-
tional antenna, the lower and upper frequencies of operation are determined by the outer
and inner radii of the spiral, respectively. The frequency response of this spiral antenna
also depends on the growth factor of the spirals, as well as the line widths and the trunca-
tion effects in the finite spirals. From a practical point of view, when designing a spiral an-
tenna, the growth factor and the line width can easily be determined by referring to the de-
sign rules of the printed circuit board fabrication method used, which determine the lower
bounds of the line and slot widths. Following these design rules and the guidelines for
standard lithography techniques for fabricating printed circuit boards', the maximum lin-
ear dimension of a bi-directional Archimedean spiral antenna (that provides CP radiation
with an axial ratio better than 3 dB) can be calculated as approximately 0.38\,,;,, where
Amin 18 the free-space wavelength at the lowest frequency of operation of the spiral an-
tenna [51]. Such a conventional Archimedean spiral antenna, however, has bi-directional
radiation patterns. In many applications, this is not desirable since the antenna needs to

be mounted on a large metallic platform. To achieve uni-directional radiation patterns,

! The following are typical design rules in fabricating printed circuit boards: The minimum line width is
0.005”, the minimum trace to trace spacing is 0.005”, and the minimum diameter of drilled non-plated holes
is 0.010”.
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the spiral antenna can be placed over a ground plane at a distance of \,,;,,/4 [61]. There-
fore, a conventional circularly-polarized, uni-directional Archimedean spiral antenna has
electrical dimensions of 0.38)\,,;, X 0.38\,in X 0.25)\,,;,, at its lowest frequency of oper-
ation. While such an antenna has a uni-directional radiation pattern, it also has a relatively
high overall profile, which may not be desirable in many low-frequency (e.g. VHF and
UHF) applications. Other techniques for achieving uni-directional radiation patterns in
spiral antennas have also been examined [62]— [64]. Among all uni-directional antennas,
ground-backed and cavity-backed antennas can be most easily mounted on metallic plat-
forms. One of the challenges of designing ground-backed or cavity-backed antennas is
to prevent strong mutual coupling between the antenna and the ground or the cavity. The
coupling leads to axial ratio deterioration. A number of different researchers proposed
using absorbers to decrease these mutual coupling effects [62, 65]. Other researchers uti-
lized electromagnetic band-gap (EBG) structures or artificial magnetic conductors (AMC)
in uni-directional spiral antennas [64]. Several ground-backed and cavity-backed antennas
are compared in Table 2.1. These antennas either demostrate broadband responses or have
compact sizes. However, having both of these criteria in a single antenna is highly desir-
able in many applications. To address this growing need, spiral antenna miniaturization
techniques are needed.

A number of different spiral antenna miniaturization techniques have been examined
in the past [24]- [20]. These techniques can be categorized into three classes: induc-
tive loading (series inductance), capacitive loading (shunt capacitance), and slow-wave
treatments (series inductance and shunt capacitance). Inductive loading increases the in-
ductance per unit length of the spiral arms. Some of the well known realization methods
are: using a series of lumped inductors along spiral arms [28], using 2-D meandering
lines [24]- [26], [20], and using 3-D coils [29]. Similarly, capacitive loading increases

the capacitance per unit length of the spiral arms. This can be realized by using dielectric
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material loading [20] and tapered dielectric loading [27]. The slow-wave treatment is a
combination of inductive and capacitive loading. It increases both the series inductance
and the shunt capacitance per unit length. In [29], the slow-wave treatment was realized
by using 3-D coils in combination with dielectric loading.

In this paper, we present a miniaturization technique that takes advantage of several
size reduction methods simultaneously, and can be applied to Archimedean spiral an-
tennas. Using this technique, the volume occupied by a uni-directional Archimedean
spiral antenna can be reduced to 0.21\,,;,, X 0.21\;;, X 0.09\,,,;,. This corresponds
to a volume reduction factor of 89% compared to a conventional ground-plane-backed
Archimedean spiral antenna (Conservatively, such an antenna has electrical dimensions
of 0.38\in X 0.38\in X 0.25\,,;, at its lowest frequency of operation). The proposed
miniaturization technique is based on loading the spiral arms at their ends with a slow-
wave structure possessing both capacitive and inductive elements. This increases the ef-
fective electrical lengths of the arms, thereby reducing the lowest frequency of operation of
the antenna while maintaining its maximum linear dimensions. A ground plane is placed
underneath the antenna to achieve uni-directional radiation. To further miniaturize the an-
tenna and to decrease the spacing between the ground plane and the main radiator, the
antenna and the ground plane are separated with dielectric substrate with a relatively high
dielectric constant, €,. Since doing this results in confinements of the antenna fields in
the region below the plane of spiral, the antenna is also loaded with a thick, high-¢, su-
perstrate to enhance its radiation efficiency. To mitigate the adverse effects of the ground
plane’s presence on the axial ratio of the antenna, a ring-shaped absorber is placed on the
periphery of the antenna. The antenna is fed with differential semi-rigid coaxial cables.
A prototype of the proposed antenna operating in the frequency range of 0.5-1.4 GHz is
designed, fabricated, and measured. The fabricated prototype shows a minimum realized

gain of -5.0 dBiC, a maximum realized gain of 3.1 dBiC, a VSWR better than 2.4:1, and
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an axial ratio of 1.2 dB over this broad frequency band. In what follows, the details of the

design and the principles of operation of the antenna are presented and discussed.

2.1.2 Antenna Design
2.1.2.1 Antenna Structure

Fig. 2.1 shows the cross sectional and the top views of the proposed antenna. Unlike
a conventional Archimedean spiral antenna, the two arms of the proposed antenna are
located on two different sides of a dielectric substrate (“sub 2 in Fig. 2.1). The inner and
outer radii of the spiral antenna with loading structure are 1 mm and 60.6 mm, respectively.
The spiral arm width and the gap between two adjacent arms are 1 mm. There are 13 turns
of spiral arms and 1.5 turns of loading structure as shown in Fig. 2.1. Two dielectric
substrates with the thickness of 25.4 mm and dielectric constants of ¢, = 10.2 sandwich
the spiral antenna (“sub 17 and ‘“‘superstrate” in Fig. 2.1). Sub 1 and the superstrate
are both composed of ten stacked layers of RT/duroid-6010.2LM substrates (from Rogers
Corp.), each with a thickness of 2.54 mm. A ground plane is placed behind the antenna
(on metal layer 1), on the bottom side of a thin dielectric substrate, to make the radiation
patterns uni-directional. The feed network is composed of two semi-rigid cables as shown
in Fig. 2.1. The dielectric substrate immediately on top of the ground plane has a thickness
of 0.508 mm and a dielectric constant of 2.2 (RT/duroid 5880 from Rogers Corp.). The
feed network is composed of two 50 €2 semi-rigid coaxial cables as shown in Fig. 2.1.
The semi-rigid cables are connected to SMA connectors and are used to feed the antennas.
One of the semi-rigid cables extends all the way through the thickness of substrate 1 and
its center conductor is connected to the feed point of spiral arm 2 (located on metal layer
2 as shown in Fig. 2.1). The other semi-rigid cable extends all the way through the

thicknesses of substrates 1 and 2, and its center conductor is connected to the feed point of
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the spiral arm 1 (located on metal layer 3 as shown in Fig. 2.1). The distance between the
centers of the two semi-rigid cables is 2.2 mm and the diameter of each semi-rigid cable
is 2.2 mm. The outer conductors of the semi-rigid cables are connected within the region
ranging from the ground plane (metal layer 1), the “sub-feed”, and all the way to 1 mm
below metal layer 2. The outer conductors of the semi-rigid cables are also connected to
the ground plane (metal layer 1). The holes accommodating the two semi-rigid cables are
extended all the way through the thickness of superstrate as well, even though the semi-
rigid cables terminate on the two sides of substrate 2. This is done for two reasons. First,
it provides a means for aligning different stacked dielectric substrates that constitute the
superstrate. Second, the holes provide additional space for the center conductor of the
semi-rigid cables to extend beyond the plane of the spirals. This extended length of the
center conductors provides a reactive impedance in parallel with the feed point impedance
of the spiral and can be used for impedance tuning purposes. A ring-shaped absorber is
placed on the periphery of the antenna between metal layer 2 and the “sub-feed”. The inner
and outer diameters of the ring-shaped absorber are 80 mm and 127 mm, respectively. The
height of the absorber is 25.4 mm, which is the same as substrate 1. The circular absorber
is made of ECCOSORB LS-26 (from Emerson & Cuming Microwave Products, Inc.) as
shown in Fig. 2.1. The overall height of the multilayer structure is 52 mm and its diameter

is 127 mm.

2.1.2.2 Innovation

The design process of the antenna started with an Archimedean spiral structure, where
unlike conventional spirals, each arm of the spiral is placed on one side of a relatively thin
dielectric substrate. To help decrease the physical separation between the ground plane
and the spiral, a dielectric substrate with a dielectric constant of ¢, = 10.2 was used below

the antenna. This also helps with reducing the electrical dimensions of the antenna. To
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improve the radiation efficiency of the antenna and ensure that the fields are not confined
between the antenna and the ground plane, a thick superstrate with the dielectric constant
of ¢, = 10.2 is used to load the antenna as well. To further miniaturize the antenna, a
new type of a slow-wave loading structure was designed that possesses both inductive and
capacitive characteristics (see Fig. 2.1) and takes advantage of the fact that each arm of
the spiral is printed on a different side of the dielectric substrate. This loading structure
is in the form of two meandered lines with variable (modulated) widths that overlap each
other on the periphery of the spiral. Each meandered line is connected to the end of an
arm of the spiral. The narrow and wide sections of the meandered lines act respectively as
distributed inductive and capacitive loads of a slow-wave structure. Unlike a conventional
Archimedean spiral antenna, the two arms of this spiral are fabricated on the two different
sides of the dielectric substrate. This helps further increase the capacitive loading effects of
the meandered section as it allows for the meandered sections of each arm of the spiral to
overlap with those of the other arm in the capacitive regions (see Fig. 1). This overlapping
further increases the capacitance per unit length of the capacitive sections of the mean-
dered spiral length resulting in further increasing of the electrical length of the structure
for a given physical size. This slow-wave structure increases the electrical length of the
spiral for a given physical length. To compare the performance of this slow-wave structure
with other common structures, we conducted full-wave EM simulations of a conventional
two-wire transmission line, a zig-zag lines of the type reported in [24], and our proposed
structure. Considering the two-wire line as the baseline, the zig-zag line provides a 13%
reduction in the phase velocity whereas our proposed structure provides a 54% reduction.
The broadside-coupled meandered loading structure can be specified mathematically using
(2.1).

L = a x square(5 x ) 2.1
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where square is a function for square wave generation in Matlab, o is 0.6, 5 is 128 and 6 is
measured from the z-axis. The size of arm 1 and arm 2 of the spiral antenna are determined

by the (2.2) and (2.3), respectively.

ro=ro+bx 0 4L (2.2)

vy =10+ b x UM _ [ (2.3)

where rg is 39.37 mils (1 mm), b is 78.74 /7 mils (2/7 mm), n is 1, and 6 is measured from
the z-axis.

To achieve a uni-directional radiation pattern, the antenna is backed by a ground plane.
In a ground-plane backed spiral antenna, the strong coupling between the antenna and the
ground plane is a common problem which can severely degrade the antenna’s radiation
characteristics, especially its axial ratio. In the past two decades, a variety of research
groups studying cavity-backed antennas have tried to reduce the ground effects [65]— [73].
One common method used for alleviating the ground effects is to use absorbers [65]. Us-
ing absorbers decreases the mutual coupling between the ground plane and the antenna. In
general, this improves the axial ratio of the antenna but it will naturally result in some gain
reduction. To balance the trade-off between these two radiation characteristics, the ab-
sorber was designed as ring-shaped and is placed only on the periphery of the spiral arms.
The inner diameter of the ring-shaped absorber is 80 mm and its width is 23.5mm. These
dimensions are determined using trial and error simulations in CST Microwave Studio. In
these simulations, an attempt was made to balance the tradeoff between the axial ratio im-
provement and the realized gain degradation of the antenna. To achieve the desired mode
of operation, the two arms of the antenna must be fed with the same magnitude and a 180°
phase difference between them. This is accomplished using the feed network shown in

Fig. 2.2. In this case, the two ports of the antenna are excited using a power divider/phase
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shift network. At VHF/UHF frequencies, commercially available 180° power splitters can

be used to easily feed the antenna in the desired mode of operation.

2.1.3 Simulation and Measurement Results

The spiral antenna discussed in Section 2.1.2 was simulated in CST Microwave Studio.
The main physical and geometrical parameters of the antenna are presented in Section
2.1.2. The antenna is simulated as a two-port device where each port is placed at the input
port of one of the semi-rigid cables shown in Fig. 2.2. After each simulation, the results
of the two-port full-wave EM simulations are combined to obtain the simulation results of
the antenna when it is fed with a broad band 180° power splitter.

Using full-wave EM simulations in CST Microwave Studio, the electric current dis-
tribution on the spiral arms were first examined. These results confirmed that the electric
currents flowing in the overlapping sections of the meandered arms are out of phase and
flow in opposite directions. Therefore, the overlapped sections of the meandered spi-
ral arms act similar to a two-wire transmission line with enhanced capacitance per unit
length. Additionally, the narrow sections of the meanders have increased inductance per
unit lengths. Therefore, the meandered sections of the spiral arms act as slow-wave struc-
tures with increased capacitance and inductance per unit length. The current distribution
on the antenna arms is simulated and the results are shown for 0.6 GHz, 1 GHz and 1.4
GHz in Fig. 2.3. As can be observed, at each frequency, the current magnitude on the
spiral arms decay as one moves from the center towards the edges of the spiral. This is
an indication that standing waves on spiral arms are not significant and consequently, a
low axial ratio is expected. After completion of the design process and fine tuning of the
physical and geometrical parameters of the antenna, a prototype of the proposed antenna
was fabricated. The spiral antenna was fabricated using chemical etching. We prepared

20 panels of 0.1” thick RT/duroid 6010.2LM substrates. Ten of which were cut into the
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diameter of 127 mm (superstrate), and the rest into the diameter of 80 mm (sub2). We also
prepared 4 panels of 6.35 mm thick ECCOSORB LS-26 absorbers. The absorbers were
cut into ring shape with outer and inner diameters of 127 mm and 80 mm, respectively.
Four additional pads were left on each layer for tightening with nylon screws and nuts.
The input reflection coefficient of the fabricated prototype was characterized using a
vector network analyzer. Figs. 2.4(a) and 2.4(b) show the simulated and measured input
VSWRs of the antenna as seen from the inputs of ports 1 and 2, respectively. As can be
observed, a relatively good agreement between the measurement and simulation results is
observed. The measured two-port S-parameters of the antenna were also post processed
to calculate the input VSWR of the antenna as seen from the input of the broadband 180°
power splitter shown in Fig. 2.2 and the results are presented in Fig. 2.5. As can be
observed, the antenna shows a VSWR of 2.4:1 over its entire frequency band of operation.
The radiation characteristics of the antenna were measured in a multi-probe, spherical
near field system over the frequency range of 0.6 GHz to 1.4 GHz. The measurements are
conducted in two steps. First, the radiation characteristics of the antenna were measured
when it was fed at port 1 while the second port was terminated with a matched load. Using
the near-field system, the complex (magnitude and phase) far-field radiation parameters
of the antenna were determined. Subsequently, a similar procedure was followed and the
complex far-field radiated fields of the antenna were measured when the antenna was fed
at port 2 while port 1 was terminated. These measured results were then post processed
to obtain the radiation patterns of the antenna and its other radiation characteristics when
the antenna is differentially fed using the feed network shown in Fig. 2.2. Since the
spherical near-field measurement system used in these experiments provides us with all
the complex far-field components, the process of combining the measurement results of
the two-ports is straightforward. The measured electric fields from each port were summed

up with 180° phase difference in Matlab. The axial ratio (the ratio of the major axis to the
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minor axis) was calculated by the combined electric fields in Matlab. Fig. 2.6 shows the
measured radiation patterns of the antenna over the frequency range of 0.6 to 1.4 GHz
along with the simulated results. Measured and simulated results are shown for both the
co-pol (RHCP) and cross-pol (LHCP) components of the radiated fields in two different cut
planes (z — z and y — z planes). The cross-pol components are approximately 24 dB below
the co-pol components in the direction of maximum radiation indicating a relatively good
polarization purity. Moreover, the antenna’s radiation patterns remain consistent across its
entire frequency band of operation. In a real life scenario, the proposed antenna should be
fed with a single feed network that provides the necessary excitation amplitude and phase
over a wide frequency range. In reality, such feed networks may have amplitude and/or
phase imbalances at some frequencies over the band of operation. This will result in the
deterioration of the axial ratio of the antenna and its polarization purity compared to what
is reported in this paper.

Fig. 2.7 shows the measured and simulated axial ratios of the antenna along the di-
rection of maximum radiation. As can be observed, the antenna demonstrates an axial
ratio of lower than 1.2 dB across its entire band of operation. The simulated and measured
realized gains of the antenna are shown in Fig. 2.8. The simulated and measured max-
imum realized gains of the antenna are 3.3 dBiC and 3.1 dBiC, respectively. Assuming
that the minimum acceptable realized gain is -5.0 dBiC, the maximum acceptable axial
ratio is 3.0 dB, and the maximum acceptable VSWR is 2.5:1, the bandwidth of the an-
tenna is determined to be from 0.5 GHz to 1.4 GHz (a 2.8:1 bandwidth). At the lowest
frequency of operation of 0.5 GHz, the antenna has maximum electrical dimensions of
0.21\in X 0.21 N5 X 0.09\,,5. A conventional spiral antenna with a performance sim-
ilar to the proposed antenna is also designed as a reference. It has electrical dimensions

of 0.38\nin X 0.38\,,;, (diameter=228.6 mm). To make this antenna uni-directional, a
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ground plane is placed a quarter wavelength below the antenna [61]. The simulation re-
sults of this antenna are shown in Figs. 2.5, 2.7, and 2.8. The electrical volume occupied
by this antenna is thus, 0.38)\,,;, X 0.38\,.in X 0.25),,;,. Notice that placing a ground
plane below an Archimedean spiral antenna deteriorates its performance (i.e. axial ratio
and gain) and generally shifts the lowest operation frequency of the antenna up. How-
ever, to be conservative in our comparison, we have considered the electrical volume of
0.38\nin X 0.38\nin X 0.25\,,;, as the reference for calculating the volume reduction

factor of our proposed antenna, 89%.

2.1.4 Conclusion

In this paper, a low-profile ground-backed spiral antenna with a wideband circularly-
polarized response was presented. The proposed spiral antenna achieves compact and
miniaturized dimensions by employing a novel loading structure where each arm of the an-
tenna is both inductively and capacitively loaded. Additional miniaturization is achieved
by using high dielectric constant superstrate and substrate materials. Using these tech-
niques, the antenna diameter is effectively reduced to 0.21\,,;,. In order to reduce the
effects of the ground plane placed in close proximity of the antenna, an optimized ring-
shaped absorber is placed between the antenna and the ground plane. The bandwidth of
this antenna is from 0.5 GHz to 1.4 GHz, over which the antenna shows an axial ratio of
1.2 dB, a VSWR of 2.4:1, and minimum and peak realized gain values of -5 dBiC and 3.1
dBiC, respectively. One of the advantages of the proposed multi-layer structure presented
in this paper is the potential integration of miniaturized-element frequency selective sur-
faces of the types reported in [74]— [75] within the superstrate layers of the antenna. This
possibility is currently being explored for developing modified versions of the proposed
antenna that demonstrate significantly reduced out of band radar cross sections and can be

used for low-observable applications.



25

Table 2.1 Comparison of the proposed antenna with a number of different cavity-backed
and ground-backed antennas reported in the literature. Bandwidth is determined based on
the frequency range where the axial ratio is less than 3 dB and the realized gain is higher

than -5 dBiC.

Ref. H L W BW Peak Gain
[66] 0.18 0.86 0.86 15%* 8.7 dBiC
[67] 0.07 0.38 0.38 79%* 3 dBiC
[68] 0.09 022 022 13% 2.9 dBiC
[69] 0.22 1.14 0.66 22%* 9 dBiC
[70] 0.07 0.80 0.80 100% 8.5 dBiC
[71] 027 152 152 50% 11.0 dBiC
[72] 030 0.85 0.85 4%* 7.1 dBiC***
[73] 025 1.03 1.03 55% 9.9 dBiC

Here 0.09 0.21 021 95% 3.4 dBiC

* Only 3 dB axial ratio is reported and used to determine

the bandwidth.

** Only realized gain is reported in the paper and is used

to determine the bandwidth.

***7.1 dBiC (LHCP), 4.9 dBiC (RHCP).

sfeskoksk

The unit of H, L, and W is \,,;,,.
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Figure 2.1 Topology of the proposed ground plane backed ultra-wideband spiral antenna.
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Figure 2.2 The proposed UWB spiral antenna is fed with an ideal 180° power splitter
which provides differential feeding at the two ports.

Figure 2.3 Simulated surface current distributions of the antenna at (a) 0.6 GHz, (b) 1.0

GHz and (c) 1.4 GHz.
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Figure 2.4 Simulated and measured VSWR of the antenna (a) at port 1 when port 2 is
terminated with a 50 €2 load; and (b) at port 2 when port 1 is terminated with 50 €2 load..
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Figure 2.5 Simulated and measured VSWR of the antenna as seen from the input port of
the feed network shown in Fig. 2.2.
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Figure 2.6 Simulated and measured radiation patterns of the antenna in the x — 2z and
y — 2 planes.
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Figure 2.7 Simulated and measured axial ratios of the antenna when the antenna is fed
with the feed network shown in Fig. 2.2.
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Chapter 3

Bandwidth enhancement of platform-mounted HF/VHF an-
tennas using the characteristic mode theory
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3.1 Bandwidth enhancement of platform-mounted HF antennas using
the characteristic mode theory

Many high frequency (HF) antennas have significantly smaller dimensions than the
wavelength at which they operate and thus suffer from narrow bandwidths. In many mili-
tary applications, such HF antennas are mounted on relatively large metallic platforms. In
this paper, we examine how a platform-mounted antenna can be used to excite the charac-
teristic modes of the platform itself to increase the overall bandwidth of the system. In this
case, the platform will act as the main radiator and the mounted antennas act primarily as
the coupling mechanism between the antenna and the external circuit. We use the theory
of characteristic modes to identify the appropriate platform modes and determine the prac-
tical means of exciting them. This allows for significantly increasing the bandwidth of the
antenna system compared to the bandwidth of the antenna system in isolation. This ap-
proach is employed to enhance the bandwidth of a horizontally-polarized HF loop antenna
system by as much as 10 times compared to a stand-alone full loop antenna. Scaled models
of the proposed antennas were fabricated and experimentally characterized. Measurement
results are in good agreement with the theoretically predicted results and demonstrate the
feasibility of using the proposed approach in designing bandwidth-enhanced platform-

mounted HF antennas.

3.1.1 Introduction

The high-frequency (HF) band (3-30 MHz) is used for various military applications
including communications and electronic warfare applications [76]— [33]. In the HF band,
the wavelength ranges from 100 m at the lower end to 10 m at the upper end of the band.
Due to such large wavelengths, most HF antennas used for military applications tend to

be electrically-small antennas (often monopole whip antennas) used in conjunction with
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automatic impedance tuners. However, such electrically-small antennas tend to have very
small bandwidths [1]— [2], which is a limiting factor for certain applications [78]— [79].
Since most HF antennas used for military applications are often mounted on physi-
cally large metallic platforms (e.g. ships, military vehicles, and airplanes), the presence
of the platform in the vicinity of the antenna may be exploited to address the challenge
of narrow bandwidth. In these situations, the platform is generally larger than the an-
tenna mounted on it. Therefore, if the platform can be used as part of the antenna, the
maximum linear dimension of the antenna can be increased significantly, resulting in an
enhanced bandwidth. To do this, the platform and the antenna must be designed together
and the platform must be considered to be a major part of the radiating structure from the
beginning. In the past, this technique has been applied to design mobile handset antennas
by exciting radiating currents on mobile terminal chassis [80]- [83]. The design of mil-
itary platform-mounted antennas has also been studied, and a number of techniques for
exploiting the platform to obtain enhanced performance have been reported [31], [35]-
[86]. These platform-mounted antennas can be categorized into two classes: 1) Those
that partially excite the platform modes [31], [35]— [38], and 2) Those that fully excite the
platform modes [39]— [86]. In [31], HF fan/whip antennas are placed on the superstructure
of a ship to excite currents on a portion of the ship’s structure. In [35]- [36], part of the
platform was used as the radiator, and part of a folded monopole antenna was replaced by
the mast of a ship. In [37], half loop antennas were flush-mounted at the modified ship
corners to take advantage of part of the platform as reflecting plane. In a more recent
study, a characteristic-mode-based approach was employed to find desirable radiating cur-
rents from the characteristic modes of the platform [38]. To excite the desired currents on
the structure, slits were cut in the body of the ship where the currents are the strongest.
In [39], the theory of characteristic modes was used to determine the optimized positions

of the feed probes to excite the radiating currents on an unmanned aerial vehicle.
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In this paper, we present a systematic method for designing an HF antenna system that
takes advantage of the presence of the platform to achieve significantly enhanced band-
width compared to a stand-alone antenna. To conduct this study, we consider a simple
metallic platform in the shape of a rectangular box with dimensions that are comparable
to those of a typical military armored personnel carrier. Using the theory of characteristic
modes, we examine the resonant behavior of this structure and identify the modes that can
generate the desired radiation characteristics. Subsequently, we use strategically-located
coupling loops, which are relatively small compared to other designs [81]- [82], [38]-
[39], to excite the desired platform mode using magnetic field coupling. In this arrange-
ment, the antenna acts as a transformer between the feed and the platform. Using magnetic
field coupling between the loop and the platform allows for maintaining the platform shape
intact and eliminates the need to cut holes or slits within the body of the structure. We also
demonstrate that, by increasing the number of coupling loops strategically located at dif-
ferent locations on the periphery of the platform, a better approximation of the current dis-
tribution associated with the desired resonant mode of the platform can be obtained. This
results in increasing the bandwidth of the antenna system. Specifically, we demonstrate
that the proposed process can be used to improve the bandwidth of a platform-mounted
antenna system that acts as a single radiator, compared to what can be achieved with the
same antenna or system in isolation without the presence of the platform. By using differ-
ent numbers of coupling loops, the bandwidth of the proposed platform-mounted antenna
system is increased by as much as 10 times, compared to an isolated loop antenna in free
space. Experiments were conducted by fabricating and characterizing scaled models of
the structure. Experimental results of the scaled-model prototype closely follow the theo-
retical predictions. Finally, the proposed method was applied to a more realistic military
platform and, using full-wave EM simulations, it was demonstrated that the conclusions

obtained by using the simplified platform can also be extended to the more realistic one.



35

3.1.2 Antenna Design

We start by considering a simple metallic platform in the shape of a rectangular box
with dimensions of 3.7 m x 10.7 m x 3.3 m. These dimensions are selected because
they are comparable to the physical dimensions of a typical armored personnel carrier

(Expeditionary Fighting Vehicle or EFV [87]).

3.1.2.1 Examining the Characteristic Modes of the Platform

The theory of characteristic modes was introduced and refined in the 1960s and 1970s
[88]— [91]. Characteristic modes of an object are a complete orthogonal set of currents.
Any induced current on the object can be expanded in terms of these modes. The radiated
fields associated with these currents in the far field are also orthogonal. The eigencurrents

J,, can be determined from the following generalized eigenvalue equation:
XJp = NRJ, 3.

where R and X are the real and imaginary parts of the impedance matrix of the electric
field integral equation. ), is the eigenvalue associated with the eigencurrent .J,,. With the
assumption that each characteristic mode is 100% excited by an ideal external source, the

potential contribution of each mode is measured by its modal significance:

= ‘ ! (3.2)

L+ A

The design process of the proposed antennas starts by examining the resonant behav-
ior of the platform and their associated current distributions. The commercial full-wave
software FEKO was used to carry out the analysis of characteristic modes, and the modal

significance curves of the structure examined are shown in Fig. 3.1'. A mode is considered

'FEKO numbers the characteristic modes according to their modal significance values and from low
frequency to high frequency.
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Modal Significance

Frequency [MHz]

Figure 3.1 Simulated modal significances of the first four modes of the platform.

resonant when the modal significance of that mode attains a value of 1 [92], and a mode is
considered significant when the modal significance is greater than or equal to 0.707 [38].
Fig. 3.1 shows that the dominant mode for this structure is mode 1, and this mode is sig-
nificant above approximately 9 MHz. Fig. 3.2 shows the electric current distributions and
the radiation patterns of the first four characteristic modes of the platform. Examination
of the electric current distribution and radiation pattern of mode 1 indicates that it has a
direction of maximum radiation towards zenith. Modes with current distributions and ra-
diation patterns similar to those shown in Figs. 3.2(a)-3.2(b) (modes 1 and 2) are suitable
for NVIS (Near Vertical Incidence Skywave) applications at HF band. In this work, we
focus on exciting mode 1 because it is the dominant mode of the platform. However, the
concepts presented in the subsequent sections are equally applicable to the excitation of

other modes shown in Fig. 3.2.
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Figure 3.2 Simulated normalized current distribution and normalized radiation patterns
of the first four characteristic modes of the platform. (a) Mode 1, (b) mode 2, (c) mode 3,
and (d) mode 4.
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3.1.2.2 Radiation () of the Platform Modes

To examine the upper limit of the bandwidth that can be achieved by exciting the
platform’s characteristic modes, we need to calculate the lower bound for the () of the
desired platform mode. Given the platform dimensions and considering a frequency of
operation of 10 MHz, the platform () based on the Chu-McLean limit is calculated to be
Qcne = 1.3391 [2], [7]. The 10 dB return loss fractional bandwidth associated with this
@ is approximately 50% [7]- [19]. This, however, is too optimistic a value because the
platform shape does not utilize the available volume within the Chu’s sphere efficiently.
Furthermore, the desired platform mode does not have the optimum current distribution
needed to generate the lowest possible (). Therefore, a more realistic calculation of the
(2 can be performed by examining the actual stored energy and radiated power associated
with the current distribution of the desired platform mode. The radiation () can be specified

mathematically as:

2 Max(We, Wy,) 47TMax(VVe,VVm)
Prad B Wrad

where W, and W), are the total stored electric energy and magnetic energy, respectively,

Q=w (3.3)

P,.q 1s the radiated power, and W, is the radiated energy. The commercial software
FEKO does not automatically calculate the () of the characteristic modes. Therefore,
this was done manually by exporting the electric and magnetic fields associated with the
desired platform mode. The total stored energy was then calculated numerically by evalu-

ating the following expression [93]:

1 tot tot IV 1 4
”e — —2 [We + ”m v'ad] - _llm{ E E S : nAS} (3 )
”r 1 Hrtot ”rtot ”f 1

5[ e TWo — rad] + 1 Im{i E S - HAS} 3.5

where W and W' are the average total electric and magnetic energies, respectively,

W,qaq 1s the radiated energy, and S=1 / 2F x H* is the complex Poynting vector.
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To calculate these values, the electric and magnetic field values calculated by FEKO
are exported along a rectangular grid, the cross section of which is shown in Fig. 3.3.
Here, Az, Ay, and Az are the spatial steps along the z, ¢, and Z directions along which
the field values are sampled. The values of the six field components (£, F,, £, H,, H,,
and H,) are computed by FEKO at each point outside of the platform on a rectangular

grid as shown in Fig. 3.3. Using this, W!°" and W' are calculated using the following

equations:
€
Wiet — ZZZZ(|EQC|2+ |E,|” + | E.]")AzAyAz (3.6)
T Yy z
pytet — %ZZZUH&Q +|H,? + |H.|?) AzAyAz 3.7)
T Yy z

The expression calculated from (3.6) and (3.7), however includes the total energy (i.e.,
the combination of the stored energy and the radiated energy). To obtain the total stored
energy, the contribution of the radiated energy must be subtracted from the total stored

energy. The radiated energy is obtained using:

wred = %RC{QAZL‘ Z Z S, - EAyAz
+2Ay Z Z S_;J -gAxrAz
+2A2) Y S 2AzAy) (3.8)

where § = 1 / 2F x H* is the complex Poynting vector and c is the speed of light. The
numerical calculations expressed by (3.6)—(3.8) must be carried out over a sufficiently
large volume in the vicinity of the antenna to ensure that all of the stored energy in the
vicinity of the antenna is taken into account. To determine the size of the domain over
which these calculations must be performed, one can increase the volume successively
and monitor for the convergence of the results obtained. The mesh scheme for the ()

calculations is shown in Fig. 3.3. The mesh size and the size of the computational domain
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Figure 3.3 The scheme of the radiation () calculation.

are determined by NV; and N3, respectively. N5 is the number of grids along each direction
(z, y and 2). In our calculations, it was found out that Ny = 9, Ny = 171 and N3 = 19
resulted in a computational domain large enough to allow for accurate calculation of the
@, and hence, these values were chosen to perform the () calculations for the platform.
Following this procedure, the () of mode 1 is calculated to be Qyr04e1 = 8.6655. This
corresponds to a matched 10 dB return loss fractional bandwidth of 7.69% at 10 MHz.

These results are summarized in Table 3.1.

3.1.2.3 Feed Structure Design

Examination of the current distribution of mode 1 of the platform reveals that the en-
tire antenna acts as a fat dipole for this mode, as shown in Fig. 3.2(a). Such a dipole
antenna can be fed by a voltage gap placed at the center of the dipole, as shown in Fig.
3.4(a). However, this requires dividing the platform in two, which is not practical. Al-
ternatively, capacitive or inductive coupling techniques can be used to excite this mode,

as shown in Figs. 3.4(b) and 3.4(c). Fig. 3.4(b) shows an example of using capacitive



Table 3.1 Comparison of simulation results of the different antennas.

Scenario® fo (MHz) BW Niot
Chu limit 10.00  49.79%
Mode 1 10.00 7.69%
One full loop alone 11.99 0.33% 97.1%

One half loop (Center) 12.32 0.64% 99.1%
One half loop (Edge) 11.48 1.31% 99.5%
Two half loops (Edge) 10.76 220%  99.7%
Four half loops (Edge) 10.16 327%  99.7%

4 The 1 full loop antenna is stand-alone. Everything else is on

the platform.
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coupling elements (CCEs) to excite mode 1. In this case, two monopole antennas, fed
with the same magnitudes and 180° phase difference, are used to excite mode 1. In Fig.
3.4(c), multiple half loops, all fed with the same magnitudes and phases, are placed on the
periphery of the platform. The loops act as inductive coupling elements (ICEs) and couple
with the magnetic field of mode 1 to excite this mode. Both of these coupling methods can
be used to efficiently excite mode 1 without cutting the platform. In this work, however,
we employ the ICE excitation shown in Fig. 3.4(c) for two reasons. First, we assume
that the maximum linear dimension of the antenna/platform is to be maintained (i.e., the
coupling antennas should not increase the radius of the Chu sphere, a, circumscribing the
entire structure, as seen in Fig. 3.4(d)). With this constraint, Fig. 3.4(d) shows that within
the Chu’s sphere, very limited space is available to place the CCEs whereas ample space
is available to accommodate the ICEs. Additionally, in a real life application, the two
smaller surfaces where CCEs are located on correspond to the front and back side of an
amphibious assault vehicle. Mounting long monopole antennas on these surfaces makes
the antennas extremely susceptible to damage and interferes with the primary tasks that
these vehicles have to perform. The presence of the loops or monopoles on the platform
cause new modes to be created. However, these modes are associated with the resonances
of the coupling elements themselves and become significant at higher frequencies only.
Specifically, characteristic mode simulations in FEKO show that the presence of the cou-
pling elements does not significantly impact the properties of mode 1 and its current dis-
tribution. Therefore, in the analysis conducted in the remainder of this paper, we focus on
examining the characteristic modes of the platform alone.

Fig. 3.5(a) shows an example of using ICEs to excite mode 1. Here, only a single loop
antenna is used to excite the desired platform mode. To magnetically excite mode 1, where
the current direction on the platform is in the ¢ direction and the H-plane of the fat dipole

is on the © — 2 plane, the ideal direction of the matched half loop antenna is on the y — z
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Figure 3.4 Mode 1 of the platform is excited by (a) a voltage source, (b) monopole
antennas, or (c¢) half loop antennas. (d) Comparison of the two coupling methods with a
given maximum linear dimension of the system, 2a.

plane, as shown in Fig. 3.5(a). Fig. 3.6 shows a comparison between the input reflection
coefficients of a full loop antenna in free space and the half loop antenna, shown in Fig.
3.5(a), on the platform. The simulations in both cases are conducted in FEKO. Since
both loops are small, their input impedances are reactive. Each antenna is impedance
matched at the frequency where the real part of its impedance is close to 50 €2. Therefore,
impedance matching can be performed using a simple, series capacitor at the input of
the antenna. This simplifies the design of the antenna but also means that the frequency
where the best impedance match is obtained can slightly change from one design to the
other. As can be observed, while both antennas are narrow-band antennas, the platform
mounted antenna exhibits a fractional bandwidth almost twice that of the free-space loop
antenna (0.64% compared to 0.33%). This is due to the fact that the half loop antenna
excites currents on the platform and thus has an effectively larger electrical dimension.

The current distribution and the radiation pattern of the antenna shown in Fig. 3.5(a) are
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Figure 3.5 (a) One half loop antenna on the top of the platform (Center). (b) One half
loop antenna on the top of the platform (Edge). (c) Two half loop antennas on the top of
the platform (Edge). (d) Four half loop antennas on the top and bottom of the platform
(Edge). C, =12 pF, Cy = 18 pF', C3 = 25 pF and C; = 32 pF'. The wire diameter of
the loops are 81.92 mm.
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also calculated using full-wave EM simulations in FEKO and the results are shown in Fig.
3.7(a). As can be observed, the current distribution in this case is different from that shown
in Fig. 3.2(a). This is to be expected since a single loop does not effectively synthesize the
required magnetic current distribution on the periphery of the platform.

Examining Fig. 3.2(a) also reveals that the electric current density of mode 1 is the
strongest at the edges of the structure. Therefore, the coupling efficiency between the
single loop and the platform can be enhanced if the loop is located at the edge of the
platform, as shown in Fig. 3.5(b). The simulated input reflection coefficient of this antenna
is also presented in Fig. 3.6. Observe that the fractional bandwidth of the antenna is now
increased to 1.31% compared to 0.64% for the single antenna mounted on the center of
the platform’s top surface. To further increase the efficiency of excitation of mode 1,
the number of loops placed on the platform can be increased as shown in Figs. 3.5(c)
and 3.5(d). This will, in turn, increase the bandwidth of the antenna system because the
available volume (i.e., the platform surface) is more efficiently utilized. Fig. 3.5(c) shows
a scenario where two half loops are placed on top of the platform and at its edges where
the current density of mode 1 is the strongest. Fig. 3.5(d) shows a similar scenario where
the number of antennas is increased to four to provide a more uniform excitation of mode
1. In both cases, all half loops mounted on the platform are excited in phase and with
the same magnitudes. Fig. 3.6 shows the simulated input reflection coefficients of these
antennas. Since the antenna systems were matched using a single reactive element used
for each of the loops, the frequency where the internal resistance is 50 {2 varies with the
different feed scenarios. Nevertheless, the frequency shift is less than 2.16 MHz, and the
operating frequencies of all scenarios are still in the lower HF band. If identical operating
frequencies are required, a two-element matching network can be used to eliminate the
shift. Notwithstanding this, the validity of the proposed concept can still be demonstrated

using the simple matching network used in this design.
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The dimensions and positions of the loops, as well as the values of the commercially-
available matching capacitors, are shown in Fig. 3.5 and its caption, respectively. S-
parameter files of ideal two-way and four-way power splitters were used in the simulation
of the antennas shown in Figs. 3.5(c) and 3.5(d), respectively, to obtain the input reflec-
tion coefficient as seen from the terminals of a single feed. As can be seen, by using
multiple loops strategically placed at different locations on the platform, the bandwidth
of the antenna system is considerably increased. Specifically, for the case of two loops
the fractional bandwidth is increased to 2.20% and for the case of four loops, the frac-
tional bandwidth is further increased to 3.27%. These enhancements correspond to factors
of 3 (7) and 5 (10) respectively compared to the bandwidth of a single half loop (full
loop) mounted on the platform (in free space). The total efficiency (7;,) of the platform-
mounted antennas shown in Fig. 3.5 are greater than 99% (Table 3.1), which is expected
because the only source of loss considered in the simulations is the ohmic losses in the
conductors. This was done deliberately because the feed network loss increases with the
number of coupling loops, primarily due to the loss of the power splitters. Therefore, con-
sidering a more realistic loss scenario in the simulations makes it difficult to distinguish
the main source of enhancement of the bandwidth. However, as can be observed from the
ideal simulations performed here, the bandwidth of the antenna increases significantly as
the number of coupling loops is increased. This confirms that the increase in bandwidth
is not due to the losses of the system because all systems considered in these simulations
have efficiencies close to 100%.

To demonstrate that the bandwidth enhancement is achieved by exciting the electric
currents of the platform, as opposed to increasing the volume over which the four loops
are placed, we examined the performance of a four-element antenna array composed of
four full loops in free space, as shown in Fig. 3.8. Each loop has dimensions of 4.7 m x 1

m and the relative positions of the loops in Figs. 3.8(b)-3.8(c) are the same as those shown



47

in Figs. 3.5(d) and 3.8(a) in the absence of the platform. In Fig. 3.8(b), all four elements
of this array are fed and impedance matched similar to what was described earlier and the
same ideal 4-1 power splitter was used to feed them. Using this approach, the 10 dB return
loss fractional bandwidth of this array is simulated to be 0.22%, as shown in Fig. 3.6,
which is even less than that of the one full loop in free space. This is because the direction
of the feed ports of the bottom two loops is 180° different from the upper two loops as is
the case in the structure shown in Fig. 3.5(d). When the feed directions are the same (Fig.
3.8(c)), the fractional bandwidth becomes 0.87%, as shown in Fig. 3.6. Either way, the
fractional bandwidth of the four full loops in free space is significantly smaller than the
3.27% bandwidth obtained from the structure shown in Fig. 3.5(d). This verifies that the
presence of the platform and efficient excitation of the platform modes are indeed critical
in achieving the enhanced bandwidths reported in Fig. 3.6. Additionally, the comparison
of the bandwidths of the structures shown in Figs. 3.5(a) and 3.5(b) reveals that efficient
coupling between the coupling loops and the platform is also important in enhancing the
bandwidth of the antenna system. Figs. 3.7(b)-3.7(c) show the current distribution and the
radiation pattern of the antennas for the cases where two and four coupling loops are used
to excite the desired platform mode. Observe that by increasing the number of coupling
loops, the radiation pattern and the current distribution of the structure become closer to
that shown in Fig. 3.2(a). This distribution of the radiating current over a larger volume is

in part responsible for the bandwidth improvement observed.

3.1.3 Experimental Results

Due to the large size of these HF antennas, conducting measurements of the full-scale
versions of the proposed platform-mounted antennas is not practical in our experimental
facilities. Therefore, to validate the proposed concept, scaled versions of the proposed

structures were fabricated. The platforms were fabricated by 3D printing and the 3D
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Figure 3.6 Simulated S1; of the platform-mounted antennas and full loops shown in Figs.
3.5 and 3.8.

Table 3.2 Comparison of measurement results of the different scaled antennas.

Scenario fo(MHz) BW  Max. D (dBi) 7
One half loop (Center) 707.55 091% 4.2 26%
Two half loops (Edge) 650.00 1.78% 3.5 37%
Three half loops (Edge & Center)  634.15  1.97% 3.8 33%
Four half loops (Edge & Center) 639.60 2.84% 2.8 30%
Four half loops (Center) 672.65 3.75% 3.1 26%

Four half loops (Edge) 652.60 5.12% 39 32%
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Figure 3.7 Simulated normalized current distributions and radiation patterns of the
platform-mounted antennas. (a) One half loop antenna, placed on the top surface of the
platform, is used to excite currents on the surface of the platform. (b) Two half loop
antennas, placed at the edges of the top surface, are used to excite electric currents on the
platform. (c) Four half loop antennas, two placed at the edges of the top surface and the
other two placed at the edges of the bottom surface, are used to excite electric currents on
the platform.
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Figure 3.8 (a) Four half loops on the platform; (b) Four full loops in free space. The feed
directions of the bottom two loops are 180° different from the top two loops (as in (a));
(c) Four full loops in free space (feed directions are the same).

Table 3.3 Comparison of the fabricated prototypes with different platform-mounted
antennas reported in the literature.

Ref  Appl. gz~ CENo. CEtype CutPlat. CE D* Sys. D?
[81] Handset 8.25% 1 Capacitive Yes 0.29) 0.43\
Handset 4.33% 1 Capacitive Yes 0.14\ 0.42\
[82] Handset 5.75% 1 Capacitive No 0.23)\ 0.72)
[38] Military 0.19% 2 Inductive Yes 0.54\ 3.73\
[39] Military 1.02% 2+1 Inductive No 0.18)\,0.22X  1.03X\
This work
- Military  2.29% 1 Inductive No 0.14\ 0.35)\
- Military  5.30% 2 Inductive No 0.13\ 0.32)\
- Military 15.11% 4 Inductive No 0.13\ 0.32\

4 Maximum linear dimension of the coupling elements or the system (coupling elements and

platform) in terms of the wavelength.
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printed structures were covered with copper tape. The feed networks for the scaled ver-
sions were etched on 0.02” thick Rogers RT/duroid 5880 substrates, as shown in Figs.
3.9(a)-3.9(c). To excite the multiple half loop antennas on the same platform with the
same magnitudes and phases, a two-way power splitter (Mini-Circuits SP-2C1+) and a
four-way power splitter (Mini-Circuits SCA-4-10+) were used. The realistic 2-1 and 4-
1 power splitters have typical insertion losses of 0.4 dB and 1.2 dB, respectively. Figs.
3.9(d)-3.9(f) show photographs of the fabricated prototypes. The dimensions of the fab-
ricated scaled models are provided in the caption of Fig. 3.9. The radiation parameters
of the fabricated prototypes were measured using a multi-probe spherical near field sys-
tem. The measured maximum directivity of the scaled versions of the one, two, and four
half loop antennas are 4.2 dBi, 3.5 dBi, and 3.9 dB4i, respectively. Fig. 3.10 shows the
measured Sy, of the fabricated prototypes. The measured 10 dB return loss fractional
bandwidth of the one, two, and four half loop antennas on the platform are 0.91%, 1.78%,
and 5.12%, respectively, as shown in Fig. 3.10 and Table 3.2. A relatively good agreement
between the measured bandwidths of the scaled antennas and the simulated bandwidths
of the full-scale antennas can be observed (see Table 3.1 and Table 3.2). The normalized
radiation patterns of the antennas are also measured and shown in Fig. 3.11. From Figs.
3.2(a) and 3.11(c), it can be observed that the radiation patterns of the four half loop case
are very much similar to those of the mode 1 of the platform: omni-directional in the
x — z plane, and figure-eight shaped in the y — z plane. The minor differences between
the radiation patterns of the fabricated prototype and those of mode 1 are primarily due
to the presence of a large feeding cable, connected to the SMA connector on the bottom
of the antenna, in the near field of the structure during measurement. Other factors con-
tributing to these minor differences include tolerances in the fabrication and the possible
small phase/amplitude imbalances between the different ports of the realistic power split-

ters used in the measurement process.
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The radiation efficiencies of the one, two, and four loop antennas on the platform are
26%, 37%, and 32%, respectively. These low efficiency values are caused by two principal
factors. The first one is the losses of the power splitters and the feed networks. The second
source is the losses of the impedance matching networks of each individual loop. The
matching network for any small antenna with a highly reactive input impedance (similar to
the coupling loops used here) needs to cancel out a large reactance and match the antenna
to 50€2. If the VSWR of the unmatched antenna is very high, the intrinsic losses of the
elements used in the impedance matching network are significantly magnified, resulting
in a much larger realized loss, L,, which can be calculated using [47]:

(VSWR + 1)2L% — (VSWR — 1)?

L, =
4L - VSWR

3.9

where L is the intrinsic loss of the impedance matching network in linear scale and VSWR
is the voltage standing wave ratio for the unmatched antenna. Despite this enhanced loss,
the total efficiencies of the different antennas examined in this work are quite similar to
each other and fall in the range of ~ 31%+5%. These relatively small differences between
the efficiencies of these antennas are not significant enough to explain the significant dif-
ferences in their measured bandwidths. The results presented in Fig. 3.10 and Table 3.2
demonstrate the validity of using the proposed technique in designing platform-mounted
HF antennas with enhanced bandwidth. The total efficiencies of full-scale devices are ex-
pected to be higher than those of the scaled-model versions fabricated in this work. This
is due to the fact that power dividers available at HF band have significantly lower loss
values and the quality factors of the capacitors and inductors available at HF band (for

impedance matching) are higher than those available at UHF band.
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Table 3.3 compares the measured performances of the antennas proposed in this work
with a number of other antennas that use the platform as the radiating element. While per-
forming an exhaustive comparison is beyond the scope of this article, several representa-
tive examples reported very recently were chosen for this purpose. They include antennas
designed for mobile handsets as well as those designed for military platforms. The table
shows the ratio of the measured 10 dB return loss fractional bandwidth of each antenna to
the maximum theoretical bandwidth achievable based on the Chu-McLean limit. Addition-
ally, the number and types of coupling elements used, their maximum linear dimensions,
and the maximum linear dimension of the system (coupling elements and platform) are
also provided. The reported data suggests that as the electrical dimensions of the system
and those of the coupling element increase, wider bandwidths can be achieved. Addition-
ally, if the platform can be cut, additional modes may be created that can significantly
increase the bandwidth (e.g. handset antenna reported in [81]). Cutting the platform has
also been used in [38] to excite the desired modes. However, in the application exam-
ined in this work, cutting the platform is not an option. Nevertheless, the data presented
in Table 3.3 shows that our proposed technique can be used to significantly increase the
BW/BWg, ratio using relatively small coupling elements (in a military platform whose
maximum linear dimension is less than \/2) without needing to cut the platform.

Table 3.3 also shows that the system volume is used more efficiently when the num-
ber of our coupling loops increases. The bandwidth enhancement factor, however, will
eventually saturate due to the increasing mutual coupling between the loops. Therefore,
it is anticipated that an optimum number of coupling loops exists that, when arranged
properly, can provide the bandwidth closest to the maximum available bandwidth. While
determining this optimum configuration is beyond the scope of this paper, we studied a
full-scale structure using eight half loops. This arrangement was found to provide a band-

width of 4.17%, which indicates that some additional gains in bandwidth can be achieved
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by increasing the number of loops. However, to achieve this additional 0.9% increase in
bandwidth, four new coupling loops had to be added to the platform, which drastically in-
creases the complexity of the system. Therefore, it appears to us that using four coupling
loops provides a good compromise between enhanced bandwidth and complexity of the
system.

In addition to the scaled versions of the scenarios shown in Fig. 3.5, we also examined
several alternative structures that use multiple coupling loops. Specifically, we examined
placing three half loops on the top of the platform, two half loops on the top and one half
loop on each side of the platform, as well as one half loop on the centers of the top, the
bottom, and the two sides as shown in Fig. 3.12. The feed networks used to feed each
prototype are shown in Figs. 3.12(a)-3.12(c). The prototypes of these structures were
also fabricated and characterized as discussed in the previous paragraph and are shown
in Figs. 3.12(d)-3.12(f). The feed networks use three-way (Mini-Circuits SCA-3-11+)
and four-way (Mini-Circuits SCA-4-10+) power splitters to excite the loops with the same
magnitudes and phases. The realistic 3-1 and 4-1 power splitters have a typical insertion
loss of 0.7 dB and 1.2 dB, respectively. The measured fractional bandwidth of the three
half loops (Edge & Center) shown in Fig. 3.12(a), four half loops (Edge & Center) shown
in Fig. 3.12(b), and four half loops (Center) shown in Fig. 3.12(c) are 1.97%, 2.84%, and
3.75%, respectively. The radiation efficiencies of these antenna systems are respectively
33%, 30%, and 26%. Comparison of the results shown in Table 3.2 demonstrates that the
bandwidth of these antenna systems can be enhanced by distributing the coupling loops
over the entire surface of the platform. Moreover, for the cases that a similar number of
coupling loops are used, placing the loops at locations where the current density of the
desired mode is strongest improves the bandwidth of the system. This is clearly seen by
examining the performances of the antennas shown in Figs. 3.9(f) and 3.12(f). In both

examples, four coupling loops and the same type of power divider are used. However, the
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Figure 3.9 Photograph of the scaled platform-mounted antennas. One half loop scenario
(Center): (a) feed network (d) prototype; Two half loop scenario (Edge): (b) feed network
(e) prototype; Four half loop scenario (Edge): (c) feed network (f) prototype. The
dimensions of the scaled platforms are 46.25 mm x 133.75 mm x 41.25 mm. The
dimensions of the scaled half loops are 58.75 mm x 6.25 mm. The values of the
capacitors for the one, two and four half loop scenarios are 0.25 pF, 0.4 pF and 0.4 pF,
respectively.
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Figure 3.10 Measured S;; of the scaled platform-mounted antennas for one half loop
antenna on the platform (Center), two half loop antennas on the platform (Edge), and four
half loop antennas on the platform (Edge), as shown in Fig. 3.9.
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Figure 3.11 Measurement results of normalized radiation patterns (realized gain) of the
scaled platform-mounted antennas on the x — z and y — z planes for (a) one half loop
antenna on the platform (Center), (b) two half loop antennas on the platform (Edge), and
(c) four half loop antennas on the platform (Edge), as shown in Fig. 3.9.
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structure shown in Fig. 3.9(f) has a fractional bandwidth of 5.12% while the one shown
in Fig. 3.12(f) has a fractional bandwidth of 3.75%. In addition to having a significantly
wider bandwidth, the antenna shown in Fig. 3.9(f) has a slightly higher efficiency than
the one shown in Fig. 3.12(e). The comparison of these two measurement results is
further evidence that the proper placement of the antennas on the platform can significantly
influence the bandwidth of the system and that the bandwidth gains are not due to the
differences in efficiencies. In all cases, the radiation patterns are horizontally polarized
and the direction of maximum radiation is orthogonal to the y axis of the platform. The
maximum directivity values of the antennas are respectively 3.8 dBi, 2.8 dBi, and 3.1 dBi

for the structures shown in Figs. 3.12(d), 3.12(e), and 3.12(f).

3.1.4 Applying the Proposed Approach to a More Realistic Platform

To demonstrate the applicability of the proposed approach to a more realistic platform,
we applied the same design concepts to the U.S. Marine Corps Expeditionary Fighting Ve-
hicle [87]. To do that, a simplified model of the EFV (Fig. 3.14(a)) was used in conjunction
with full-wave EM simulations in FEKO. Fig. 3.13 shows the current distributions associ-
ated with the first few modes of this platform as well as their modal significances. As can
be observed, the first four modes of this realistic platform are similar to those of the sim-
plified platform shown in Fig. 3.2. Specifically, in the EFV model, mode 1 of the platform
is the dominant mode and it is significant above approximately 11 MHz. When excited in
this mode, the entire platform acts as a horizontally-polarized dipole antenna with an elec-
tric current oriented along the ¢ direction. To excite mode 1 on the EFV, coupling loops
can be placed on its surface according to the scenarios shown in Figs. 3.14(b)-3.14(f). In
this case, we assume that the coupling loops are placed only on the top and the two side
surfaces of the platform. Additionally, we considered placing up to four half loops on the

surface of the platform in various configurations as shown in Fig. 3.14. Specifically, the
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Figure 3.12 Photograph of the scaled platform-mounted antennas. Three half loop
scenario (Edge & Center): (a) feed network (d) prototype; Four half loop scenario (Edge
& Center): (b) feed network (e) prototype; Four half loop scenario (Center): (c) feed
network (f) prototype. The dimensions of the scaled platforms are 46.25 mm x 133.75
mm X 41.25 mm. The dimensions of the scaled half loops in these scenarios are: (d)
58.75 mm x 7.75 mm (Center) and 58.75 mm x 6.25 mm (Edge); (e) 58.75 mm X 6.25
mm (Edge) and 58.75 mm x 8.55 mm (Center); (f) 58.75 mm x 6.4 mm (Center, Top &
Bottom) and 58.75 mm x 6.25 mm (Center, Sides). The values of the capacitors in these
scenarios are: (d) 0.3 pF (Center) and 0.35 pF (Edge); (e) 0.4 pF (Edge) and 0.35 pF
(Center); (f) 0.25 pF (Center).
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Figure 3.13 Simulated normalized current distribution and radiation patterns of the first
four characteristic modes of the simplified EFV platform: (a) mode 1, (b) mode 2, (¢)
mode 3, and (d) mode 4. (e) Simulated modal significance of the simplified EFV
platform.
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Figure 3.14 (a) The simplified EFV platform. (b) One half loop antenna (Top), (c) two
half loop antennas (Top), (d) three half loop antennas (Top), and (e) four half loop
antennas on the top of the simplified EFV platform (Top). (f) Two half loop antennas on

the top and one half loop antenna on each side of the simplified EFV platform (Top &
Side).
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EFV model was examined when one, two, three, and four half loops were placed on the
top surface of this platform as shown in Figs. 3.14(b)-3.14(e). Another topology, where
two half loops are placed on the top and one half loop on each side of the platform (i.e.
four half loops (Top & Side)), as shown in Fig. 3.14(f), was also considered. In the sce-
narios shown in Figs. 3.14(d)-3.14(e), the height of the half loop placed at the center on
the top of the platform was tuned to match the operating frequency of the outer two half
loops. Similarly, in Fig. 3.14(f), the length of the half loops on the side of the platform
was tuned to match the operating frequency of the other two half loops. The particular
topologies were chosen for practical reasons. The simulated S;; of the different cases
are shown in Fig. 3.15. The S;; of the antennas are obtained by FEKO simulations that
include the feed loops, the EFV, and the related ideal power splitters. Table 3.4 presents
the simulated bandwidth of the different topologies. The bandwidth increases as the num-
ber of coupling loops increases, except the four half loops (Top) scenario. The fractional
bandwidth of the four half loops (Top) scenario is less than that of the three half loops
(Top) scenario because the strong mutual coupling between the four half loops increases
the input impedance, which decreases the bandwidth. In the two arrangements shown in
Figs. 3.14(e) and 3.14(f) where four feed loops are used, the fractional bandwidth of the
antenna system of Fig. 3.14(f) is wider (3.85% vs. 3.36%). This is due to the fact that the
distribution of the coupling loops along the periphery of the EFV more efficiently excites
mode 1 of the platform compared to the case shown in Fig. 3.14(e). The simulated radi-
ation patterns and current distributions of these antenna systems are shown in Fig. 3.16.
Observe that, in all cases, the radiation patterns of the antenna systems show a direction
of maximum radiation towards zenith and are horizontally polarized. As can be observed
from the results shown in this section, this more realistic platform exhibits the same trends
as the one demonstrated in Section 3.1.2 for a simplified platform through simulations and

scaled-model measurements.
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Figure 3.15 Simulated S7; of the EFV-mounted antennas, as shown in Fig. 3.14.

Table 3.4 Comparison of simulation results of the different antennas on the simplified

EFV platform.
Scenario fo(MHz) BW
One half loop (Top) 13.53 0.75%
Two half loops (Top) 11.94 3.42%
Three half loops (Top) 11.48 3.52%
Four half loops (Top) 11.15 3.36%
Four half loops (Top & Side) 11.12 3.85%
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Figure 3.16 Simulated normalized current distributions and radiation patterns of the
platform-mounted antennas, as shown in Fig. 3.14.
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3.1.5 Conclusions

The results presented in this paper validate that excitation of the characteristic modes
of a large platform can be used as a method for enhancing the bandwidth of platform-
mounted HF antennas. A systematic method for designing platform-mounted antennas
that can take full advantage of the presence of the platform was presented. In the example
examined in this paper, a large rectangular-shaped box platform acts as the main radiator,
and one or more small loop antennas are used to couple energy from a source to the desired
resonant mode of the platform. It was demonstrated that the desired resonant mode of the
platform can be successfully excited and that the bandwidth of this platform-mounted
antenna can be enhanced by a factor of 2, 7, or 10 compared to one stand-alone full loop
antenna by using one, two, or four half loop antennas to excite the desired mode. This is
despite the fact that the maximum linear dimensions of the structure (feeding loops and
the platform) are not changed. This bandwidth enhancement is due to the fact that, as
the number of antennas is increased, the current distribution excited on the platform more
closely resembles that of the desired mode. Scaled models were fabricated. The measured
fractional bandwidth of the one, two, and four half loop antennas on the platform are
0.91%, 1.78%, and 5.12%, respectively. The upper limit of the 10 dB return loss fractional
bandwidth that can be achieved from this approach was calculated to be 7.69% based on
the () of mode 1 of the platform. Three additional topologies with the measured fractional
bandwidth of 1.97% (three half loops (Edge & Center)), 2.84% (four half loops (Edge &
Center)), and 3.75% (four half loops (Center)) were presented to demonstrate the flexibility
of this approach and examine the impact of the proper positioning of the loops to enhance
the bandwidth. The proposed method was also applied to a realistic armored personnel
carrier model. For practical reasons, the coupling loops cannot be placed on the bottom of

this platform. To obtain a better approximation to a uniform magnetic current distribution
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that encloses the entire platform, it is preferable to place the coupling loops on both the
top and the sides of the platform at the edges. The distance between any two coupling
loops was considered to prevent strong mutual coupling that increases the reactive part
of the input impedance of the loops and decreases the bandwidth. Despite the fact that
the bandwidth increases with the size of the loops, the dimensions of the coupling loops
were restricted to 0.5 m in height to maintain a low profile. The excitation of the desired
platform mode with up to four coupling loops was shown to result in a fractional bandwidth
of up to 3.85%, which is more than sufficient to address many of the emerging needs of

the wideband HF communications systems.

3.2 Design of Vehicle-Mounted, Compact VHF Antennas Using Char-
acteristic Mode Theory

Compact and low-profile VHF antennas with enhanced bandwidth have a wide spec-
trum of applications in both commercial and military communication systems. Having
both of these criteria in a single antenna, however, is very challenging. In this paper, we
demonstrate a method for bandwidth enhancement of vehicle-mounted electrically-small
antennas operating in the VHF band. In this method, the vehicle platform is considered to
be the major part of the radiating structure, while a meandered monopole antenna is used
as a capacitive coupling element to excite a desired set of characteristic modes of the plat-
form. The size of the coupling element is 0.06\ x 0.06 x 0.06\, where A is the free-space
wavelength at the frequency of operation, 60 MHz (ka ~ 0.47). The proposed approach
was employed to successfully enhance the bandwidth of a vehicle-mounted VHF antennas

by at least 400%.
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3.2.1 Introduction

The very high frequency band (VHF, 30-300 MHz) is used for a wide range of ap-
plications including land mobile systems, TV and radio broadcasting or reception, and
military and law-enforcement communication systems. Antennas used at these frequen-
cies tend to be physically large due to the large wavelength of electromagnetic waves at
these frequencies. This problem is more exacerbated if the antenna needs to cover very
wide bandwidths, since even very compact ultrawideband (UWB) antennas can have rel-
atively large physical dimensions at these wavelengths [94]. However, in applications
where these antennas are to be mounted on a vehicular platform, it is desirable to reduce
their physical dimensions as much as possible. Due to the large wavelength of the elec-
tromagnetic waves at these bands, the need for reduction of the antenna size often results
in the use of electrically-small antennas (ESAs). A common characteristic of an ESA is
its small radiation resistance and large reactance. These result in reduction of the antenna
efficiency and its bandwidth [2].

In many modern applications, ESAs are installed on metallic platforms that are signif-
icantly larger than the antennas themselves. To enhance the bandwidth of such an ESA,
or any antenna that is mounted on a platform with limited space to accommodate it, one
promising approach is to exploit the presence of the platform as a major part of the radia-
tor. This concept has been previously used in a number of applications including designing
antennas for mobile terminals [81]- [82] and skywave HF communication systems [95].
In most of these studies, however, the platform was cut to allow for the excitation of
the desired platform mode(s), which is often not practical. We have recently developed
a method to fully excite a single platform mode to enhance the bandwidth of a platform-
mounted antenna while keeping the platform intact [95]. In this method, multiple coupling

elements are located on the periphery of the platform and are excited in phase to excite the
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desired platform mode as efficiently as possible. In this method, bandwidth enhancement
was achieved by efficiently exciting the dominant mode of the platform using a plural-
ity of coupling elements. An alternative way of increasing the bandwidth of a platform
mounted antenna using characteristic modes of the platform is to partially excite multiple
platform modes at once. This has the added advantage of reducing the number of coupling
elements needed to achieve a given antenna bandwidth. In this paper, we demonstrate how
the bandwidth of platform-mounted antennas can be improved by simultaneously exciting

a combination of selected characteristic modes of the platform.

3.2.2 Antenna Design

To demonstrate the use of this method, we consider a simplified model for a typi-
cal light armored vehicle, the High Mobility Multipurpose Wheeled Vehicle (HMMWYV),
commonly known as the Humvee, as our platform. To expedite the design process, the
Humvee platform was simplified as shown in Fig. 3.17(a) and the entire structure is as-
sumed to be made out of metal, except of the tires (highlighted in black). This vehicle will
be treated as part of the antenna and will act as the main radiating structure. Thereby, the
maximum linear dimension of the antenna system can be increased significantly, which is
expected to result in an enhanced bandwidth for the antenna.

The design process starts by examining the characteristic modes of the platform. The
commercial full-wave simulation software FEKO was used to perform the analysis of char-
acteristic modes. Fig. 3.17(b) shows the modal significance curves of the first four charac-
teristic modes? of the simplified Humvee. When the modal significance of a mode attains
a value of 0.707, it is considered as significant. Considering an operating frequency of 60

MHz, all of the first four modes of this platform are significant, as can be observed from

2FEKO numbers the characteristic modes according to their modal significance values and from low
frequency to high frequency.
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Figure 3.17 (a) The simplified model of a Humvee. (b) Simulated modal significances of
the first four characteristic modes of the simplified Humvee.
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Figure 3.18 Simulated normalized current distributions and normalized radiation patterns
of the first four characteristic modes of the simplified Humvee. (a) Mode 1, (b) mode 2,
(¢) mode 3, and (d) mode 4.
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Fig. 3.17(b). The electric current distributions and the radiation patterns of these modes
are shown in Fig. 3.18. To excite individual characteristic modes of a platform, capacitive
or inductive coupling techniques can be applied. Specifically, inductive coupling elements
should be placed where the electric current density of the specific mode is the strongest,
and capacitive coupling elements (CCEs) should be placed where the electric current den-
sity of the specific mode is the weakest. For example, from Fig. 3.18(a), it can be observed
that the center of the rear edge of the trunk lid can be utilized to capacitively excite mode
1, whereas the left and right edges of the engine hood and windshield can be used to in-
ductively excite the exact same mode. A closer examination of the currents of the modes
shown in Figs. 3.18(a)-(d) reveals that the front and rear corners of the simplified Humvee
can be used to capacitively excite all of the first four modes of this platform. More impor-
tantly, this can be done without cutting the platform. In this work, the left upper rear corner
is used as the location for placement of the capacitive coupling element. To demonstrate
our method, a meandered monopole antenna (acting as a CCE) is placed at this corner to
couple energy from the source and to excite the desired modes, as shown in Fig. 3.19.
The particular topology was chosen for practical reasons. If the antenna were mounted on
the front part of the the vehicle, it would become more suspectable to damage and might
interfere with the installation of illumination units. The proposed antenna is made from
meandered sections to reduce the maximum linear dimension of this coupling element.
The size of the CCE is 0.06A x 0.06A x 0.06\, where A is the free-space wavelength at
the frequency of operation, 60 MHz, corresponding to a ka ~ 0.47. k is the wavenumber
and a = 37.78 cm is the radius of the Chu sphere containing the coupling element. The
diameter of the monopole wire is 1.27 cm. To match the input impedance, a two-element
LC matching network is placed between the excitation source and the antenna.

Fig. 3.20 shows a comparison of the input reflection coefficients of the antenna placed

on an infinite ground plane and the antenna operating at the left upper rear corner of the
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Figure 3.19 The meandered ESA is placed on the left upper rear corner of the simplified
Humvee to excite multiple characteristic modes of the platform. The diameter of the
monopole wire is 1.27 cm. a = 37.78 cm is the radius of the Chu sphere containing the

coupling element.
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Figure 3.20 Simulated S, of the antenna when placed on an infinite ground and when
used to excite a single mode or multiple modes of the simplified Humvee.
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simplified Humvee. The simulation was conducted in FEKO. As can be observed, the
Humvee-mounted antenna exhibits a bandwidth four times that of the one placed on the
infinite ground plane (6.72% compared to 1.65%). Relocation of the antenna to the center
of the rear trunk lid edge for mode 1 excitation results in a bandwidth of 2.27%. The
simulated current distribution excited on the simplified Humvee and the radiation pattern

of the combined modes are shown in Fig. 3.21.

3.2.3 Conclusions

The results presented in this paper show that improving the bandwidth of electrically-
small antennas mounted on a vehicular platform can be achieved by simultaneous excita-
tion of more than one characteristic mode of the platform. In the example examined in
this paper, a High Mobility Multipurpose Wheeled Vehicle (i.e. Humvee) acts as the main
radiator and a meandered monopole antenna is used to couple energy from a source and
to excite the desired set of characteristic modes of the platform. It was demonstrated that
the bandwidth of this antenna could be enhanced by a factor of four when utilizing the
selected characteristic modes of the vehicle compared to the antenna operating in isolation
(6.72% compared to 1.65%). This was achieved without cutting the platform. Moreover,
if the same antenna had been used to excite only a single characteristic mode of the plat-
form, the bandwidth would be 2.27%. This indicates that excitation of multiple modes at
the same time allows for improving the bandwidth of the antenna without increasing the
number of required excitation elements.

As described in the previous section, different types of coupling elements can be used
to excite the same set of characteristic modes. We are currently investigating the impact
of the use of inductive and capacitive coupling elements. Another direction that we are
working on is to systematically determine the optimum location for placing the antennas

to maximize the coupling efficiency with which the desired modes are excited. We are also
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examining the possibility of further bandwidth improvement by adding magnetic materials
to the coupling elements to improve the coupling efficiency between the antenna and the
platform. Details of these additional investigations as well as the measurement results of
fabricated prototypes of scaled versions of these antennas will be presented and discussed

at the symposium.
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Chapter 4

High-Efficiency Wideband Non-Foster Matching Circuit for
Electrically-Small Transmitting Antennas
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4.1 Using Non-Foster Circuits

Due to the small radiation resistances and large reactances of electrically-small anten-
nas (ESAs), passive impedance matching of these antennas can be performed only over
very narrow bandwidths and the resulting antennas will have low gains. In this paper, we
present a new non-Foster transmit matching architecture for electrically-small monopole
antennas that achieves wide bandwidth, high transmission efficiency (transducer power
gain), and stability at the same time. The measured 6 dB return loss fractional bandwidth
of the proposed non-Foster transmitting system is 110% (c.f. 0.076% when the same
electrically-small monopole antenna is matched with conventional Foster matching). The
transmission efficiency (transducer power gain) of the system is improved by as much as
34.4 dB compared to the same antenna without the proposed non-Foster matching cir-
cuit, and it retains an enhanced transducer power gain over the entire frequency band of

operation (26 MHz-89 MHz). The system remains stable within this frequency band.

4.1.1 Introduction

The high-frequency (HF) band (3-30 MHz) and the very high frequency (VHF) band
(30-300 MHz) are used for various civilian and military applications including amateur
radio, FM radio broadcasting, long-range data communication, and electronic warfare.
Many antennas used at these frequencies tend to be electrically small due to the large
wavelengths of the electromagnetic waves at these frequencies. Electrically-small anten-
nas (ESAs) have very small radiation resistances and large reactances [1]— [19]. Conse-
quently, they have very high radiation quality factors ()s) and are difficult to match.

When matched with conventional passive circuits composed of positive valued capac-

itors or inductors (Foster circuits), ESAs suffer from narrow bandwidth or from low gain
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due to the realizability constraints imposed by the gain-bandwidth limitation theory [21]-
[23]. This is because positive valued capacitors or inductors are only capable of canceling
out the reactance of an ESA at discrete frequencies. In theory, active non-Foster match-
ing circuits produce lossless impedances with a negative reactance-to-frequency slope that
allow for bypassing the gain-bandwidth limitations by canceling out the reactance of the
ESA over a wide and continuous frequency band. This technique has been widely used in
receiving ESA systems [40]— [44]. In 1968, the earliest application of non-Foster match-
ing circuit to electrically-small receiving antennas was proposed [40]. The multistage
transistor-based circuit in this work provides negative capacitance that is controlled by a
voltage feedback loop. The advantage of using negative impedance matching circuits for
receive ESAs was also stated. It improves received signal-to-noise ratio (SNR) only in
those frequency ranges where receivers are internal-noise limited but not external-noise
limited. This research was extended in [41] where the negative capacitance is realized
using operational amplifiers. In [42], active coupling networks are used for electrically-
small receiving antennas, but the inherent bandwidth and noise issues with solid state
devices limited their use. The designs in [43] use transistor-based negative impedance
converters (NICs, introduced by [45]) to generate negative capacitors or negative induc-
tors to implement non-Foster circuits for receive antennas. A 9 dB SNR improvement was
achieved at 30 MHz in an actual experiment. In [44], it was suggested that, with low-noise
floor levels, a receiving system consisting of a passive ESA and an amplifier can provide
better SNRs compared with a receiving system with a non-Foster matched ESA. On the
other hand, little work has been published on non-Foster matching techniques for ESAs

in transmit applications [43,46]. Class A [46], class B [46], and class C [43] NICs! were

IClass A, class B, and class C circuits conduct 100%, 50%, and less than 50% of the input signal,
respectively.
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used for the same electrically-small monopole antenna model?. In the experiments in [46],
the use of class A and class B NICs resulted in transducer power gain improvements com-
pared to passive matching circuits that exceeded 20 dB in the lower part of the operating
frequency band (15 MHz-30 MHz, 67% transducer power gain improvement bandwidth);
while in [43], the class C NIC improved the transducer power gain by 10 dB at the cen-
ter part of the operating frequency band (21 MHz-22.2 MHz, 6% transducer power gain
improvement bandwidth). There are some additional challenges that must be overcome
for designing transmit matching circuits for ESAs. First, the matching loss magnifica-
tion must be overcome. Matching loss magnification reduced the transmission efficiency
(low transducer power gain) between the source and the antenna because of the multiple
reflections® that exist between a high () ESA and its matching circuit [47]. Secondly, a
non-Foster transmit antenna must be capable of handling very high voltage/current swings
at the antenna terminals to allow for sufficient power transmission [43, 47]. Finally, in
wideband non-Foster matching networks, circuit stability is another problem that has to be
taken care of [43,48].

The major source of loss in ESAs is the loss in the impedance matching networks.
The matching network for an ESA, which is highly reactive, needs to cancel out the large
reactance and match the input impedance of the antenna to 50 €2. If the matching network
is composed of lump elements (discrete inductors/capacitors), requirements for matching
such a highly reactive antenna will produce very large circulating currents and/or high
standing voltages (i.e. multiple reflections) between the antenna and the matching circuits.
This magnifies the intrinsic matched loss to a much larger realized loss which results in

low transmission efficiency [47]. Moreover, due to the small radiation resistance ([,) and

23 series resonant RLC circuit: R =19, L = 1.8 ¢H, and C' = 33 pF
3Under the high Q condition, a large circulating currents is generated between the antenna and the match-
ing circuit. Similarly, large voltage standing waves are produced within the matching circuit.
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large reactance (X,,) of the high () ESA, only a small fraction of the applied voltage/current
reaches the radiation resistance. Consequently, the matching circuit has to build up a very
large voltage or current swing at the ESA terminal in exchange for even low radiated
power. The stability of non-Foster transmitting systems is a another major concern due
to the use of active components in these systems. It is very critical that the stability of
these systems is ensured to avoid spurious radiation from the antennas. Addressing more
than one of these challenges will be extremely difficult, but also a major breakthrough
for electrically-small transmit applications, especially for those operating in the HF and
lower VHF frequency bands (e.g. military communication systems, electronic warfare
applications, etc.).

In this paper, we present a new non-Foster matching network for electrically-small
monopole antennas in low-power transmit applications. The proposed antenna achieves
wide bandwidth, high transducer power gain, and stability at the same time. The architec-
ture of the proposed non-Foster matching circuit consists of a common-base amplifier, a
transformer, and a negative impedance converter (NIC). In the example presented in this
paper, this transmit circuit is used to match a 12.59” high monopole antenna (0.028\ at the
lowest operating frequency, 26 MHz) that functions in the HF/VHF frequency band. Our
experimental results show that the non-Foster transmitting system remains stable within
the operating frequency band (26 MHz-89 MHz), and that the transmission efficiency
(transducer power gain) of this system was successfully enhanced throughout this fre-
quency band by up to as much as 34.4 dB using the proposed non-Foster circuit. The mea-
sured 6 dB return loss fractional bandwidth of this system is 110%, while the maximum
bandwidth that can be achieved using passive matching for the same system is 0.076%
at 26 MHz. The design concepts and the topology of the proposed non-Foster matching
architecture are equally applicable to other non-Foster matching circuits for electrically-

small monopole antennas used in transmit applications.
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4.1.2 Electrically-Small Monopole Antenna

The antenna used in this work is a brass electrically-small monopole antenna (height:
127; diameter: 0.5”). It is placed on a brass ground plane (size: 24”x24”; thickness:
0.016”) and probe-fed with a SMA (SubMiniature version A) connector (feed height:
0.59”). This antenna is designed for low-power transmit applications operating in the
HF/VHF frequency band. The following subsections discuss the effects of the aforemen-

tioned challenges of transmit matching on this electrically-small monopole antenna.

4.1.2.1 Narrow Impedance Bandwidth

The simulated and measured real and imaginary parts of the input impedance of the
employed electrically-small monopole antenna are shown in Fig. 4.1. The commercial
software Altair FEKO was used to carry out the simulations. As can be observed, the
monopole antenna has small radiation resistance and large reactance. In other words, it
has a high quality factor (()), and it can be modeled as an RC circuit. Performing pas-
sive matching for this antenna, like other ESAs, results in narrow impedance bandwidth or
low gain due to the constraints imposed by the gain-bandwidth theory [21]- [23]. When
matched with a passive matching network, the maximum available bandwidth of the pas-

sive matched antenna can be calculated as [2]- [19]:

11VSWR -1

By — -~ oWR— 4.1

"7 1Q JVSWR @1
11

Q= 1at Gy 42)

where () is the quality factor, & is the wave number (27/)), a is the radius of the mini-
mum size sphere that encloses the antenna, By is the upper bound of the matched VSWR

fractional bandwidth, 7 is the radiation efficiency, and VSWR is the voltage standing wave
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Figure 4.1 The simulated and measured (a) real part and (b) imaginary part of input
impedance of the electrically-small monopole antenna.

ratio. For the electrically-small monopole antenna examined here, we have a = 12.59” =~
0.32m and k = 27/\ &~ 0.54 at 26 MHz resulting in a quality factor () ~ 1523.34. As-
suming that n = 100% and VSWR = 3.01 (return loss is 6 dB), the upper bound of the

matched fractional bandwidth is about 0.076%.

4.1.2.2 Low transmission efficiency

Matching circuits for ESAs are designed to cancel out the large reactance of the ESAs
and transform the small input resistance of the ESAs (radiation resistance and loss re-
sistance) to the value of system impedance (usually 50 2 or 75 €2). Regardless of the
matching scheme, passive or active, large circulating currents are generated flowing be-
tween the high () ESA and its matching circuit. Likewise, large voltage standing waves
are produced within the matching circuit. These multiple reflections magnify the intrin-
sic loss of the realistic components in a two-port matching network (L) to a much larger

realized loss, L 4 [47, pp. 46—48]:
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power available from the source  Ps

power delivered to the antenna P

~ (VSWR+1)2L? — (VSWR — 1)? @3)
N 4L - VSWR '

where L is the intrinsic loss of the impedance matching network in linear scale and VSWR
is the voltage standing wave ratio for the unmatched antenna. For example, for our 12.59”
high electrically-small monopole antenna, V. SW R is equal to 430 (83283) at 100 MHz
(30 MHz). If the matching network has a loss of L = 0.1 dB, then L4 is 7.75 (29.82) dB
at 100 MHz (30 MHz). This large realized loss results in low transmission efficiency, 7,
defined using:

power delivered to the antenna P..a

= = 4.4
T power available from the source Pg (44)

Another way to look at the low transmission efficiency is to examine the transducer

power gain, G, defined as [96]:

a power delivered to the load P,
T power available from the source  Pg
1—|Dsf o 2 1T
= S, 4.5
1 _ |F[NFS|2| 21‘ 1 o |SéQFL|2 ( )
S1955,
Py =87 + 2= 4.6
IN = 5u+ ST, (4.6)

where ['g is the reflection coefficient looking into the source, ['; is the reflection coeffi-
cient looking into port 1 of the network, S}, is the voltage reflection coefficient at the input
terminal, I';, is the reflection coefficient looking into the load, and S%, is the voltage re-

flection coefficient at the output terminal, as shown in Fig. 4.2. For an ESA matched with
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Figure 4.2 Generalized block diagram of a two-port network connected to arbitrary
source and load terminations.
a two-port matching network, S, is the transmission coefficient of the matching network,
['; is the reflection coefficient of the ESA, and the source impedance is 50 2 (I's = 0).

The transducer power gain of the matched antenna, G4, can be expressed as:

1- |FL|2 ) o
1—|S5,0L?" Ps  Ps

As can be observed, the transmission efficiency (G74), is not only determined by the

P, P
L el (4.7)

Gra =155 (

transmission coefficient of the matching work (.55,) but also by the reflection coefficient
of the antenna (I';). Since the antenna is electrically small, its reflection coefficient is

close to 1. Consequently, it will have low transmission efficiency.

4.1.2.3 High Voltage Swing Requirement

The voltage fed to electrically-small monopole antennas (V) is divided between the
large capacitive reactance and the small resistance of the antenna:
V =1 A X Z A (48)
Zy = Rat+jXa
= (Ri+R,)+jXa (4.9)

where [, is the current flowing into the antenna, Z 4 is the antenna impedance, I? 4 is the

real part of Z4, X4 is the imaginary part of Z 4, R; is the loss resistance of the antenna,
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Figure 4.3 The two-port network model of the electrically-small monopole antenna.

and R, is the radiation resistance. Due to the large antenna impedances composed of
the small radiation resistances and large reactences, high () monopole antennas require
large RF voltages at the antenna terminals in order to radiate even low or moderate levels
of power [43,47]. In other words, the stored energy of these high () antennas is much
higher than their radiated energy. Therefore, in order to radiate the desired amount of
energy, our electrically-small monopole antenna requires a high voltage swing that meets
the much higher stored energy requirement. To incorporate the proposed antenna into
system simulations and enable voltage calculations, the antenna is modeled as a two-port

circuit, as shown in Fig. 4.3.

4.1.3 Non-Foster Transmit Matching Circuit Design
4.1.3.1 Background

Bipolar-junction-transistor-based negative impedance converters (BJT-NICs) are com-
monly used to implement non-Foster circuits due to their physical characteristics of tran-
sistors, their compactness, and their simple power requirement [45]. However, similar to
the situation of passive matching circuits, multiple reflections are generated between these
conventional non-Foster matching circuits and a high () ESA. Therefore, most non-Foster

matched ESAs reported to date suffer from low transmission efficiency, which is usually
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less than 10% (-10 dB transducer power gain) [43]. To allow the ESA to radiate the de-
sired amount of power, the non-Foster transmit matching circuits also have to create the
required high voltage swing at the ESA’s terminal. Moreover, the non-Foster impedance
matching network must also be stable over the desired operating frequency. The non-
Foster impedance matching network presented in this section addresses these challenges.
The network consists of two parts. These include a voltage amplification section con-
sisting of a common-base amplifier and an impedance matching section consisting of a

transformer and a BJT-based negative impedance converter.

4.1.3.2 Voltage Amplification and Buffer Stage

To meet the high voltage requirement of the electrically-small monopole for transmit,
one common way is the resonant load technique where an inductor is placed in conjunction
with the antenna. However, this method results in small bandwidth (usually 5%-10%) [43].
Alternately, a common-base amplifier (also known as grounded base amplifier) can be
used. A common-base amplifier is a basic single-stage amplifier (Fig. 4.4(a)), and it is
typically used as a voltage amplifier or a current buffer. In the proposed circuit, a common-
base amplifier is designed as the first stage to generate the voltage necessary for the desired
radiated power transmission. The base of the proposed voltage amplifier is connected to
the AC ground, as shown in Fig. 4.4(b)-(c), to prevent the formation of the multiple
reflections between the matching circuit and the ESA which results in the matching loss
magnification and the low transmission efficiency problems. In this configuration, this
common-base amplifier provides a high isolation (S12) between the matching circuit and
the ESA. The high isolation also alleviates the system stability problem. The common-
base amplifier is also designed to provide a small gain rather than a loss. Hence, there is

no matching loss from the common-base amplifier itself that will be magnified.
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Figure 4.4 (a) A single stage amplifier. (b) The topology of the proposed common-base
amplifier and (c) its small-signal model.

Figure 4.5 The schematic of a voltage divider bias circuit.
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The proposed common-base amplifier circuit is composed of a transistor, a bias cir-
cuit (four resistors), RF chokes and DC blocks. The transistor used in our design is In-
fineon BFP-540ESD (typical 5 = 110), which is suitable for operating in the HF/VHF
frequencies. The proposed amplifier must operate reliably and maintain its desirable char-
acteristics (e.g. provide gain, amplify voltage) as temperature changes (due to changes in
the environment as well as due to the heat generated by the active devices themselves).
Therefore, the bias circuit has to be designed carefully. AVgzp and AS are two basic
transistor characteristics that have significant effect on the transistor’s DC operating point
over temperature, and the goal of this bias circuit design is to minimize the effects of these
parameters on the DC operating point of the transistors. To accomplish this, we use the
voltage divider circuit shown in Fig. 4.5. To set the desired DC operating point for the
transistor (I = 40 mA and Vo = 2.5 V), the values used for the four resistors in the

bias network are:

v
Ry = ]_E (4.10)
E
Re = VCC]—;VC (4.11)
Vee — Vb

Ry = 412
I (4.12)
Ry — IV?Z (4.13)

where Vg, Vg, and V> are the voltages at the emitter, base, and collector, respectively; Iz,
I, and I are the emitter, base, and collector currents, respectively; Voo is the supply
voltage (20 V in our case); and /g is the current flowing through Ry». In our case, where
Vee =20V, Vg =10V and Igg = 0.2 X Ig, Ry = 1.1k, Ry, = 1.33 k2, R, =
237 €2, and R, = 196 2, as shown in Fig. 4.5(b). Note that these are the commercially
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Figure 4.7 The (a) S2; and (b) S12 of the common-base amplifier circuit.

available values closest to the calculated results. The RF choke in the proposed common-
base amplifier circuit is composed of two cascade inductors (L. = 2.7 yH). The RF
choke provides the required large impedance (> 1 k{2) for RF signals within the operating
frequency band, and its self-resonant frequency is above the operating frequency band of
the non-Foster network. Capacitors (Cy; = C, = 47 nF) are employed as DC blocks in
the common-base amplifier. Cj, also acts as a RF bypass capacitor. The detailed schematic
of the proposed common-base amplifier is shown in Fig. 4.6. The simulated and measured
So1 and Sp5 of this amplifier are shown in Figs. 4.7(a) and (b), respectively. As can be
observed, the proposed common-base amplifier provides a measured Sy, of 4.6 dB-5.7 dB
and a 45.6 dB—-66.3 dB isolation (-S12) over the examined frequency band (20 MHz-130
MHz). A voltage gain (|V,.;|/|Vin|) of 39.6-44.0 is provided by the proposed amplifier, as
shown in Fig. 4.8. The amplifier was simulated using Keysight Advanced Design System
(ADS) and measured with Copper Mountain Planar TR1300/1 and Agilent N5225A.
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Figure 4.8 The voltage gain of the common-base amplifier.
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4.1.3.3 Matching Network Design Using a Transformer and a Negative
Impedance Converter

The matching part of the proposed circuit consists of a transformer and a BJT-NIC.
The transformer is used to match the input resistance of the common-base amplifier and
that of the electrically-small monopole antenna. The transformer used in the proposed
circuit is a Mini-Circuits Surface Mount RF Transformer, T14-1-KK81. This transformer
can operate from 0.2 MHz to 150 MHz, and its turns ratio is 14 : 1. The purpose of
using this transformer as the second stage circuit is to convert the input resistance of the
common-base amplifier and the antenna to 50 (2. Placing the common-base amplifier and
transformer before the NIC circuit contributes to the system stability because the NIC
is now connected to a load having a real part of 50 €2 and a small reactance instead of
the high () monopole antenna, which has a small resistance and high reactance. In other
words, the reflection coefficient that the NIC sees towards the load is now decreased. The
Simulated and measured magnitudes of the input impedance of the transformer are shown
in Fig. 4.9. The transformer was simulated in ADS using the model file provided by Mini-
Circuits. The measurement was carried out using Agilent N5225A network analyzer. As
can be observed, the simulation and measurement results are generally in good agreement.
However, minor differences exist between the measured results and the results obtained
by the simulation using the model provided by the vendor. Note that the magnitude of the
input impedance of an ideal 14:1 transformer is 700 €2 (50 2 x 14).

To match the input reactance of the transformer, the common-base amplifier, and the
antenna, a BJT-NIC is designed. The architecture of this BJT-NIC is based on a Linvill’s
floating NIC [45], which is composed of two transistors, dc bias circuits, RF chokes and
dc blocks, as shown in 4.6(b). The bias circuits, the RF chokes (L., = 2.7 uH) and
two of the four DC blocks (Cy; = 47 nF) used in our BJT-NIC are the same as those
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Figure 4.9 The magnitude of the input impedance of the transformer.
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used in our common-base amplifier. The two DC blocks functioning in the feedback loop
of the proposed BJT-NIC (Cy; = 10 pF) have different values from those used in the
amplifier circuit. This is because the stability of the NIC is determined by the gain of
the feedback loop, which can be controlled by these two capacitors. Specifically, these
capacitors (Cg) not only act as DC blocks, but also as tuning elements for the feedback
loop gain and the system stability. The proposed BJT-NIC is a symmetrical circuit, and
the circuit layout is also symmetrical. The detailed schematic of the proposed BJT-NIC is
shown in Fig. 4.6(b). The ports of BJT-NIC are defined in Fig. 4.10(a), and the simulated
and measured reflection coefficients (.S7;) and transmission coefficients (S,;) of the BJT-
NIC are shown in Figs. 4.10(b) and (c), respectively. The measured S7; remains below
-9.5 dB, and the measured S2; varies from -4.4 dB to -7.5 dB over the examined frequency
band (20 MHz-130 MHz). The simulated and measured input reactances of the BJT-NIC
are shown in Fig. 4.10(d). As can be observed, the BJT-NIC has a negative slope of
frequency response which is equivalent to a negative inductor or a non-Foster element.
The simulations were done using ADS. The measurements were carried out using Copper

Mountain Planar TR1300/1 and Agilent N5225A.

4.1.4 Stability Analysis and System Performance
4.1.4.1 Stability Analysis

Figs. 4.6 (a) and (b) show the simplified and the complete schematics of the non-
Foster transmitting system. To examine the stability of the system, a stability analysis was
performed. This analysis requires the antenna model to be a two-port network as shown
in Figs. 4.3 and 4.6 (a). To do this, the proposed antenna is first simulated in FEKO and
its scattering parameters were obtained. The one-port scattering matrix of the antenna is

then converted to a two-port scattering matrix where the second port is a radiation port,
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Figure 4.10 (a) The port definition of the NIC. (b) The Si1, (c) So1, and (d) the imaginary
part of the input impedance of the NIC.
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following the method discussed in [97]. The stability analysis of the system consisting of
the antenna, the common-based amplifier, the transformer and the BJT-NIC was done in

the circuit-based simulator, Keysight ADS. The stability factors ;. and y" are given by [98]:

. 1~ |Sul’ (4.14)
| Saa — AST| + |S12591]
. 2
/1// ]‘ |322| (4.15)

B |S11 — AS3,| + [S12591]
The value of the stability factors p (1) gives the distance from the center of the Smith chart
to the nearest unstable load (source) impedance values. If > 1 (' > 1) in the system
simulation, the system is unconditionally stable. The simulated stability factors of the non-
Foster transmitting system are shown in Figs. 4.11(a) and (b). As can be observed, the
proposed system is unconditionally stable (;z > 1 and i/ > 1). Note that the method used
for calculating stability factors requires the antenna to be modeled as a two-port network.
However, when doing the measurements for the transmitting system, the electrically-small
monopole antenna is a 1-port device. Hence, it is not practical to examine the measured

system stability using this method.

4.1.4.2 System Performance

To analyze the performance of the proposed non-Foster matching network, proto-
types of the complete proposed circuit and the antenna were fabricated, as shown in Figs.
4.12 and 4.13. The circuit was fabricated on a FR4 substrate (¢, = 4.4, thickness =
0.063”, tand = 0.02) using standard printed circuit board (PCB) fabrication technologies.
The complete list of the bill of materials of the components is presented in Table 4.1.
The electrically-small monopole antenna was realized using a brass rod (height = 127,

Diameter = 0.5”). It is fed by a SMA connector (feed height = 0.59”), and placed on
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Figure 4.12 Prototype of the non-Foster transmit matching circuit.

a brass sheet (12”7 x 12”7 x 0.016”). Styrofoam material is used to support the monopole
rod as shown in Fig. 4.13. The antenna connected with the non-Foster matching circuit is
shown in Fig. 4.13.

The simulated and measured S, S21, and Sy; improvement are shown in Figs. 4.14,
4.15, and 4.16, respectively. The system simulation was conducted in Keysight ADS. The
measurement was done using a portable Vector Network Analyzer (VNA), Copper Moun-
tain Planar TR1300/1, and power supplies. Fig. 4.15 shows the transducer gain of the
isolated electrically-small monopole, the antenna matched with a NIC matching circuit
(the same architecture as the NIC used in our circuit), and the antenna matched with the
proposed non-Foster matching circuit are simulated in ADS. Compared to the isolated an-
tenna, the So; of the NIC matched antenna is enhanced but by only a very small value in
the lower frequency band. This is expected since the intrinsic loss of the NIC is magnified
as discussed in Section 4.1.2.2. In contrast, using the proposed matching network, the

system attains high S5; throughout the examined frequency band (20 MHz-130 MHz).
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Figure 4.13 Prototype of the non-Foster transmitting system.

Table 4.1 The bill of material of the components for the non-Foster transmit matching

circuit.
Component Model/Value | Component Model/Value
BJT BFP5S40ESD | Ry 1.33 k2
Ca 47000 pF R. 196 Q
Caz 10 pF R, 237 Q)
Ch 47000 pF Livad 150 nH
Ry 1.1 k2 L. 2.7 uH
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Note that the values of S5 in dB scale are equal to those of the transducer power gain
(transmission efficiency) in dB scale. Since measuring exact values of S, requires the
antenna to be a two-port network, which is not the case in real antenna prototypes, the
contribution of the proposed circuit to the transmission efficiency is evaluated by measur-
ing the improvement of Sy;. In the measurement setup, port 1 and port 2 of the VNA
were connected to the proposed transmitting system and a receiving antenna, respectively.
In the SOLT (Short-Open-Load-Through) calibration procedure, ’through” was defined as
the transmission coefficient between the transmitting antenna without the proposed match-
ing network and the receiving antenna. Therefore, in this measurement, the transmission
coefficients between the proposed transmitting system and the receiving antenna directly
represent the S5 improvement (i.e. the difference between the transmitting system with
and without the proposed circuit). Fig. 4.16 shows the simulated and measured S5; im-
provement. Observe that the transmitting system with the proposed non-Foster matching
circuit has a 34.4 dB higher S5; compared to the same system without the circuit, as can
be observed in Fig. 4.16. The 6 dB return loss bandwidth of the system is measured to
be 110%, (Fig. 4.14) and the system also remains stable within the frequency band of
operation (26 MHz—-89 MHz). Significant ripples can be observed from 88 MHz to 108
MHz in Fig. 4.16. This is because the measurements were not performed in an anechoic
chamber #, and other operating wireless communication systems, especially FM radios,

have interfered our measurements.

4Due to the large wavelengths in the frequency band of interest, it is not practical to conduct the mea-
surements in our anechoic chamber.
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4.1.5 Conclusions

The results presented in this paper show that the proposed non-Foster matching ar-
chitecture allows electrically-small antennas (ESAs) for transmit applications simulta-
neously achieve wide bandwidth, stability, and high transmission efficiency (transducer
power gain). The design concepts and details of the new non-Foster matching circuit were
discussed using an example where the electrically-small monopole antenna functions in
a transmit application in the HF/VHF frequency bands. In the example examined in this
paper, the 12 high brass monopole ESA with a 0.5 diameter is placed on a 24”x24”
brass ground plane and probe-fed with a SMA connector. A common-base amplifier is
employed as the first stage of the proposed non-Foster transmit matching circuit. This
common-base amplifier is not only designed to generate the voltage necessary for power
transmission, but also to provide a 4.6 dB-5.7 dB gain and a 45.6 dB-66.3 dB isola-
tion between the matching circuit and the ESA in order to reduce the multiple reflections
that magnify mismatch losses and result in low transmission efficiency (transducer power
gain). The second stage of the proposed non-Foster matching architecture is a commer-
cial off-the-shelf transformer with a 14 : 1 turns ratio. Using this transformer, the input
resistance of the common-base amplifier and the antenna are matched to 50€2. This brings
the benefit of stability improvement. Following the transformer, a symmetrical Bipolar-
junction-transistor-based negative impedance converter is designed to create negative in-
ductance in order to match the reactance of the transformer, common-base amplifier, and
the antenna. A measured 110% 6 dB return loss fractional bandwidth is achieved by the
proposed transmitting system. When the same ESA is matched with conventional passive
matching circuits (Foster circuits), the maximum available bandwidth is 0.076%. The im-
provement of the transmission efficiency of the system is measured to be as much as 34.4

dB compared to the same antenna without the proposed circuit. The system also remains
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stable throughout the entire operating frequency band (26 MHz—89 MHz). The design
concepts and the topology of the proposed non-Foster transmit matching architecture are

equally applicable to other electrically-small transmitting system.
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Chapter 5

Future Work
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In the previous chapters, I investigated bandwidth enhancement and miniaturization
techniques for small antennas: improving the antenna structure, utilizing the platform, and
using non-Foster matching circuits. The immediate future work based on this dissertation
is to develop a non-Foster platform-mounted antenna.

As discussed in Chapter 3, antennas mounted on a large platform can be used as induc-
tive or capacitive coupling elements that excite desired characteristic modes of the plat-
form. In the example presented in Chapter 3, the impedance bandwidth of the platform-
mounted antenna functioning in the high-frequency (HF) band was successfully enhanced
as much as 10 times. However, for applications that function in the lower part of the HF
band or even lower frequencies, most antennas are extremely electrically-small due to the
extremely large wavelength in these frequencies (e.g. 100 m at 3 MHz) and have very
limited bandwidth (e.g. < 24kHz). In such cases, even with a ten-time enhancement,
the bandwidth may not be wide enough for applications that seek higher data rate. For-
tunately, the non-Foster matching circuit presented in Chapter 4 can be used to bypass
the gain-bandwidth limitation of antennas. The combination of these two bandwidth en-
hancement methods has great potential to allow antenna systems working in the lower
frequencies achieve exceptionally wide impedance bandwidth. Specifically, the coupling
elements used to excite platform modes can be designed to possess non-Foster characteris-
tics. By doing so, the advantage of two bandwidth enhancement methods can be combined.
In addition, the utilization of the platform (instead of the antennas) as the main radiator
decreases the quality factor of the system. In other words, the input resistance of the sys-
tem increases and the reactance of the system decreases. This alleviates some challenging
problems (e.g. the need for a high turns ratio transformer and the requirement for a high
voltage swing at the antenna terminal) in non-Foster circuit design, making the integration

of these two techniques even more advantageous.
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