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Chapter 1

Introduction



1.1 Motivation

Directional antennas have the capability of focusing energy toward desired directions while
decreasing energy on unwanted directions. Many applications require directional antennas
implementations in the high-frequency (HF, 3-30 MHz) band. However, most conventional
antennas are impractical because the large electromagnetic wavelengths in the HF band
result in physically large structures [1]-[4]. Their wavelengths, at HF band, range from 100
m at 3 MHz to 10 m at 30 MHz. Hence, directional antennas require large physical area for
placement. Definitely, for military systems directional antennas operating in the HF band
are require, mostly, on moving platforms applications such like long-range communication,
electronic warfare (EW), direction finding, and jamming.

In many instances, HF antennas for military in field missions are implemented on moving
military platforms [5]-[8]. After all, platforms such as tanks, battleships, and airplanes have
space constraints to accommodate such directional antennas. Therefore, antennas in the HF
band on military platforms have significant linear size reductions. This physical limitation
on electrically-small antenna (ESA) is commonly known as the Chu limit [9]. Numerous
studies have examined the fundamental limitations of ESAs [9]-[11]. It is well-known that
the physical size reduction of a regular antenna will result in a narrow bandwidth and low
radiation efficiency. Additionally, ESAs would require impedance feed networks to reduce
its large reactance and match its impedance to the port impedance. Many researchers
have addressed these challenges by taking advantage of metallic platforms surrounding the
antenna [12]-[17]. Taking this into account, most of the military platforms are made of
metals, they exploited the platforms as the main radiator exciting it with coupling elements.
Furthermore, the theory of characteristic modes can be utilized to find the locations for
effective excitation of a platform with ESAs.

In addition to the implementation of ESAs near large metalic platforms to overcome

their fundamental limitations, a technique based on multiple-input multiple-outputs (MIMO)



structures can be exploited to enhance the wireless data rates [18]. MIMO systems transmit
different signals from each transmitter in order for the targe to receive a superposition
of the signals [19]-[20]. However, the main challenge of the MIMO antenna designs is to
provide high isolation between transmission and reception elements. In theory, the larger
the spacing between elements, the higher the isolation. Although many other techniques have
been studied, the high isolation between orthogonal polarized radiation patterns will provide
better connection between reception and transmission [21]-[23]. Orthogonal polarizations for
a metallic platform are usually obtained when the platform is electrically smaller than the
electromagnetic wavelength. The characteristic mode theory is dependent on the platform’s
electrical size and shape. We can excite orthogonal characteristic modes and separate the
antennas on a physically-large platform in the lower end of the HF band.

Other researcher improved HF antennas electrical limitations by exciting multiple radi-
ator platforms instead of placing all the antennas over a single platform. Since in the HF
band, the large electromagnetic wavelength would require huge spacing between radiators,
researchers have been study isolated radio collaborations [24]-[26]. The radio collaborations,
also known as radio distribution, has the same fundamental as array elements, but instead of
exciting them with a single feed, it will require multiple antenna radios [24]. However, most
recent, studies are concentrated on commercial communication links between station towers
to increase mobile long-range communications [27]-[29]. Nonetheless, implementing multi-
ple synchronized radios with isolated radios can improve the overall efficiency toward desired
target for military purposes. In theory, attaining distributed transmitted beamforming for
EW application would require complete feedback independency from the target.

Due to various challenges associated with realizing electrically-small, efficient, and dis-
tributed transmit beamforming in the HF band, much research has to be conducted to

address these challenges. These areas of research are outlined in the next section.



1.2 Literature Review on Electrically-Small, Directional
HF Antennas

1.2.1 Platform-Based Antennas

In order to address the fundamental challenges associated with platform-based antennas,
recent research has focused on the theory of characteristic modes (CMs). This concept was
first introduced by Garbacz (1960s) [30]-[31] and later refined by Harrington and Mautz
(1970s) [32]-[33]. The CMs of a platform and their associated current distributions can be
obtained numerically for conducting bodies. The modal current distribution of a platform
strictly depends on the shape and size of an object. Theses modes are considered to be
significant if its modal significance value is larger than 0.7 at the operating frequency. It
should be noted that a modal significant value of 1 indicates a resonant mode [8], [34].

In the past, this technique has been employed for mobile handset antenna designs with
rectangular geometry representing cellphones [35]-[37]. The authors study the surface cur-
rent and radiation patterns of the CM analysis and determine the right placement for cou-
pling elements to conveniently enhance the antenna performances. Consequently, they se-
lected effective coupling elements types to excite the platform CMs, while maintaining the
platform profile of a cellphone. However, selecting a CM to excite depends on the applica-
tion one is aiming for. For example, one can be interested in a specific radiation pattern for
ground to ground or ground to air communications.

A variety of approaches have been used to address the problems associated with coupling
elements. Many researchers have applied the theory of CMs to platform-based antennas
that are electrically smaller than the wavelength [38]-[40]. In [12]-[16], in the HF band, the
CMs of a platform are excited using coupling elements for military platforms. It should be
noted that mounting ESAs on platforms larger than the antenna helps increase the effective

maximum linear dimension resulting in bandwidth enhancement [12]-[13]. Therefore, the HF



band antennas over large metallic platforms are capable of enhancing the ESA limitations.
The CM theory has also been used to manipulate the shape of the far-field radiation patterns
by exciting multiple platform modes [13]. Furthermore, directional radiation patterns with
pure CMs of a mid-size airplane were implemented to perform direction finding in the HF

band [16].

1.2.2 Near-Vertical Incidence Skywave Communications

The lower end of the HF band (2-10 MHz) is highly useful for beyond line-of-sight (BLOS)
communications. In the near-vertical incidence (NVIS) mode of communication at the HF
band, the signal between the transmitter and receiver is bounced once from the ionosphere
(i.e., a single-hop path) [41]-[43]. To effectively communicate at the HF band, several chal-
lenges must first be addressed [17]. First, due to the large wavelengths, physically large
antennas are required. Moreover, the narrow coherence bandwidth of HF channels limits the
amount of information transmitted over a single channel. In [44], study the interactions of
a wave with the ionosphere layers. Layers like the D and E provide most of the absorption
for NVIS communications. However, propagations in the HF band interact with the F-layer
descomposing the wave in two orthogonal propagating modes called the ordinary (O) and
the extraordinary (X) and bounce back to the ground. Many researchers has sucessfully es-
timated the ionosphere absorption and losses using integrals models for the D- and E-layers
[45]-[46].

The ionosphere is a very complex which many researchers have try to predict the max-
imum frequency of operation, time, bandwidth, and even the concentration of plasmas for
better models [47]-[48]. However, since the ionosphere is non stationary, researchers have
tried simplifying the problem using simpler model. Most of those models limited the fre-
quency band, the time of operations, and geolocation [48]. After limiting the propagating
wave, the ionosphere model can be represented as a tap-gain model well known as Wat-

terson model represented by a fading Gaussian scatter channel model. The model can be



implemented for multipath fading wave, but for our case we are interested in a single-hop

individual split modes.

1.2.3 Multiple-Input Multiple-Output Systems

Multiple-input multiple-output (MIMO) wireless communications can be characterized by
many different properties such as environment, wireless standard, carrier frequency, band-
width, polarization, and others [19]. MIMO systems are highly identified by distributed
beamforming solutions, such as synchronization, multiple distributed antenna elements,
and channel estimation. One of the techniques implemented for recent mobile communi-
cation technology is the well-known frequency-division multiplexing [49]. This technology
distributes the transmitted message over all the transmitting antennas. On the other hand,
most military platforms have space constraints that makes it difficult to employ particular
MIMO structure at HF band. However, designing antennas over a moving metallic platform
with limited space improved their electrical parameters taking the platform CMs as part of
the antenna design [50]-[51]. In [50], the authors studied MIMO antennas based on the the-
ory of CMs to enhance port isolation for mobile communications. Using a similar approach,
[51] presented a two-port structure with high isolation for mobile communications. They
used tapered slots fed by microstrip lines instead of coupling elements. Moreover, some
researchers are interested in MIMO techniques in the HF band for large electromagnetic

wavelengths [52]-[53].

1.2.4 Distributed Transmit Beamforming

Various techniques have been recently to radiate coherently toward a desire target by employ-
ing a power distribution system [24], [54]-[55]. These techniques generally are implemented
for long distance communication links between nodes (transmiter and receiver). The dis-
tributed beamforming can be used with proper weighting elements to act as an antenna

array [24]. However, each node requires a precise phase delay and amplitude attenuation



for proper coherent distribution [56]. Researchers have overcome this issue by introducing
digital synchronization methods capable of reducing phase difference between the nodes [26],
[29]. Some of these methods are receiver-coordinated explicit-feedback [57], one-bit feedback
[29], primary-secondary [26], collective ad-hoc [58], round-trip [59], and two-way synchro-
nization [25]. However, most of synchronization methods explicitly depend on a feedback
from the receiver to effectively synchronize the radios. In some cases, the dependency on
the receiver creates problems when the signal is lost, and causes significant errors [26]. This
problem can be avoided by considering the synchronization methods that practically are
independent of the receiver. A synchronization with this quality would be very helpful for
warfare implementations where the antennas cannot use enemy feedback to establish effec-
tive synchronization between the nodes. It should be noted that, primary-secondary method
totally depends on the primary, but it can be easily implemented for cases where the signal
is not received in order to maintain previous configuration [26]. Also, using time-slotted
method with a pre-synchronization step would be ideal for those receiver independent cases.
Furthermore, the implementation of the distributed transmit beamforming in the HF band
will be ideal when using multiple military platforms at long distances to improve antennas

radiation efficiency.

1.3 Proposed Solutions

1.3.1 Platform-Based, Electrically-Small HF Antenna With Switch-
able Directional Radiation Patterns

A platform-based, ESAs operating in the HF band with switchable directional radiation pat-
terns in the azimuth plane is presented. The antenna is designed to exploit three orthogonal
characteristic modes of a mid-size, ground-based platform. Two of the modes have orthog-
onal, figure-eight-shaped radiation patterns and the third has an omni-directional pattern

along the azimuth plane. Electrically-small coupling elements along with passive feeding



and matching networks are designed to excite each mode purely with minimal coupling to
the others. We demonstrate that the radiated fields of these antennas can be properly com-
bined to generate cardioid-shaped radiation patterns in the azimuth plane whose directions
of maximum radiations can be oriented towards the front, back, and the two sides of the
vehicle. This antenna system can generate such directional radiation patterns with front-to-
back ratios better than 15 dB over the frequency range of 6 to 24 MHz. A 1:35 scaled-model
prototype of this antenna was fabricated and experimentally characterized. Measurement
results of the scaled model are consistent with the simulation results of the full-scale platform

and demonstrate the efficacy of the proposed design approach.

1.3.2 Capacity Analysis of Ship-to-Shore HF MIMO Systems Em-
ploying a Single-Hop Ionospheric Channel

We examine the channel capacity of a ship-to-shore high-frequency (HF) multiple-input
multiple-output (MIMO) communication system that uses a near vertical incident skywave
(NVIS) between the transmitter and the receiver. The channel capacity is studied using an
in-house developed algorithm that takes the characteristic modes of a sea-based platform as
transmitters and two orthogonal dipoles at shore as receivers. Our analytic model takes into
account the polarization and spatial diversity of transmitters and receivers, as well as the
statistical behavior of the ionosphere in response to the ordinary and extraordinary modes
of propagation. Our objective is to maximize the channel capacity by exciting a set of char-
acteristic modes on a fairly large stealth ship. We designed passive matching network to
properly excite the desired characteristic modes on the ship. We demonstrate that the radi-
ation fields of these antennas can be properly combined to obtained large channel capacity
for NVIS communications. This antenna system is capable of maintain the channel capacity
across the entire NVIS frequencies. A 1:310 scaled-model prototype of the platform includ-
ing the antennas was fabricated and experimentally characterized. Measurement results of

the scaled model are consistent with the simulation results of the full-scaled platform and



demonstrate the efficacy of the proposed design approach for channel capacity optimization

of large platforms.

1.3.3 Future Work

Last aim involves the experimental validation of a time synchronization for distributed trans-
mit beamforming in the HF band. We propose a distributed transmit beamforming using
a principal-secundary synchronization method without any dependency on the receiver an-
tennas target. The system would need a reduction in the transmitted phase error between
transceivers by reducing the time differences between them using a GPS module as external
oscillator for each transceiver. We are also interested on the case where the nodes are not
in their line of sight. In real scenario for militarily applications, most of the transceivers are
not directly in line of sight of the entire network even if the nodes are static or dynamic (like

a moving platform).
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2.1 Introduction

Directional antennas operating in the high-frequency (HF) band (3-30 MHz) are widely used
in numerous military applications, such as long-range communications, electronic warfare
(EW), and direction finding [1]-[4]. The use of directional antennas allows for focusing the
radiated energy to desired directions while decreasing radiation towards unwanted directions.
This improves the performance of a communication or an EW link, reduces interference, and
reduces the probability of detection in military communications. The wavelengths in the HF
band range from 100 m at 3 MHz to 10 m at 30 MHz. Therefore, conventional antennas
operating in the HF band must be physically large to achieve directional radiation pat-
terns. However, in many applications, such as those involving deploying antennas on moving
military platforms, the space for accommodating the antennas is constrained [5]-[8]. Stan-
dalone electrically-small antennas with directional radiation characteristic (such as Huygens
source antennas) have been demonstrated at higher RF and microwave frequencies [60]—[61].
However, similar to other electrically-small antennas, due to the limited dimensions, these
Huygens source antennas suffer from narrow bandwidth and low radiation efficiency [9]-[11].
In addition, when these designs are scaled down to the HF band, the physical sizes of the
antennas will be large enough that the interactions between the antennas and its support-
ing platforms cannot be ignored and will likely significantly impact the performance of the
antenna.

To address some of these challenges, various techniques have been reported to use the
large metallic platforms on which the antennas are mounted as the main radiator [7], [12]-
[16]. Many of these techniques use the theory of characteristic modes (CMs) to design
platform-based antennas that efficiently excite the CMs of the platform to achieve enhanced
radiation. In [38]-[40], the authors examined the types and locations of the antennas that
can effectively excite the CMs of the platform. These papers followed a similar analysis

procedure of performing CM analysis first and then placing a monopole-/loop-type antenna
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at locations with large change/current density of the CMs to excite the desired mode. Using
a similar approach, other platform-based antennas with enhanced bandwidths have also
been reported. In [13], multiple CMs of the platform were excited with a single antenna
to enhance the bandwidth of an electrically-small VHF antenna. In [13], a single CM of
the platform was efficiency excited with multiple antennas distributed across it to achieve
bandwidth enhancement. The CM theory has also been used to manipulate the shape of
the radiation patterns of antennas. In [14], this concept was used to design a null steering
antenna. In [15], the authors reported a four-element, platform-based antenna array that
can excite different pure CMs of an unmanned aerial vehicle with dimensions comparable to
the wavelength. Due to the moderate platform size, however, these CMs have primarily omni
directional patterns. In [16], multiple pure CMs of a mid-size airplane were excited and used
to perform direction finding at the HF band. While the patterns of excited CMs of this work
show directional characteristics at higher HF frequencies, this directionality is a consequence
of the large electrical dimensions of the platform as opposed to a design feature. A shipborne
antenna that can synthesize a broadside beam by exciting multiple significant CMs of a large
ship was reported in [17]. However, the efficacy of this method strongly depends on having
a long platform with dimensions of at least a few wavelengths. Therefore, this approach can
hardly be used for generating both broadside and end-fire directional patterns when applied
to a platform that is less than a wavelength long.

In this paper, we present a platform-based antenna array that can achieve switchable,
directional radiation patterns by exciting and combining the CMs of a mid-size ground
vehicle at the HF band. Specially, we used the Amphibious Assault Vehicle (AVV) as a
representative platform and excite its CMs that have intrinsic omni-directional and figure-
eight-shaped radiation patterns using electrically-small coupling elements mounted on the
platform. Subsequently, cardioid-shaped radiation patterns are generated by combining a
figure-eight-shaped and an omni-directional pattern with the same magnitude and phase, as

shown in Fig. 2.1. With combining different CMs, the maximum radiation direction can
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Figure 2.1: Generation of a cardioid-shaped radiation pattern. (a) An omni-directional radiation pattern.
(b) A figure-eight-shaped radiation pattern. (c¢) A cardioid-shaped radiation pattern generated by combining
the omni-directional pattern with the figure-eight-shaped pattern.

be switched to four directions with 90° separation between them in the azimuth plane. The
achieved front-to-back ratio of the cardioid-shaped patterns is larger than 15 dB over the
frequency range of 6-24 MHz by using a suitable feed network. A 1:35 scaled model proto-
type was fabricated and characterized at three representative frequencies over the operating
frequency band. The measurement and simulation results agree well and demonstrate that

switchable, directional radiation patterns with high front-to-back ratio can be achieved by

exciting the CMs of a mid-size ground-based platform in the HF band.

2.2 Antenna Design

The proposed platform-based antenna is designed based on a simplified model of the AAV
with dimensions of 7.54 m x 3.2 m x 2.76 m (L x W x H) [62]. During the design process,

the platform was considered to be placed on top of an infinite perfect electric conductor
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Figure 2.2: Topology and dimensions of the platform used for the design presented in this work.

(PEC) ground plane. Fig. 2.2 shows the detailed dimensions of the AAV platform used in

the simulation analysis.

2.2.1 The Characteristic Mode Analysis of the Platform

The theory of CM for conducting bodies was first introduced by Garbacz [30] and later re-
fined by Harrington and Mautz [31]. The CMs of the platform and their associated current
distributions can be obtained numerically for conducting bodies. These modal current dis-
tributions are dependent on the shape and size of the object. A mode is considered to be
significant if its modal significance (MS) value is larger than 0.7 at the operating frequency
and an MS value of 1 indicates a resonant mode [8], [34]. Modes with higher MS values
contribute more to the radiation process and can be excited more efficiently.

The design process of the proposed platform-based antenna starts by examining the CMs
of the platform. For each mode, the surface current distribution, radiation patterns, and the
modal significance (MS) value are examined. Fig. 2.3 shows the modal significance values
of the first three modes of the AAV platform as a function of frequency. These simulation
results are obtained using the CM solver of the commercial software FEKO [63]. The electric

surface current distribution of these three modes and their associated radiation patterns, at
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Figure 2.3: Simulated modal significance values of the first three modes of the AAV platform shown in Fig.
2.2 when the platform is mounted on an infinite PEC ground plane.

12.5 MHz, are shown in Fig. 3.3. Observe that Mode 1 is a vertically-polarized mode with an
omni-directional radiation pattern in the azimuth plane with a null on the z-axis. Therefore,
Mode 1 acts as a vertical electric monopole over an infinite PEC ground. Meanwhile, as
shown in Figs. 3.3(b) and 3.3(c), Modes 2 and 3 act as two orthogonal vertical loops over an
infinite PEC ground, which generate figure-eight-shaped radiation patterns in the azimuth
plane. These modes both have vertically-polarized radiation patterns along the azimuth
plane as well. Consequently, combining the radiation patterns of these modes is possible and
by properly combining them, cardioid-shaped radiation patterns may be obtained.

A cardioid-shaped radiation pattern can be achieved by combining Mode 1 and Mode 2
with equal magnitudes and phases, resulting in a maximum radiation towards the front of the
platform. On the other hand, if Modes 1 and 2 are combined with equal magnitudes and 180°
phase difference, a cardioid-shaped radiation pattern with a maximum toward the rear end
of the platform will be generated. Similarly, combining Mode 1 with Mode 3 would generate
cardioid-shaped radiation patterns with maximum radiation direction pointing towards left
and right of the platform in the azimuth plane. These four independent radiation patterns

achieve directional radiation patterns around the platform covering the entire 360° of the



16

Normalized total E-field
Magnitude (dBV)

l 0.0

—20.0

—40.0
Normalized surface

—60.0

Figure 2.4: Simulated normalized radiation patterns and surface current distributions of the first three
characteristic modes of the platform on an infinite PEC ground plane at 12.5 MHz. (a) Mode 1, (b) Mode
2, (c) Mode 3.

azimuth plane.

2.2.2 Designing Coupling Structures

The characteristic mode analysis presented in the previous section demonstrates that modes
with radiation characteristics suitable for generating cardioid-shaped radiation patterns in

the azimuth plane are available. To do this, however, coupling structures capable of exciting
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these modes need to be designed. Previous studies have demonstrated that characteristic
modes of the platform can be excited with ESAs or coupling elements mounted on the
platform [12]-[16]. Such coupling structures can be either capacitive (e.g., small dipoles)
or inductive (e.g., small loops) respectively referred to as capacitive and inductive coupling
elements (CCEs and ICEs). We use basic capacitive and inductive coupling elements in this
design as opposed to self-matched elements such as those reported in [64]-[65]. This choice
is motivated by the fact that these coupling elements are used to excite the platform modes
over a wide frequency range. Self-matched elements (e.g., an inverted-F antenna) can be
designed to operate at a single frequency without an external impedance matching network.
However, when these antennas are made electrically small (as is the case at HF frequencies),
their bandwidth would be severely limited. Therefore, operating them at frequencies other
than their self-matched frequency requires an external impedance matching networks similar
to those that would be needed when simple CCEs or ICEs are used. Therefore, their use in
the present application where the antennas have to be tuned to work over a wide range of
frequencies does not offer any advantages. Furthermore, self-match for inductive coupling
elements will be more complicated on the platform with such space constrains.

Examining the current distribution of Mode 1 of the platform shown in Fig. 3.3(a)
reveals that this mode has the characteristics of a vertical monopole antenna. To excite
this mode, CCEs can be placed at locations where the surface electric current density of
the mode attains its minimum value (the surface charge density of the mode is maximum).
Alternatively, the mode can be efficiently excited with an ICEs by placing the coupling
element at a location where the surface current density is maximum [40]. Meanwhile, the
surface current distributions of Mode 2 and Mode 3 resemble those of two orthogonal vertical
loops as shown in Figs. 3.3(b) and 3.3(c). Similar to the previous case, these modes can be
excited either with capacitive or inductive coupling elements mounted at suitable locations
on the platform.

Following these design guidelines, Mode 1 was excited by using two L-shaped monopoles
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(©) 141 m

Figure 2.5: Topology of the coupling elements used to excite different modes of the platform and the
normalized radiation patterns that they generate. The platform is mounted over an infinite PEC ground
plane. (a) Two L-shaped monopoles fed with the same excitation coefficient are used to excite Mode 1. (b)
One half-loop antenna, placed on the top surface of the platform is used to excite Mode 2. (c¢) One half-loop
antenna, placed on top rear edge of the platform is used to excite Mode 3. All the coupling elements are
designed with a copper tube with a diameter of 71.8 mm.
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acting as CCEs located on top of the platform as shown in Fig. 2.5(a). In this arrangement,
the planes of the L-shaped monopoles are parallel to the ground plane. This arrangement
for the monopoles allows for efficiently exciting the desired mode while maintaining a low
profile and thus a reduced visual signature for the antennas. The width of the monopoles is
0.81 m which provides the maximum distance between the feed point and the platform body
without horizontally protruding out of the platform’s boundaries. The overall length of the
monopole is 1.84 m, which corresponds to an electrical dimension of 0.0184\¢ at 3 MHz (\g
is the free space wavelength). Mode 1 can also be excited using a single element located at
the center of the platform. However, for the application at hand, two other modes need to be
excited as well. Therefore, to better accommodate the antennas that will be used to excite
these modes, two monopoles are used symmetrically on each side of the platform to excite
Mode 1. Both Mode 1 coupling elements are excited with equal magnitudes and phases.
This symmetric deployment of the monopoles helps reduce the mutual coupling between the
antennas used to excite different modes of the platform.

Mode 2 is excited with a vertical half loop along the platform length as shown in Fig.
2.5(b). This mounting location is selected for two primary reasons. First, the surface current
density of the mode attains its maximum on the top surface of the vehicle. Secondly, other
mounting locations in the front and back of the vehicle are not suitable from a practical point
of view. Specially, antennas mounted on the leading edge (front surface) of the vehicle are
susceptible to damage and those mounted on the rear side (the back surface perpendicular to
the ground) interfere with the primary function of the vehicle, since the vehicle’s doors are
located on the rear side. Additionally, positioning of this coupling element along the center
axis of the vehicle (along the y axis) minimizes the mutual coupling between this coupling
element and the other coupling elements used to excite Modes 1 and 3. The length and width
of the half-loop were selected considering a linear dimension of an electrically-small loop with
a circumference smaller than A/10 (10 m) at the lower end of the HF band. First, we fixed

the height of the half loop to 0.75 m, which is higher than the vehicle’s main gun turret.
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Secondly, we determined the length of the loop by gradually increasing it and observing its
impact on the shape of the radiation patterns across the desired frequency band of operation.
A length of 3.45 m (0.0345)\g at 3 MHz) was found to be the largest length that would not
deteriorate the desired figure-eight-shaped radiation pattern at the upper end of the HF
band due to the increased electrical dimensions. Also, the length of the Mode 2 half loop
impacts the mutual coupling between this coupling element and the monopoles collectively
used to excite Mode 1. Fig. 2.5(b) shows the topology of the coupling element used to
excite Mode 2 and its normalized radiation pattern along the azimuth plane at 12.5 MHz.
Finally, another half loop is used to excite Mode 3 of the platform as shown in Fig. 2.5(c).
This coupling element is mounted on the back edge of the platform and is positioned to
be symmetric with respect to the other coupling elements. The surface current distribution
of Mode 3 (shown in Fig. 3.3(c)) reveals that this location is indeed a suitable mounting
location for placement of an ICE intended to excite Mode 3. Furthermore, placement of the
antenna at this location does not interfere with the practical operations of the vehicle and
allows for minimizing the mutual coupling between this coupling element and those used to
excite Modes 1 and 2 of the platform. The length of the half loop used to excite Mode 3
was selected to be the same as the maximum width of the platform. The height of Mode 3
loop was selected based on the same criterion used to determine the height of Mode 2 half
loop. However, because of the structural bend on the top surface of the vehicle on its right

and left rear sides, Mode 3 half loop has a side length of 1.41 m.

2.2.3 Cardioid-Shaped Pattern Generation Using Excited Plat-
form Modes

The coupling elements designed in the previous section are used to generate the desired
cardioid-shaped radiation pattern in the azimuth plane. To examine the capability of this
system in producing cardioid-shaped radiation patterns, the entire antenna system is simu-

lated. Fig. 2.6 shows the platform with all the designed coupling elements. The two L-shaped
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Figure 2.7: Normalized cardioid-shaped radiation patterns, at 12.5 MHz, generated by the platform-based
antenna system shown in Fig. 2.6.

monopoles are fed in phase with equal magnitudes between each L-shaped monopole. Each
of the two half loops is excited at its both ends differentially (i.e., with the same magni-
tude and with 180° phase difference). This feeding arrangement for each loop ensures that
figure-eight-shaped radiation patterns with deep nulls can be achieved.

The cardioid-shaped radiation pattern can be achieved by combining an omni-directional
radiation pattern with a figure-eight-shape radiation pattern. Both radiation patterns need
to be excited with equal magnitudes and equal (or 180° different) phases to provide cardioid-
shaped radiation patterns with peaks directed towards the desired direction and nulls exactly

in the opposite direction. Fig. 2.7 shows the cardioid-shaped radiation patterns at 12.5 MHz
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when different pairs of the coupling elements shown in Fig. 2.6 are exited properly. The
proper excitation magnitude and phase of each coupling element can be achieved using either

a passive or an active feed network.

T-Junction

Mode 1 Port 1
X3 “0'

Mode 2

Mode 3

Balun Matching
Transformers Network

Figure 2.8: Topology of the passive feeding and matching networks used in conjunction with the coupling
elements shown in Fig. 2.6.

2.2.4 Feed Network Design

Since the coupling elements are electrically small at HF frequencies, they are not impedance
matched to 50 2. Moreover, to achieve the desired cardioid-shaped radiation patterns, the

coupling elements must be excited with appropriate complex excitation coefficients. There-
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fore, an external feeding and matching network should be used in conjunction with each
coupling element. Fig. 2.8 shows the topology of the feed and matching network. The
matching networks shown in Fig. 2.8 are T-shaped and use three reactive elements. How-
ever, in practice only two of these reactive elements are needed to impedance match the
antenna at each frequency. The series element used in each network may change as fre-
quency changes. This results in L-shaped matching network with series-element first or
shunt-element first configuration at different frequencies. This way, the T-shaped matching
networks shown in Fig. 2.8 may be used to match the impedance of the antennas across the
entire band of operation. The capacitive coupling elements used to excite Mode 1 are fed
in phase with a T-junction power divider. Following the T-junction, a matching network is
used to achieve an input impedance of 50 2 at Port 1. Meanwhile, each of the inductive
coupling elements (for exciting Mode 2 and Mode 3) should be excited differentially on its
both ends. This is accomplished using a 1:1 lumped-elements transformer. Following the
transformer, a matching network is used to match the input impedance of each antenna
to 50 €2 at Ports 2 and 3. Table 3.1 provides the total simulated efficiency of the excited
modes, and the loss from each source. The sources of loss include the lossy metal material
used to build the platform, the ground plane, the feed network, and the lumped elements
in the feed and matching circuits. The material of the ground plane was assumed to be a
good conductor similar to copper. The shape of the radiation pattern obtained when each
half loop is excited is impacted by the lumped-element baluns but not by the matching
networks. Therefore, to achieve the desired radiation patterns and impedance matching at
the same time, it is important to first adjust the 180° transformers to secure symmetric,
figure-eight-shaped radiation patterns, and subsequently determine the components values

of the impedance matching networks.



24

Table 2.1
SIMULATED LOSS OF EACH SOURCE AND TOTAL EFFICIENCY OF THE EXCITED MODES FOR THE
FULL-SCALE PLATFORM AT 12.5, 18, AND 21 MHz.

Frequency | Modes | Lossy Metal [dB] | Ground [dB] | Microstrip Lines [dB] | Lumped Elements [dB] | Total Efficiency [dB]
1 0.34 0.53 1.93 0.65 -2.47
12.5 MHz 2 0.90 0.85 0.77 1.31 -1.56
3 0.22 0.20 1.10 0.79 -1.70
1 0.02 0.08 1.60 0.04 -2.05
18 MHz 2 0.03 0.04 1.80 0.53 -1.97
3 0.08 0.16 1.59 0.56 -1.86
1 0.07 0.02 2.04 0.29 -2.54
21 MHz 2 0.06 0.05 2.16 0.51 -2.29
3 0.05 0.04 1.72 0.28 -1.92

2.3 Experimental Results

The antenna design and simulation results presented in Section 2.2 are for a full-scale AAV.
However, experimentally validating these design concepts for a full-scale platform is not
possible, given our available resources. Therefore, to validate the proposed concept, a scaled-
model prototype using simplified model of the AAV was fabricated and characterized. In
this simplified model, the wheels of the scaled-model prototype of the AAV were replaced
with solid blocks. This was done to facilitate the task of metalization of the fabricated
scaled-model prototype. Moreover, because the small features of the wheels are significantly
smaller than the wavelength across the entire HF band, this change does not significantly
impact the antenna design or expected results. Additionally, a finite-size, circular-shaped
aluminum ground plane with radius of 0.41 m was used as the ground plane for the scaled

model.

2.3.1 Design of the Scaled-Model Antenna Prototype

A 1:35 scaling factor was chosen based on the frequency range of our anechoic chamber.
With this scaling factor, the HF band is scaled to 105-1050 MHz. Fig. 2.9(a) shows the
topology of the scaled-model AAV platform with the coupling elements mounted on the

finite ground plane. In the simulations of the scaled-model prototype shown in Fig. 2.9,
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(2) (b)

Figure 2.9: (a) A simplified scaled model of the platform on top of a circular-shaped aluminum ground
plane with radius of 0.41 m. (b) Simulated normalized cardioid-shaped radiation patterns generated by this
scaled-model prototype in the azimuth plane at 437 MHz.

the ground plane is assumed to be made of aluminum and the platform and the antennas
mounted on it are assumed to be made of copper. The structure was simulated using full-
wave electromagnetic simulations in CST Studio [66] at the frequencies 437, 630, and 735
MHz (corresponding to 12.5, 18, and 21 MHz of the full-scale platform). In these simulations,
the coupling elements used to excite Modes 1, 2, and 3 were excited individually (with other
elements terminated to matched loads) and the radiation patterns excited by each element
were obtained. The radiation patterns were obtained considering the impact of the feed
network designed to excite each element (see Fig. 2.8). In this process, the losses and the
parasitics of the lumped-element components used in the feed network have been considered.
These patterns were then combined with appropriate magnitudes and phases to generate the
desired cardioid-shaped radiation patterns. The values of the lumped-element components
used in CST simulations (to obtain the S-parameters and the radiation patterns) are shown
in Table 3.2. The feed networks were simulated in Keysight’s Advanced Design System
(ADS) [67]. Figs. 2.10(c) and 2.10(d) show the layouts of the feed networks designed and
used in the simulations. Both feed networks were designed to be fabricated on 0.813 mm
thick RO4003C substrates with a dielectric constant of 3.55 and loss tangent of 0.0027. Fig.

2.9(b) shows the simulated cardioid-shaped radiation patterns obtained through this process
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at 437 MHz (corresponding to 12.5 MHz in the full-scale prototype). Observe that the scaled
model prototype is expected to be capable of providing the same cardioid-shaped radiation

patterns obtained from the full-scale model.

2.3.2 Fabrication Process

€]

Figure 2.10: Photographs of a 1:35 scaled-model fabricated prototype and its feed network. Coaxial connec-
tors are placed beneath the platform and connected to the feed network inside the hollow 3-D platform. (a)
3-D printed platform with interior cavities used to accommodate Mode 1 and 2 feed networks. (b) Photo-
graph of the rear section of the 3-D printed platform showing the cavity used to accommodate the Mode 3
feed network. (c)-(f) Layout and photographs of the feed network designed to excite the different coupling
elements. (g) Photographs of the assembled scaled-model prototype.

A prototype of the scaled-model platform-based antenna was fabricated using three-

dimensional (3-D) printing as shown in Figs. 2.10(a) and 2.10(b). Part of the inside of
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the 3-D printed model was left hollow to accommodate the placement of the feeding and
matching networks. The 3-D printed model contains holes on the bottom for the coaxial
cable to pass through and connect to the PCB with the feeding network. All of the exterior
of the fabricated 3-D scaled model was covered with copper tape including the bottom of
the model. The cavities contain small frame holders on their edge to support the fabricated
PCBs containing the feed networks.

The feed network designed in ADS presented previously is shown in Figs. 2.10(c) and
2.10(d). The PCB layout presented contains the feed and matching networks used to excite
their corresponding coupling elements. The feed networks used to excite the coupling ele-
ments of Modes 1 and 2 were fabricated on the same PCB and that for Mode 3 was fabricated
on a separate one. The detailed layout of the feed networks along with the relevant geomet-
rical and physical dimensions are provided in Fig. A.1 of the Appendix A section. The PCBs
are positioned in the interior of the vehicle such that the ground planes of the microstrip lines
are electrically connected to the exterior metalized body of the platform. Feed through vias
having diameters of 0.81 mm connected the appropriate terminals of the feed network to the
feed terminals of the coupling elements. The coupling elements are implemented using 12
gauge copper wires with diameters of 2.05 mm. The feed network is implemented on a 0.813
mm thick RO4003C dielectric substrate with dielectric constant of 3.55 and loss tangent of
0.0027. The values of the lumped-element components used in the fabricated feed networks
are provided in Table 3.2. Figs. 2.10(e) and 2.10(f) show photographs of the fabricated feed
networks (without lumped-element components). The values of the lumped-element com-
ponents used in the feed network are slightly different from those used in the simulations.
These differences are attributed to the tolerances involved in fabricating the scaled-model
prototype as well as slight differences between the simulated and fabricated models (e.g.,
using copper tape in the fabricated prototype versus solid sheet assumed in the simulated
prototype, etc.). Despite these differences, one can easily compensate for these effects by

changing the values of the lumped-element components used in the feed network as we have
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done.

Table 2.2
COMPONENT VALUES OF THE MATCHING NETWORKS OF THE SIMULATED AND FABRICATED
SCALED MODEL AT 437, 630, AND 735 MHz.

Frequency 437 MHz 630 MHz 735 MHz

Type Simu. | Measu. | Simu. | Measu. | Simu. | Measu.

X4 23nH | 4.7nH | 188 pF | 2.8 pF | 8.2 pF | 6.8 pF

Mode 1 Xy 24 pF | 24 pF | 153 pF | 14.7 pF | 10 pF | 10 pF
X3 Short Short Short Short Short | Short

X4 47nH | 47 nH 33 nH 33nH | 22nH | 22 nH

Xs 1.5pF | 1.5pF | 1.8pF | 1.8pF | 1.5 pF | 1.5 pF

Xe 47nH | 47 nH 33 nH 33nH | 22nH | 22 nH

Mode 2 X7 1.5pF | 1.5pF | 1.8pF | 1.8pF | 1.5 pF | 1.5 pF
Xg 6.0 nH | 5.6 nH | Short Short Short | 2.2 pF

Xy 22 pF | 23.3 pF | 36 nH 12nH | 18 nH | 4.7 nH

X1 Short Short 1.5pF | 1.8 pF | 1.5 pF | Short

X1 68 nH | 68 nH 33 nH 33nH | 20nH | 20 nH

X9 1.8 pF | 1.8pF | 0.8pF | 0.8pF | 1.2 pF | 1.2 pF

Xi3 68 nH | 68 nH 33 nH 33nH | 20nH | 20 nH

Mode 3 X4 1.8pF | 1.8pF | 0.8 pF | 0.8 pF | 0.8 pF | 0.8 pF
X5 39 pF | 10 pF Short Short | 1.3 pF | Short

Xi6 15 pF | 10 pF | 4.7 pF 10nH | 85nH | 6.0 nH

X7 Short Short 15nH | 2.2 pF | Short | 1.8 pF

2.3.3 Measurement Results

The assembled prototype is shown in Fig. 2.10(g). It was put on top of a circular-shaped
ground plane with a diameter of 0.82 m, made out of aluminum. The S-parameters of the
fabricated prototype were measured in the vicinity of 437, 630, and 735 MHz (corresponding
to 12.5 MHz, 18 MHz, and 21 MHz for the full-scale model). Fig. 3.9 shows the measured S-
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parameters in the vicinity of the 630 MHz. Observe that the input reflection coefficients are
below -10 dB for each antenna and the mutual coupling between the three coupling elements
remains below -20 dB. Similar results were observed for the measurements performed in
the vicinity of 437 and 735 MHz. Table 2.3 summarizes the fractional bandwidth of each
antenna and the level of mutual coupling between them at these three frequencies over which
S-parameter measurements were performed.

Table 2.3

MEASURED S-PARAMETERS OF THE FABRICATED SCALED-MODEL PROTOTYPE IN
THE VICINITY OF 437, 630, 735 MHz.

Frequency | Modes | FBW (%) Mutual Goupling (dB)
Six | Sax S3x
1 1.42 - -41.5 -40.8
437 MHz 2 0.84 -41.0 - -41.4
3 0.87 -40.9 | -41.0 -
1 0.85 - -22.3 -29.1
630 MHz 2 0.93 -22.3 - -36.5
3 1.43 -29.2 | -36.4 -
1 0.65 - -17.5 1 -29.0
735 MHz 2 1.10 -17.5 - -31.1
3 1.27 -28.9 | -31.2 -

The realized gain patterns (both magnitudes and phases) of the fabricated prototypes
were measured with a multi-probe near-field system (SATIMO StarLab). The measurements
were performed by exciting one antenna at a time (when the other two were terminated with
50 Q). Through this process, complete three dimensional realized gain pattern (magnitudes
and phases for both 6 and ¢ polarizations) for each mode was obtained at three frequencies of
437, 630, and 735 MHz. The measurement results were post processed in Matlab [68]. Lastly,
to generate the desired cardioid-shaped radiation patterns, the measured patterns of two
modes (Modes 1 and 2 or Modes 1 and 3) were combined with appropriate complex weighting

coefficients that ensures that the fields radiated by each mode has the same magnitude and
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Figure 2.11: Measured S-parameters of the fabricated scaled-model prototype in the vicinity of 630 MHz
(corresponding to 18 MHz for the full-scale prototype).

Figure 2.12: Measured normalized, cardioid-shaped radiation patterns of the scaled-model prototype shown
in Figs. 2.9 and 2.10. (a) 437 MHz (12.5 MHz). (b) 630 MHz (18 MHz). (c¢) 735 MHz (21 MHz).

phase along the direction of maximum radiation. This process emulates an active feed

network that can provide the required amplitude and phase of the excitation of each element
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which results in the desired cardioid-shaped radiation pattern. One potential implementation
of such an active feed network for a directional HF transmitter is shown in Fig. A.2 of the
Appendix A section. Fig. 2.12 shows the cardioid-shaped radiation patterns obtained using
this process at 437, 630, and 735 MHz (corresponding to 12.5, 18, and 21 MHz for the
full-scale model). The weighting coefficients used to obtain these results are presented in
Table 2.4. Each cardioid-shaped radiation pattern has the beam pointing towards a desired
direction with a null in the opposite direction and has a front-to-back ratio larger than 15
dB. Comparing Figs. 2.9 and 2.12(a), it can be observed that the measured and simulated
radiation patterns are similar. The minor differences observed between the two can be
primarily attributed to the presence of a large feeding cable connected to the platform,
which was not modeled in the simulations. Lastly, Table 2.5 presents the measured realized
gain values of the cardioid-shaped radiation patterns shown in Fig. 2.12.
Table 2.4

EXCITATION COEFFICIENTS OF PORTS FOR GENERATING CARDIOID-SHAPED RADIATION PATTERNS IN THE
AZIMUTH PLANE. THE ORIENTATIONS ARE BASED ON THE PLATFORM SHOWN IN FiG. 2.12.

Excitation Coefficients (Simulation) Excitation Coefficients (Measurement)

Frequency | Mode | 0° (Left) | 90° (Back) | 180° (Right) | 270° (Front) | 0° (Left) | 90° (Back) | 180° (Right) | 270° (Front)

1 1£120° 1£-90° 1£-60° 1£90° 1.7£—-40° | 1.35£107.5° | 1.83£120° | 1.93£—68.5°
437 MHz 2 1£0° 1£0° 1£0° 1£0°

3 0.75£0° 0.75£0° 1£0° 1£0°

1 0.652£105° 1£0° 0.65£—75° 1/180° 0.3£23.5° | 1.94-165° | 0.35£—126° 1.841°
630 MHz 2 0.75£0° 0.75£0° 1£0° 1£0°

3 1£0° - 1£0° - 120° - 1£0° -

1 0.75£-50° 1£4-20° 0.75£0° 1/160° 0.2£48.5° 3.94139° 0.2/£231° 1.1£-52.5°
735 MHz 2 0.75£0° 0.75£0° ¢ 1£0° 1£0°

3 1£0° - 1£0° - 1£0° - 1£0° -

The total measured and simulated radiation efficiencies of each mode of the scaled-model
prototype are reported in Table 3.3. Several factors contribute to reducing the radiation
efficiencies of the antennas. The first factor is the small electrical dimensions of the antennas,
which results in reduction of their radiation resistances and increasing their feed-point quality
factors (Q). The second factor is the losses of the feeding and matching network used for

each coupling element. These losses are likely the most important factor contributing to
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Table 2.5
MEASURED REALIZED GAIN OF THE CARDIOID-SHAPED RADIATION PATTERNS FOR
THE SCALED-MODEL PROTOTYPE SHOWN IN FIGS. 2.9 AND 2.10.

Beam Angle 0° 90° 180° 270°

437 MHz -9.6 dBi | -7.5 dBi | -10.3 dBi | -9.4 dBi

630 MHz -1.2dBi | -7.9dBi | -1.7dBi | -8.8 dBi

735 MHz -1.7dBi | -9.2 dBi | -1.2dBi | -10.2 dBi
Table 2.6

SIMULATED AND MEASURED TOTAL EFFICIENCIES OF THE COUPLING ELEMENTS
USED TO EXCITE DIFFERENT MODES.

Mode 1 (dB) | Mode 2 (dB) | Mode 3 (dB)
Sim. | Meas. | Sim. | Meas. | Sim. | Meas.
437 MHz | -84 | -9.5 -12 | -10.5 | -5.6 | -6.3
630 MHz | -5.2 | -5.7 | -33 | -53 | -45 | -6.3
735 MHz -2.9 -4.2 -2.8 -4.5 -3.8 -6.8

Frequency

the reduced overall efficiency of the antenna. This is due to the concept of matching loss
magnification, which refers to the reduction in the transmission efficiency between the source
and the antenna caused by the multiple reflections that exist between a high-QQ ESA and its
matching circuit (see [69], pp. 46-48). The higher the Q factor of an antenna is, the higher
the matching loss magnification will be. Other minor factors such as surface roughness and
finite conductivity of the copper tapes and aluminum sheets used in the fabrication of the
prototype and the ground plane are potential contributing factors too, albeit to a lesser

extent.

2.4 Conclusion

We reported the design and experimental characterization of a platform-based, HF antenna
system capable of producing directional radiation patterns in the azimuth plane. The pro-
posed design is based on exciting three orthogonal characteristic modes of a mid-sized ground-

based platform. One of these modes has an omni-directional radiation pattern and the other
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two have orthogonal, figure-eight-shaped radiation patterns. By properly combining these
patterns, cardioid-shaped radiation patterns whose directions of maximum radiations can
be directed towards front, back, and both sides of the platform can be obtained. Suitable
coupling elements along with their associated feed and impedance matching networks were
designed to excite each of these three characteristic modes. Full-wave electromagnetic sim-
ulations of the full-scale model of the proposed system were performed and demonstrated
that the system can generate directional radiation patterns across the frequency range of
6-24 MHz within the HF band.

To experimentally verify the operation of the proposed antenna, a 1:35 scaled-model
prototype along with the required baluns and matching networks were fabricated and ex-
perimentally characterized. Both S-parameter and radiation pattern measurements were
performed in the vicinity of 437, 630, and 735 MHz (corresponding approximately to 12.5,
18, and 21 MHz for the full-scale model). Note that the losses of the full-scaled model are
lower than those of the scaled-model prototype because the lumped elements used in the
impedance matching network have significantly lower losses at the HF band. Measurement
results demonstrated that good impedance matching can be achieved and despite being
closely spaced and sharing the same platform, the mutual coupling between the different
coupling elements is small (below -20 dB). Furthermore, it was demonstrated that by com-
bining the radiation patterns of the different modes, cardioid-shaped radiation patterns with
front-to-back ratios better than 15 dB can be obtained across this frequency band. Simi-
lar to any other high-Q electrically-small antenna the overall antenna efficiency is adversely
impacted by the antenna size as well as the losses of the balun and the matching networks
used to feed the antenna. Even small losses of the matching network can be amplified signif-
icantly due to the larger difference between the input and output VSWRs of the matching
network (i.e., matched loss magnification [69]). This factor in conjunction with the small
radiation efficiency of the antennas are the two primary factors contributing to the relatively

low measured radiation efficiencies.
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3.1 Introduction

Near-vertical incident skywave (NVIS) antennas operates in the high-frequency (HF) band
(2-10 MHz) range and they are highly useful for beyond line-of-sight (BLOS) communica-
tions [41]-[42]. The NVIS propagating signal between the transmitter and the receiver is
reflected on the F-layer of the ionosphere (i.e., a single-hop path) [43]. However, due to
the large wavelengths of electromagnetic waves at HF band, its physically challenging de-
sign antennas on moving platforms [13], [16]. Furthermore, the narrow bandwidth of HF
channels limits data transfer rate transmitted over a single channel. Therefore, architectures
for multiple-input multiple-output (MIMO) communication system are being highly study
[70]-[71].

To address some of these challenge, researchers has exploited the two propagating modes
of the ionosphere, the ordinary (O) and the extraordinary (X) from the F-layer, which are
orthogonal polarized. [44]. The two wave interact with the ionosphere and bounce back to
the receiver as a multipath fading wave [72]. However, most of the wave losses occur on the
D-layer and E-layer. In [45]-[46] the ionosphere refraction index has been estimated using
integral models of multipath. These papers successfully models the fading wave absorption
due to the D-layers based on the frequency of operation. Furthermore, in [47], a method to
predict the maximum usable frequency with respect of the path length for the propagating
wave. The model take into consideration the mode of reflection on each layer and their
corresponding maximum communication distance. However, the ionospheric channels are
changing with time, geolocation, the plasma levels, and temperature [48]. Consequently, if
the ionospheric channel is restricted frequency band limited and the transmission communi-
cation is for a short period, a tap-gain model can represent any ionosphere hopping. This
model is call the Watterson model represented as a fading Gaussian scatter channel model.
In [73], they formulate a 2 x 2 NVIS channel matrix for collocated orthogonal transmit-

ter /receivers dipoles above earth with orthogonal diversity and representing the ionospheric
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complex numbers for the two F-layers. More importantly, the approach was limited to a
predetermine MIMO size, antenna configuration, and ionosphere complex values. On mov-
ing platform the size is limited and mounting orthogonal dipoles operating a lower NVIS
frequencies could results in large space consumption. Using the characteristic mode (CM)
of the platform will provide better radiation patterns with physical small antennas capable
for fitting over a the moving platform [17], [74].

In this paper, we present a ship-to-shore HF MIMO communication link using a single-hop
channel and examine the impacts of polarization diversity on the MIMO channel capacity.
Specially, we used the Zumwalth-Destroyer battleship as a representative platform for the
transmitters and excite items CMs for maximize channel capacity to two orthogonal horizon-
tal dipole above dry earth at shore as receivers. We consider the designed of platform-based
antenna antennas that excite an optimum subset of the CMs of the platform to maximize
channel capacity [16]. The transmitter were generated using resonators mounted on the
platform. Subsequently, two orthogonal radiation patterns were generated using two res-
onators exciting multiple characteristic modes of the platform. The maximum radiation of
the multiple characteristics modes of the platform were directed toward the sky for the NVIS
communication. The designed resonators were able to maintain their directionality across the
NVIS band by using suitable feed network. A 1:310 scaled model prototype was fabricated
and characterized at three representative frequencies covering the entire NVIS frequency
band. The measurement and simulation results agree well and demonstrate the channel ca-
pacity optimization can be achieved by exciting the CMs of the water-based platform in the

HF band.

3.2 Single-Hop, Ionospheric MIMO Channel Modeling

The ionospheric NVIS model follows reference [73] where discusses a specific case of a 2 x 2
NVIS MIMO channel for collocated transmitters and receivers. On our model we build upon

the derivation in [73] and generalizes it so as to include antennas configuration larger than
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Figure 3.1: Schematic illustrating a single-hop, ship-to-shore ionospheric channel with multiple inputs and
multiple outputs.

two as well as the effects of spatial diversity and the statistical behavior of the ionosphere
in the model. Fig. 3.1 shows a ship-to-shore, single-hop ionospheric link for a 2 x 2 MIMO

system, but the derivation applies to any M x N MIMO scenarios.

3.2.1 Propagation Modeling

The model consider multiple transmitters (71, T, ...,Tx) over a platform located on salty
water and multiple receivers (Ry, Ro, ..., Rys) located on a base station at shore with a sep-
aration of D. Transmitters has a separation between them defined as dr while the receivers
has a separation defined as dr. The receivers are predetermine as two orthogonal horizontal
dipoles above dry earth at shore.

Taking into consideration the signals of the transmitters are the electric fields at the
far field; the field phasor radiated by the first antenna 7} with the field pattern g, at the
departure elevation angle ¢, is:

ET1 = S191y <5d)€7j[kfl.rﬂi§ (31)

where gr,e4 are the far-field electric fields at the particular angle of departure.

grea = Er, (07, é7) (3.2)
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where 7/ = 27 is the unit vector along the transmitters, s; denotes the low-pass equivalent

signal, and 7 is the far-field unit vector directed toward the ionosphere defined as

71 = sin(0r)cos(¢r)T + sin(Or)sin(pr)y + cos(0r)z (3.3)

Using the equations (3.2) and (3.3), (3.1) can be written as

kod

ETl = SlETlej[Tsm(eT)]i' (34)

Since the interaction of the wave with the ionosphere will slip linear polarization into a

sum of two orthogonal circular polarization equation (3.4) can be written as

o 1 R o 1 JUEN
Er = 551ET1PT1 (T —j9) + §SlET1PT1<x +79) (3.5)

where Er, is a linear polarization of the transmitter 1 split into right hand circular polarized
(RHCP) and left hand circular polarized (LHCP). The decomposition help with the reflection

of the ionosphere F; and F; layer. Similarly, for the second transmitter T5:

By, = sy Epe 5 sin0n)y (3.6)

Since 1, = —gﬁ:, Er (0r,¢r) is the far-field electric fields at the particular angle of
departure for the second transmitter, and sy denotes the low-pass equivalent signal of the

second transmitter.

Eq, = %SzETQPTz (T —jy) — ‘%SQEBPTQ(@ + J9) (3.7)

Representing both signals as a matrix for the transmitted case and assuming signals

normalization (sq,s2) = 1,

ET _ % ET1PT1 (j; - ]?J) jET2PT2(*% - jy) (38)
Er, Pr,(Z+j9) —JjEBrn,Pr(Z+j7)
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Since the NVIS channels consist of only one-hop, we assume a complex response h, and

h,. lonosphere statistical complex coefficients for the two modes are:

aye 0% 0
H,, = . (3.9)
0 a,e 10

where gains «, and alpha, and phase shifts 6, and 6, of the paths are statistically provided
and discussed on the next section.
Now studying the waves arriving at the receiver experience antenna far-field electric fields

and polarizations:

B — Er Prp,& Eg Pp (3.10)
ERQPRQQ ER2PRQQ

where Pp, stand for e/"8*snn)] and P, = e~il"*sn(On)],
The MIMO channel matrix is define as H = EzHoxEr Reducing the equation we will

end up with equation 3.11

\ | Eny. Pr,Er, Pr T, —jEr, Pp Er, PrT-
H2><2:— Rint Ry Tt T4+ JLER TR 2, 17T (3‘11)

jERZn PR2ET1nPT1 1- ERznPR2 ET2nPT2T+

where T, = (a e % + a,e %) and T = (a e 7% — a,e7%).

Following same procedure of the simple case, we can extended it for a general M x N
MIMO channel with arbitrary antenna polarizations. The channel matrix will result in a
channel matrix as given by (3.12). Here, Ty n = apynTy + jbunT-, ayn = R(e?Vmn) =
cos(Warn), and byy y = S(e?YMN) = sin(Wyy v). The ¥ angle is provided by the polarization
difference between the transmitter N and the receiver M. On the previous formulation of
the 2 x 2 we study two orthogonal polarizations on both size. If we follow the same study

with the reduced general equation, we will end up obtaining equation (3.11).
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ER1nPR1 ETlnPTlTl,l ERlnPRl ETQnPTQTl,Q T ERlnPRl ETNn PTNTI,N
1 ERQnPRQETlnPTlTQ,]. ERQnPRQETQnPTQTl,z Tt ERQnPRQ ETNnPTNTQ,N
Harxy = 9 : : . :
ERMnPRMETmPTlTM,l ERMnPRMETQnPTzTM,Q T ERMnPRI\/IETNnPTNTMvN
(3.12)

3.2.2 TIonospheric Mode of Propagation

The HF ionospheric channel are non-stationary in both frequency and time, due to the
ionospheric layer changing heights with time [48]. However, Watterson develop a tap-gain
function capable of representing most ionosphere with a stationary ergodic statistical model
by limiting the transmission time and band-limit the operational frequency. The model is

represented by tap-gain function with a power spectrum of a Gaussian function define as:

Gilf) 1 —(=fa)? N 1 —(=fo)® (3.13)
i = — ¢ 20% — ¢ 20§ .
Axaz V2T AOO'O\/ 2T

where A, and A, are the attenuation component, 20, and 20, are the frequency spread, and
v, and v, are the frequency shifts for the two ionosphere modes (extraordinary and ordinary
mode).

To compare the performance and the statistical model of each model, in [75] provided
representative channel parameters to general each frequency power spectrum for each mode.
The recommendation letter provides multiple set of values depending on the latitudes, condi-
tions, and type of propagation. We generate the frequency power spectrum using the values
for the NVIS wave propagation. With the power spectrum we can select a random process
and is used as part of Monte-Carlo simulations to obtain the ergodic statistical capacity of
the channel. The in-house algorithm flowchart along with the ionospheric modeling ergodic

statistical channel capacity are explained in the Appendix B.
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Figure 3.2: Topology and dimensions of the platform used for the design presented in this work.

3.2.3 Channel Capacity

Finally, if we assume ideal case where all the transmitter elements have equal power distri-
bution on the channel matrix, we wont have a full rank matrix. Since we are going to study
CMs of a platform as transmitters, the probability of each transmitter been nearly identical
(e.g., gain, polarization) is rather impossible. However, the channel capacity of the NVIS
MIMO can be calculated based on the assumption of water-filling power allocation [76]-[77],

Pr
Cryivo = Zlogg <1 + FZ)\ ) (314)

=1

where U = min(Ny, N,.), Ny, and N, being the number of transmitters and receivers, P =

(1 — No/Ai)T, A being the eigenmode of the channel, and p is chosen to satisfy the total

power constrain ) . = 1P* = P, and Ny denotes noise.

3.3 Antenna Configuration

The proposed platform-based antenna is designed based on a simplified model of a battleship
Zumwalt-Class destroyer (ZWD) with dimensions of 186 m x 24.6 m x40 m (L x W x H) [78].
Note that these dimensions only consider the area outside of the sea water. The platform
is considered to be placed on top of an infinite perfect electric conductor (PEC) that fairly
represents the sea water surface at the HF band. Fig. 3.2 shows the detailed dimensions of

the ZWD platform used in the simulation analysis.
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Figure 3.3: Simulated normalized radiation patterns and surface current distributions of the first three
characteristic modes of the platform on an infinite PEC ground plane at 2 MHz. (a) Mode 1, (b) Mode 2,
(¢) Mode 3.

3.3.1 Design Procedure

In designing the proposed NVIS MIMO Channel capacity, we follow two primary design
objective. First, we need to excited the entire NVIS frequencies with a minimum number
of resonators. Second, we need to study all the platform’s CMs combination as transmitters
while receiving the data with two orthogonal dipoles horizontally place over dry earth. The
CMs of the platform were obtained using the CM solver of the commercial software FEKO
[63]. The CMs are combine as a subset of 2 and processed with a MatLab in-house code to

study the maximum MIMO NVIS channel capacity combination [68]. To accomplish these
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Figure 3.4: NVIS MIMO channel capacity at 2 MHz using platform’s CMs for a 2 x 2 MIMO channel. (a)
Modes 1 & 2, (b) Modes 1 & 3, (c) Mode 2 & 3.

goals, we used the theory of CMs as a tool in the design process. CMs of the platform and
their associated current distributions can be obtain numerically for the conducting bodies
[31]-[32]. The electric surface current distribution of these three modes and their associated
radiation patterns, at 2 MHz, are shown in Fig. 3.3. However, none of them has a modal of
significant larger than 0.7 at the particular frequency.

Observe that Mode 1 is a vertically-polarized mode with an omni-directional radiation
pattern in the azimuth plane with a null on the z-axis. Therefore, Mode 1 acts as a vertical
electric monopole over an infinite PEC ground as shown in 3.3(a). Meanwhile, as shown in
Figs. 3.3(b) and 3.3(c), Modes 2 and 3 act as two orthogonal vertical loops over an infinite
PEC ground, which generate perfect orthogonal radiation patterns for NVIS communica-
tions. Consequently, combining these radiation patterns we can obtain the best channel

capacity using the CMs of the platform combine with the two orthogonal dipoles at the
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receivers end. Fig. 3.4(a)-(b) shows a contour map for the NVIS MIMO channel capacity at
2 MHz for the transmitters combinations of Modes 1 & 2, Modes 1 & 3, and Modes 2 & 3,
respectively. The figure study the channel capacity in bps/Hz when the distances between
the transmitters and receivers ranges from 1 km to 300 km (ignoring the ground wave prop-
agation cases) and the SNR in dB from 0 to 50 dB. Modes 2 & 3 are two orthogonal loops
providing the best channel capacity for NVIS communications while the Modes 1 & 3 are the
worst. The reason for Modes 1 & 3 be so low is because Mode 1 has partial excutation with
Mode 3. Even with the water-filling distributing, the energy between the two modes is not
equally distributed between each modes, instead is exciting only the best mode to maximize

the NVIS MIMO channel capacity.

3.3.2 Design Coupling Structures

The CM analysis presented in the previous section demonstrates the in-house code modes
combination using their radiation patterns for suitable NVIS communication. However,
the best mode combination is provided when two orthogonal radiation patterns are excited.
Previous studies have demonstrated that characteristic modes of the platform can be excited
with simple resonators placement over a platform [38]-[39]. Such resonators structure can
be either capacitive (e.g., dipoles) or inductive (e.g., loops) respectively. However, using
resonators to excited particular modes of the platforms becomes very difficult at higher
frequencies. The surface current at higher frequencies contain complex location to excite the
ideal mode with a single resonator and end up on multiple resonators place very separated.
A way to solve this problem will be exciting multiple modes with a single resonator that has
a radiation pattern of interest. In our case, we would like to excite radiation patterns that
has orthogonality between them and centralizing their energy toward the ionosphere, and
they maintain their radiation orthogonality across the NVIS frequencies.

If we examine the current distribution to excite a platform with a mode like the one shown

in Fig. 3.3(a) reveals that this mode has the characteristics of a vertical monopole antenna
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at the top of the platform. Using a capacity resonator we can excite this mode by placing it
at locations where the surface electric current density of the mode attains its minimum value.
Alternatively, the mode can be efficiently excited with an inductive resonator by placing the
resonator at a location where the surface current density is maximum. However, as shown
before on fig. 3.4(a) we can have better communication for long ranges, but lower capacity
at closer range. Meanwhile, the surface current distributions of Mode 2 and Mode 3 resemble
those of two orthogonal vertical loops as shown in Figs. 3.3(b) and 3.3(c). Similar to the
previous case, these modes can be excited either with capacitive or inductive resonators
mounted at suitable locations on the platform.

Taking into consideration the platform surface current and the case where we obtain
the largest channel capacity for all ranges as shown in fig. 3.4(c). This case will required
orthogonal radiation patterns, which are typically excited using a half-loop resonators. The
lower frequency of the NVIS channel can be excited using a single resonator for each Mode
2 and 3. However, at higher NVIS frequencies, the surface current of the platform is more
distributed over the platform requiring multiple resonators to perfectly excite a single mode
of the platform. Furthermore, the resonators location to excite a pure mode are distanced
between them resulting on an inefficient design. For this reason, we are indeed interested
on exciting multiple CMs instead of a single mode of the platform. This can be achieve by
selecting all the modes with radiation along the platform and excited them with a single
resonator where they share the same current distribution. Similarly, we can select all the
modes with radiation across the platform and excited them with a single resonators that
share same current distribution spots.

Following all this guidelines, to excite CMs with radiation patterns along the platform
was used a L-shaped monopole acting as capacitive resonators located on the front center
wall as shown in Fig. 3.5(a)-(b) resonator 1. This mounting location was selected because
of the surface current density of the modes attain their minimum at that location for all

the NVIS frequencies without interfere with primary functions of the platform (rockets, ship
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Figure 3.5: Topology of the resonators used to excite orthogonal characteristic modes of the platform and
the normalized radiation patterns with their corresponding component. The platform is mounted over an
infinite PEC ground plane. (a) Platform structure with each resonator dimensions. (b) Normalized radiation
patterns of the resonator 1 on the NVIS frequencies. (c¢) Normalized radiation patterns of the resonator 2
on the NVIS frequencies.

bridge visibility, etc). Additionally, positioning of this resonator along the center axis of the
vehicle orthogonal to the surface, but the other half of the L-shape monopole orthogonal to
the walking ground of the ship. The overall length of the monopole is 10 m which corresponds

to an electrical dimensions of 0.067\g at 2 MHz ()¢ is the free space wavelength). We fixed
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Figure 3.6: Topology of the passive feeding and matching networks used in conjunction with the coupling
elements shown in 3.5

the height of the monopole to not exceed the total height of the ship’s top. The resonator
has a self-resonance at 7.5 MHz. The second resonator selected was a half-loop to excite
CMs across the platform as shown in Fig. 3.5(a) resonator 2 with radiation patterns shown
in Fig. 3.5(c). This resonator element is mounted on the back flight deck of the platform and
is positioned to excited the entire NVIS frequencies. Furthermore, placement of the antenna
at this location does not interfere with the practical operations of the platform as long as
the ships are smaller than its height. The length of the half loop used to excite CMs across
the platform was selected to be larger than the landing deck, which we end up using 15 m

long. The height of the loop was selected to be 3 m based on fabrication limitations.

3.3.3 Feed Network Design

Since the resonators have self-resonance at higher end of the NVIS frequencies, they are not
impedance matched to 50 2 on the entire band. Moreover, to achieve the channel capacity

improvement the data must be share between both resonators. Therefore, an external feeding
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and matching network should be used in conjunction with each resonator. Fig. 3.6 shows
the topology of the feed and matching network. The matching networks shown in Fig.
3.6 are T-shaped and use three reactive elements. However, in practice only two of these
reactive elements are needed to impedance match the antenna at each frequency. The series
element used in each network may change as frequency changes. This results in an L-shaped
matching network with series-element first or shunt-element first configuration at different
frequencies. This way, the T-shaped matching networks shown in Fig. 3.6 may be used
to match the impedance of the antennas across the entire band of operation using a single
board design. The capacitive resonator used to excite Modes along the platform required
a matching network to achieve an input impedance of 50 2 at Port 1. Meanwhile, the
inductive resonator, to excite modes across the platform, should be excited differentially on
its both ends. This is accomplished using a 1:1 lumped-element transformer. Following the
transformer, a matching network is used to match the input impedance of each antenna to
50 €2 at Port 2. Table 3.1 provides the total simulated efficiency of the resonators, and the
loss from each source. The sources of loss include the lossy metal material used to build
the platform, the ground plane, the feed network, and the lumped elements on the feed and
matching circuits. The material of the ground plane was assumed to be a good conductor
similar to copper. The shape of the radiation pattern obtained when each half loop is excited
is impacted by the lumped-element baluns but not by the matching networks. Therefore,
to achieve the desired radiation patterns and impedance matching at the same time, it
is important to first adjust the 180° transformers to secure symmetric and subsequently

determine the components values of the impedance matching networks.
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Table 3.1
SIMULATED LOSS OF EACH SOURCE AND TOTAL EFFICIENCY OF THE EXCITED MODES FOR THE
FULL-SCALE PLATFORM AT 2, 6, AND 10 MHz.

Frequency | Reso. | Lossy Metal [dB] | Ground [dB] | Micro. Lines [dB] | Lum. Elem. [dB] | Total Effi. [dB]
. . . . -10.04
9 Mz 1 0.007 0.027 1.284 8.743 10.048
2 0.347 0.032 1.503 18.601 -20.349
1 0.003 0.044 0.001 0.586 -0.654
6 MHz
2 0.006 0.012 0.460 7.679 -9.169
1 .001 .04 .004 .094 -0.132
10 Mz 0.00 0.048 0.00 0.09 0.13
2 0.002 0.002 0.076 0.984 -1.064

@960

Resonator 1 Resonator 2

Figure 3.7: A simplified scaled model of the platform on top of a circular-shaped aluminum ground plane
with radius of 0.41 m. The radiation patterns is given to 2 MHz since the ground is smaller than A\/2 for
each sides.
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3.4 Experimental Results

3.4.1 Design of the Scaled-Model Antenna Prototype

We fabricated and measured a 1:310 scaled version of the ZWD, which the scaled factor
was chosen based on the frequency range of our near-field spherical anechoic chamber. The
scaling factor of 1:310 the NVIS frequencies is scaled to 620 MHz-3100 MHz. Our near-field
system can perform measurements in the 600 MHz-18 GHz frequency range and accommo-
date antennas with linear dimensions up to 0.82 m. Based on this, the prototype dimension
is results on 0.6 m x 0.08 m x 0.13 m (L x W x H) that is near the maximum size of our
chamber. Then can used the rest of the space as a finite-size, circular-shaped aluminum
ground plane with a radius of 0.41 m as the ground plane for the scaled model. However,
reducing the size of the structure more to allocate a better grounding will result on other
fabrication complications (e.g., linear dimension of the monopole resonators is 10 m scaled
to 0.03 m using a scaled factor of 1:310).

Fig. 3.7 shows the topology of the scaled-model ZWD platform with the resonators
mounted on the aluminum finite ground plane. In the simulations of the scaled-model pro-
totype shown in Fig. 3.7, the ground plane is assumed to be made of aluminum on top of a
cardboard and the platform and the antennas mounted on it are assumed to be made of cop-
per. The structure was simulated using full-wave electromagnetic simulations in CST Studio
[66] at the frequencies 620, 1860, and 3100 MHz (corresponding to 2, 6, and 10 MHz of the
full-scale platform). In these simulations, the resonators used to excite Modes along and
across the platform were excited individually (with other elements terminated to matched
loads) and the radiation patterns excited by each element were obtained. The radiation
patterns were obtained considering the impact of the feed network designed to excite each
element (see Fig. 3.6). In this process, the losses and the parasitics of the lumped-element

components used in the feed network have been considered. The values of the lumped-
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element components used in CST simulations (to obtain the S-parameters and the radiation
patterns) are shown in Table 3.2. The feed networks were simulated in Keysight’s Advanced
Design System (ADS) [67]. Both feed networks were designed to be fabricated on 0.813
mm thick RO4003C substrates with a dielectric constant of 3.6 and loss tangent of 0.0027.
Fig. 3.7 shows the simulated radiation patterns obtained through this process at 620 MHz
(corresponding to 2 MHz in the full-scale prototype). Observe that the scaled model proto-
type have energy over the ground edge since the ground is not the ideal size. However, the

radiation patterns orthogonality still remains for the NVIS channel capacity.

3.4.2 Fabrication Process

A prototype of the scaled-model platform-based antenna was fabricated using three-dimensional
(3-D) printing as shown in Fig. 3.8(c). Since the linear size of the platform is 0.6 m, we
needed to divide the structure in two parts. Furthermore, we build a clip/slider mechanism
to hold together the two ZWD parts. The part of the inside of the 3-D printed model was
left completely hollow to accommodate the placement of the feeding and matching networks.
The 3-D printed model contains holes on the bottom for the coaxial cable to pass through
and connect to the PCB with the feeding network. All of the exterior of the fabricated 3-D
scaled model was covered with copper tape including the bottom of the model as shown in
Fig. 3.8. The cavities contain small frame holders on their edge to support the fabricated
PCBs containing the feed networks.

The feed network designed in ADS are shown in Figs. 3.8(a) and 3.8(b) for resonator
1 and resonator 2, respectively. The PCB layout presented contains the feed and matching
networks used to excite their corresponding resonator. The PCBs are positioned in the
interior of the vehicle such that the ground planes of the microstrip lines are electrically
connected to the exterior metalized body of the platform. Feed through vias having diameters
of 0.81 mm connected the appropriate terminals of the feed network to the feed terminals of

the resonators. The resonators are implemented using 21 gauge copper wires with diameters
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Figure 3.8: Photographs of a 1:310 scaled-model fabricated prototype and its feed network. Coaxial con-
nectors are placed beneath the platform and connected to the feed network PCBs inside the hallow 3-D
platform. (a)-(b) Layout and photograph of the feed network designed to excite the resonators. (c) 3-D
printed platform design with interior cavities used to accommodate the resonators feed networks. Also, de-
sign includes a hold mechanics since platform was fabricated in two parts. (d) 3-D printed platform assemble
and covered its surfaces with copper tape. (e) Scaled-model completely assemble over a aluminum ground
and placed on the anechoic chamber for radiation measurements.

of 0.812 mm. The feed network is implemented on a 0.813 mm thick RO4003C dielectric

substrate with dielectric constant of 3.6 and loss tangent of 0.0027. The values of the
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lumped-element components used in the fabricated feed networks are provided in Table
3.2. The values of the lumped-element components used in the feed network are slightly
different from those used in the simulations. These differences are attributed to the tolerances
involved in fabricating the scaled-model prototype as well as slight differences between the
simulated and fabricated models (e.g., using copper tape in the fabricated prototype versus
solid sheet assumed in the simulated prototype, etc.). Despite these differences, one can easily
compensate for these effects by changing the values of the lumped-element components used

in the feed network as we have done.

Table 3.2
LUMPED ELEMENT COMPONENT VALUES OF THE MATCHING
NETWORKS OF THE SIMULATED AND FABRICATED SCALED MODEL
AT 620, 1860, AND 3100 MHz.

Frequency 620 MHz 1860 MHz 3100 MHz

Type Sim. Meas. Sim. Meas. Sim. Meas.

X 55nH | 47nH | 2.7nH | 22 nH | Short | Short

Resonator 1 X 10 pF | 82pF | 1.6 pF | 1.4 pF | 2.0 pF | 1.3 pF
X3 Short | Short | Short | Short | 0.5 pF | 8.2 pF

X, 22nH | 22nH | 1.9nH | 19nH | 1.6 nH | 1.6 nH

X5 27pF | 277pF | 1.5 pF | 1.5 pF | 0.5 pF | 0.5 pF

Xe 22nH | 22nH | 19nH | 1.9nH | 1.6 nH | 1.6 nH

Resonator 2 X5 27pF | 27pF | 1.5 pF | 1.5 pF | 0.5 pF | 0.5 pF
X3 115 pF | 115 pF | 1.5 pF | Short | 47 pF | 1.5 pF

Xy 15pF | 82pF | 20pF | 27nH | 0.8 pF | 0.6 pF

Xio Short Short | Short | 10 nH | Short | Short

3.4.3 Measurement Results

The assembled prototype in the anechoic chamber is shown in Fig. 3.8(e). It was put on
top of a circular-shaped ground plane with a diameter of 0.82 m, made out of aluminum
on top of a cardboard. The S-parameters of the fabricated prototype were measured in the

vicinity of 620, 1860, and 3100 MHz (corresponding to 2 MHz, 6 MHz, and 10 MHz for the



54

S-Parameters (dB)
S-Parameters (dB)

Freq (MHz)

(a) (b)

-
o

N
o

S-Parameters (dB)
A b R :
o o

&
=]

&
=)

Freq (GHz)

(c)

Figure 3.9: Measured S-parameters of the scaled-model of the platform-based NVIS MIMO Channel capacity.
Resonators Match to (a) 620 MHz (2 MHz), (b) 1860 MHz (6 MHz), and (c) 3100 MHz (10 MHz).
full-scale model). Fig. 3.9 shows the measured S-parameters in the vicinity of the 620 MHz,
1860 MHz, and 3100 MHz. Observe that the input reflection coefficients are below -10 dB
for each antenna and the mutual coupling between the two resonators remains below -30 dB.
The realized gain patterns (both magnitudes and phases) of the fabricated prototypes
were measured with a multi-probe near-field system (SATIMO StarLab). The measurements
were performed by exciting one antenna at a time (when the other was terminated with 50
). Through this process, complete three dimensional realized gain pattern (magnitudes and
phases for both 6 and ¢ polarizations) for each resonator was obtained at three frequencies

of 620, 1860, and 3100 MHz. The measurement results were post processed in Matlab. Fig.
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3.10 shows the realized gain total, 6, and ¢ at 620, 1860, and 3100 MHz (corresponding to
2, 6, and 10 MHz for the full-scale model) for the simulated and measure radiation patterns.
As can be observe in Fig. 3.10 the orthogonality between modes are maintained across the
NVIS frequencies. However, at the lower end of the NVIS frequencies, there is significant
radiation towards # = 0°, because of the ground dimensions. Also, part of that radiation is
attributed to the presence of a large feeding cable connected to the platform, which was not
modeled in the simulations.

The total measured and simulated radiation efficiencies of each mode of the scaled-model
prototype are reported in Table 3.3. Several factors contribute to reducing the radiation
efficiencies of the antennas. The first factor is the small physical dimensions of the antennas
(0.03 m), which results large fabrication error when it comes to fabrication process. Second
factor is the quality factor of the capacitors at the higher end (3100 MHz), their corresponding
quality factor is reduced significantly at higher frequencies lowering the measure efficiencies.
The other minor factor such as surface roughness and finite conductivity of the copper tapes
and aluminum sheets used in the fabrication of the prototype and the ground plane are
potential contributing factors too. Fig. 3.11 shows the channel capacity of the 2 x 2 using
the designed resonators with two orthogonal dipoles above earth at shore. The capacity has

been reduced since the efficiency is been reduced at higher frequencies. The channel capacity
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Figure 3.11: NVIS MIMO channel capacity using the two platform resonators with orthogonal dipoles above
dry earth at shore. (a) 620 MHz, (b) 1860 MHz, and (c) 3100 MHz (corresponding to 2, 6, and 10 MHz for

the full-scaled model).

Table 3.3

SIMULATED AND MEASURED TOTAL
EFFICIENCIES OF THE COUPLING ELEMENTS
USED TO EXCITE DIFFERENT MODES.

Resonator 1 [dB] | Resonator 2 [dB]
Frequency

Sim. Meas. Sim. Meas.
620 MHz | -10.3 -10.8 -16.0 -16.9
1860 MHz | -0.3 -1.9 -6.3 -7.6
3100 MHz | -0.3 -0.7 -4.8 -6.7

of the measurement results required using the radiation patterns and efficiencies in the HF

band since the channel capacity algorithm was design for that band. The results are compare

with simulation for a more precise characterization on the Appendix C.
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3.5 Conclusion

We reported the design and experimental characterization of a ship-to-shore MIMO, platform-
based system capable of maximizing NVIS channel capacity. The proposed design is based on
exciting two two multi-CMs exploiting the polazitation diversity for HF MIMO system. One
mode excites multiple CMs with radiation patterns along the platform and the other excited
CMs with radiation patterns across the platform. By properly combining the resonators of
the platform with two horizontal dipole above ground at shore we can maximize the channel
capacity for NVIS communication. The suitable resonators along with their associated feed
and impedance matching networks were designed to excite each of these CMs. Full-wave
electromagnetic simulations of the full-scale model of the proposed system were performed
and demonstrated that the system can generate and maintain the radiation patterns across
the frequency range of 2-10 MHz within the HF band.

To experimentally verify the operation of the proposed antenna, a 1:310 scaled-model
prototype along with the required baluns and matching networks were fabricated and exper-
imentally characterized. Both S-parameter and radiation pattern measurements were per-
formed in the vicinity of 620, 1860, and 3100 MHz (corresponding approximately to 2, 6, and
10 MHz for the full-scale model). Note that the losses of the full-scaled model are lower than
those of the scaled-model prototype because the lumped elements used in the impedance
matching network have significantly lower losses at the HF band. Measurement results
demonstrated that good impedance matching can be achieved and the mutual coupling be-
tween the different resonators is small (below -30 dB). Furthermore, it was demonstrated
the radiation patterns of the two different resonators maintain their polarization across the
entire frequency band of interest. The overall antenna efficiency is adversely impacted by
the antenna size as well as the losses of the balun and the matching networks used to feed
the antenna. Even small losses of the matching network can be amplified significantly due

to the larger difference between the input and output VSWRs of the matching network (i.e.,
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matched loss magnification [69]). This factor in conjunction with the small quality factor of
the capacitors at higher frequencies are the two primary factors contributing to the relatively

low measured radiation efficiencies.
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4.1 Experimental Demonstration of a Primary-Secondary
Synchronization for Distributed Transmit Beam-

forming Antenna Array

Distributed transmit beamforming systems have been mainly studied due to their potential
to improve communication reliability. However, distributed transmit beamforming systems
operating in the HF band can be implemented for military applications such as jamming,
long-range, and direction finding. The distributed networks of multiple transmitters coop-
erate to transmit a coherently directional radiation pattern. This improves the performance
of transmission resulting in a high-power radiation. The distributed transmit system acts
as an antenna array with the capability of steering the beam and focusing energy toward a
desired direction. Due to the large wavelengths in the HF' band, most military antennas are
implemented on moving platforms with space constraints.

The goal of this research will be to experimentally demonstrate a distributed transmit
beamforming using a time synchronization algorithm to reduce the phase error between
transmitting nodes. This will be accomplished by using a primary-secondary algorithm on
a time-slot configuration. The time-slot will allow the time synchronization between radios

using a GPS module as external oscillator. Our preliminary results are outlined as follows.

4.1.1 Node Configuration for Experimental Demonstration

To experimentally demonstrate the distributed transmit beamforming, we first need to look
into commercially available open-source software-defined radios (SDR). The synchronization
method has to be use in multiple nodes, each of which represent a single radio. Each
radio needs to be able to use an external oscillator to obtain a more precise synchronization
between nodes. The best option is the HackRF One from Great Scott Gadges with the clock

input of 10 MHz and the operation frequency of 1-6000 MHz [79]. The HackRF One is an
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open-hardware platform capable to be used as an USB peripheral and implement a software
radio algorithm in GNURadio [80]. Fig. 4.1 shows the transceiver HackRF One hardware
and the board circuitry. The HackRF Omne can be ordered with an ANT 500 and they
work perfectly together. Note, the HackRF One is capable of one pulse-per-second (PPS)
external oscillator for algorithms that required better time synchronization [81]. However,
implementing one PPS external oscillator would require access to the HackRF circuitry.
Furthermore, the external oscillator for the synchronization we selected was a GPS module
with the advantages of being high precision, and programmable, and having one PPS output
with a UTC time synchronization. The specific GPS module selected for the demonstration

was the I-Lotus M12M Timing Oncore [82].

Figure 4.1: HackRF One from Great Scott Gadget. Figure available from [79].

4.1.2 Experimental Architecture on Distributed Transmit Beam-
forming

A distributed system design is ideal for a platform-based, electrically-small antenna operat-
ing in the HF band. In fact, the distribution can effectively increase the efficiency toward a
desired target. We use the simplest distributed system with a primary-secondary architecture
consisting of a single primary and a single secondary to test our distributed beamforming. In
addition, we use time-slotted schedule to accommodate steps for synchronization and trans-
mit beamforming message. Although this method can be implemented using several nodes,
we would use only two transmitters and a single receiver, for the proof of concept, to measure

the radiation pattern. Fig. 4.2 shows the timeslot diagram to establish synchronization, and
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beamforming it also shows the system model for the nodes transmitting toward a target.
We are planning to implement the distributed transmit beamforming at the target carrier

frequency of 50 MHz.

Beamform
Target

Time-Synchronization Distributed Transmit Beamforming

Hackl Hack2 Hack3 Desire Sagna_!r:ransmr.ssmn
Master Slave1 | » == | SlaveN
Target
Time Slot 1 Time Slot 2

\ Slaves

Figure 4.2: Disitributed transmit beamforming concentrating the beam direction toward a desired target
without any feedback from the target.

4.1.3 Time-Slotted Synchronization Using GNURadio

In order to optimize the design of the time-synchronization architecture, it is necessary to
develop accurate intercommunication between the primary transceiver and the secondary.
Moreover, the algorithm will be implemented on the open-source software GNU Radio. On
the time-slot for synchronization, the secondary would require demodulation of the received
signal of the primary containing the carrier phase for time synchronization. It should be
noted that this signal would contain the location data. Since the receiver would also use an
external oscillator, we would calculate the phase difference of the carrier frequency before
radiating toward the desired target. Furthermore, the localization of the primary is for the
offset phase required for the beamform toward the desire direction. Fig. 4.3 shows a simple
schematic of the GNU Radio capable of doing synchronization, with the local oscillator of

the HackRF instead of using the external GPS module for local carrier synchronization
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Figure A.1: Detailed layout of the printed circuit boards that include the impedance matching network and
the baluns used to feed the antennas on the scaled-model prototype. The top layout includes the feeding
and matching network for the coupling elements used to excite Mode 1 and 2 of the platform. The bottom

layout includes the feeding and matching network of the coupling element used to excite Mode 3. Table A.1
shows the corresponding values for the variables.
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Table A.1
PHYSICAL DIMENSIONS OF THE FABRICATED FEED NETWORKS WHOSE
LAYOUTS ARE SHOWN IN F1G. A.1.

Variable | Length (mm) | Variable | Length (mm) | Variable | Length (mm)

W 1.48 Ly 1.00 Oy, 9.30
Ls 4.00 L; 4.00 O; 7.00
L, 43.00 O, 49.71 O; 18.71
Ly, 21.88 Oy 95.00 Ox 50.00
L. 5.57 O. 12.06 Oy 8.86
Lq4 41.63 Oq 15.86 Om 31.68
L 1.04 O, 12.00 Oy 87.43
L¢ 9.70 Oy 31.00

L, 30.73 0, 1.80

Power Phase  Variable
Amplifier Shifter Attenuator

Port | © <] @( } Z} B
Power Input
Amplifier i ’ Signal

Port 2 P I_

1
Port 3 ~ Two-way
Single-Pole- power
Double-Throw splitter/
combiner

Figure A.2: Topology of one potential active feed network that can be used in the transmit mode in con-
junction with the proposed antennas to generate the desired cardioid-shaped radiation patterns. Since the
complex excitation coefficient with which the different coupling elements must be excited will change as a
function of frequency and as a function of operational environment (e.g., changing different ground types,
etc.), using an active feed network is expected to be more efficient. The circuit shown here depicts an active
circuit in the transmit mode. A similar circuit can be obtained for the receive mode if the power amplifiers
are replaced with low-noise amplifiers. A version of this circuit that can be used for both transmit and
receive applications requires using transmit/receive switches to select between the low-noise amplifier in the
receive and the power amplifier in the transmit modes.
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B Ionosphere Modeling

Fig. B.1 shows the in-house algorithm flowchart con tainting the most important processed
for the MIMO NVIS channel capacity calculations. As observer, the upload files are required
for specific channel capacity dimension of subset combination of channel capacity dimension
using the characteristic modes of a platform as transmitters. However, the flowchart does
not discuss the procedure for determine the type of channel capacity or the data provided
by the user (each user could used different configuration, subset understudy, frequencies,
etc). Important variables has to be determine before hand like coordinates for each of the
elements for the transmitters and receiver. Each of the sections (transmitters and receivers)
has their own coordinate system and then integrated into a single coordinate system using the
separation between transmission and reception. Other important parameters are the distance
sweep array, number of repetitions for the stationary ergodic process of the ionosphere model,
parameters for the ionosphere model, size for the channel capacity (M x N), and signal to
noise ratio (SNR) sweep levels. The in-house algorithm first calculate all the magnitudes
and phases of the transmitters and receivers for each distances separated from the channel

capacity to reduce the MatLab time and reconstruct the actual element phase.

Upload
files Generate the two || Select random values ) Calculate ap,
! Gaussian functions from the spectrum ay, B, and Oy
Initialized
D(1) = 1 km T
]
Calculate fep ~ Reprt Calculate Hyyyn, As
6,6, Py, P, |Ezl, T Rep>200 P, and Cynro
r |Eg|, £E7, and £Ep Initialized
Rep =0 Yes

D = D(i+1)

D =D(i+1)

Reinitialized

D(1) - 1 km Save results

Figure B.1: Basic flowchart of the in-house algorithm used to calculate the NVIS MIMO channel capacity
for M x N, but reduced the matrix based on needs.
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The tap-gain ionospheric modeling for the NVIS channel capacity in-house algorithm is rep-
resented with stationary Gaussian scatter model commonly known as Watterson model. The
input wave from the transmitters are attenuated and delay with the ionosphere interaction
depending on the type of ionospheric propagation mode or path. However, the modulated
signal in amplitude and phase can be approximated with a complex random tap-gain func-
tion. Each mode of propagation with the ionosphere can be represented using the following

function:

Gi(f) =

1 UL "

Fig. B.2(a) present the Gaussian scatter power spectra for a extraordinary/ordinary mode
of propagation using the quantitative testing of HF modems for NVIS conditions provided
by [75]. The power spectra for each ordinary and extraordinary mode can be created using
the same random tap-gain Gaussian function. However, since we need to select two random
numbers from the spectra (extraordinary and ordinary modes), we need to limit the spectra
to a minimum power levels. Fig. B.2(b) shows the limited spectra to a power level of 0.1.
The selected random magnitude value will represent the attenuation of the signal due to the
extraordinary and ordinary modes and the frequency shift for that random power level will

represent the time delay with respect to the center frequency of cero.

0.8 0.8
0.6 0.6
S S
%] %]
Z 04 2 04
=] =]
- [
0.2 0.2
0 0
-10 -5 0 5 10 45 4 05 0 0.5 1 15
Freq [Hz] Freq [Hz]
(a) (b)

Figure B.2: Tap-gain function represented as a power spectrum of a Gaussian scatter function. Each
magneto-ionic component is represented by separated Gaussian scatter functions. (a) Gaussian scatter
power spectra. (b) Limited Gaussian scatter power spectra.
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C Channel Capacity Study

Taking into consideration the NVIS channel capacity in-house algorithm was written for
the HF-band, we required to study the channel capacity using the exact frequencies at
full size and not the scaled frequencies. Fig. C.1 shows the full size platform channel
capacity when the platform is excited with the designed resonators. The channel capacity
was calculated with the excited far-field patterns of the platform over sea water as transmitter
with the two orthogonal dipoles horizontally placed over dry earth at shore. However, since
the platform was scaled for measurements, the results required further comparison. The
simulated scaled-model has larger losses due to the ground losses, lumped elements at higher
frequencies, and the PCB. Hence, the model far-field patterns and losses were scaled down to
their corresponding HF frequencies to study the NVIS channel capacity using the in-house
algorithm for comparison with the full size model. Fig. C.2 shows the simulated scaled-model
channel capacity using their corresponding HF' frequencies. Similarly, the measurement
results of the fabricated platform was study. The far-field and efficiency were scaled to the
HF frequencies to characterize the NVIS channel capacity using the in-house algorithm for
comparison with the simulations. Fig. C.3 shows the measurement scaled-model channel
capacity using their corresponding HF frequencies. Consequently, due to the increased losses
and far-field patterns differences between simulation and measurement resulting in a channel

capacity discrepancy of 8 bps/Hz.



81

300
—_ 55 —_ 55
é 50 "Q° é 50 "N
5 45 % E 45 Ea
40
? a ? 5 40 E‘
= 3 5 = 35 >
§ 30°g é 30°'S
s % 5 3 25 &
] O g &}
&) 20 a 20
0
40 0 10 20 30 40 50 40 0 10 20 30 40 50
SNR [dB] SNR [dB]
(a) (b)
300

— 55

é 250 50 E'

E 200 55

a

? 40 m

£ 150 5o

< 2z

8 100 308

g n g

Z 50 S

A 20

0
40 0 10 20 30 40 50
SNR [dB]
(c)

Figure C.1: NVIS MIMO channel capacity of the full size simulated platform with realistic material details
excited using the proposed resonators over the platform with the orthogonal dipoles at shore. The channel
capacity of the full size 2x2 at (a) 2 MHz, (b) 6 MHz, and (c) 10 MHz.
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Figure C.2: NVIS MIMO channel capacity of the simulated scaled-model platform with all the realistic details
before fabrication (i.e., copper tape, cardboard ground cover with aluminum table, copper resonators, PCB,
and lumped-elements). The 2x2 channel capacity of the simulated scaled-model at (a) 620 MHz, (b) 1860
MHz, and (c¢) 3100 MHz (representing 2 MHz, 6 MHz, and 10 MHz, respectively).
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w
(=3
o

N

a

o
w BB
a S o

Capacity [Bps/Hz]

N

=3

o
w
S

N
o

N
(=)

-
(=3
o

-
o

(2.
o

Distance (Tx/Rx) [km]




	Introduction
	Motivation
	Literature Review on Electrically-Small, Directional HF Antennas
	Platform-Based Antennas
	Near-Vertical Incidence Skywave Communications
	Multiple-Input Multiple-Output Systems
	Distributed Transmit Beamforming

	Proposed Solutions
	Platform-Based, Electrically-Small HF Antenna With Switchable Directional Radiation Patterns
	Capacity Analysis of Ship-to-Shore HF MIMO Systems Employing a Single-Hop Ionospheric Channel
	Future Work


	Platform-Based, Electrically-Small HF Antenna With Switchable Directional Radiation Patterns
	Introduction
	Antenna Design
	The Characteristic Mode Analysis of the Platform
	Designing Coupling Structures
	Cardioid-Shaped Pattern Generation Using Excited Platform Modes
	Feed Network Design

	Experimental Results
	Design of the Scaled-Model Antenna Prototype
	Fabrication Process
	Measurement Results

	Conclusion

	Capacity Analysis of Ship-to-Shore HF MIMO Systems Employing a Single-Hop Ionospheric Channel
	Introduction
	Single-Hop, Ionospheric MIMO Channel Modeling
	Propagation Modeling
	Ionospheric Mode of Propagation
	Channel Capacity

	Antenna Configuration
	Design Procedure
	Design Coupling Structures
	Feed Network Design

	Experimental Results
	Design of the Scaled-Model Antenna Prototype
	Fabrication Process
	Measurement Results

	Conclusion

	Future Work
	Experimental Demonstration of a Primary-Secondary Synchronization for Distributed Transmit Beamforming Antenna Array 
	Node Configuration for Experimental Demonstration
	Experimental Architecture on Distributed Transmit Beamforming
	Time-Slotted Synchronization Using GNURadio


	Appendix
	Supplementary Material
	Ionosphere Modeling
	Channel Capacity Study


