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Wireless networking is challenging in safety, security, and rescue contexts where network

infrastructure may be damaged or compromised. Radio communication between ground robots

at the lower end of the Very High Frequency (low-VHF) band is generally more reliable in

complex indoor and urban environments when compared to communication systems such as Wi-

Fi and cellular, which operate at Ultra High Frequencies (UHF) and higher frequencies. Exciting

antenna design research in the last 5 to 10 years has approached what is theoretically possible

to create compact, moderately high bandwidth antennas at low-VHF. At the beginning of this

dissertation research, we discovered that we could distribute these low-VHF antennas across

closely positioned ground robots to create a robotic parasitic antenna array. When these robots

are optimally positioned, they create a directional signal through the mutual coupling of their

antennas. Consequently, these low-VHF arrays have the potential to extend the communication

range of a reliable signal in urban and indoor environments with a proportionally small amount of

robotic motion. In this dissertation, we research the control of robotic platforms constituting these



arrays from two perspectives. First, we research how robots control their positions to optimize or

maintain the gain of a single robotic parasitic array to improve the quality of a communication

link. Then, we investigate where these robots should collect to form an array in a network of

robotic parasitic arrays to increase a metric of overall network connectivity.

To improve individual network communication links, we consider a two-element parasitic

array formed by a static antenna and a ground robot, and propose a technique by which this array

can increase its gain in a direction of interest. First, we propose and test a calibration approach

for actuating the spacing between the two antennas and the passive antenna length to increase

gain. Next, we propose and test an approach that uses robotic motion to rotate the antenna array.

In these experiments, we show that the robotic parasitic antenna array can provide a gain of 2 dB

which is close to twice the effective transmission power in line-of-sight and non-line-of-sight

conditions.

From a network perspective, we research where robots should form arrays to maintain a

metric of overall connectivity. However, existing control formulations for maintaining connectivity

are not general enough to support this new capability. We first propose a generalized model

that we integrate into a Fiedler value maximization approach for maintaining communication.

Afterward, we develop approaches for allocating a finite number of robots for forming these

robotic parasitic arrays while ensuring that our metric for overall network connectivity between

robotic parasitic array forming robots remains lower bounded.
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Chapter 1: Introduction: The Robotic Communications Problem and the State

of the Art

Wireless networking is challenging in safety, security, and rescue contexts where network

infrastructure may be damaged or compromised. As a result, maintaining communication between

mobile autonomous agents operating in these situations is dif�cult. The contexts of these missions

are often dense, physically complex environments where conventional communication systems

that operate at ultra high frequency (UHF [300 MHz to 3 GHz] ) and higher frequencies (e.g.,

implementations of the IEEE 802.11 standards at2:4 GHzand5 GHz, cellular) used by roboticists

are unreliable [4]. In these complex environments, received signal strength (RSS), an indicator

of successful wireless communication, �uctuates due to multipath fading and rapidly diminishes

with the increased range at these higher frequencies. Another aspect of multipath is that signals'

RSS rapidly changes with small changes in position. This phenomenon is more prevalent in

complex environments where densely spaced objects (e.g., walls, buildings, vehicles, and people)

re�ect UHF signals. Simultaneously, these frequencies are rapidly attenuated by walls and other

objects; for example, a robot navigating around the corner of a building could instantly lose a

communication link.

Despite the increasing maturity of these UHF and higher frequency technologies, it is

reasonable to investigate how novel communications capabilities can augment multi-robot systems
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and vice-versa. In fact, the advancements in industry and academia indicate a convergence

and growing overlap of wireless communication and mobile autonomy solutions. Research on

designing compact, robot-mountable antennas for longer-range, reliable communication in these

environments [5] is one such example. These antennas radiate at the lower end of the very

high frequency (VHF [3 MHz to 300 MHz]) band and have been demonstrated to penetrate dense

structures with reduced variation in signal strength. In addition, preliminary research shows that

it is possible to create arrays and establish long-range, directional communication links when

several of these antennas are deployed in an array.

In this dissertation, we research how to control robotic agents wielding these low-VHF

antennas to create and articulate the arrays from two perspectives. One perspective is focused on

maximizing received RSS for a communication link enabled by a robotic parasitic array. Next,

from a wider perspective, we examine the positioning and creation of multiple parasitic arrays

that form and maintain communication links to increase a metric of overall network connectivity.

Before discussing this in detail, we position this preliminary research in the state of the art of

wireless communication and robotic research.

Current wireless communication solutions often use some or all of the following: elevated

cellular towers, wireless access points, dedicated and densely con�gured sensor network infrastructure,

and/or extensive databases of site-speci�c radio signal measurements for predicting connectivity.

Given that 80% of the world's population is expected to reside in urban environments by 2050 [6],

such rapid global urbanization and the ever-increasing need for reliable communications necessitate

new communications paradigms for such challenging environments. Consequently, there is a

frenzy of commercial effort to deliver wireless technologies that are capable of supporting the

explosion of devices (e.g., smart buildings and the internet of things), as well as network requirements
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(e.g., virtual reality and self-driving vehicles). Much of this work is focused on radio hardware

and software development. The notion of combining a variety of approaches to tackle complex

network challenges is evident in commercial 5G cellular networks to address the ever increasing

densi�cation and demand for data in such networks [7]. Enabling technologies that may be

leveraged include software-de�ned networking [8], Heterogeneous Networks (HetNets), distributed

antenna systems, millimeter-wave (i.e.,30 GHzto 300 GHz) communications [9], massive multi-

input/multi-output (MIMO) [10, 11], and three-dimensional beamforming [12]. While these

technologies may be relevant to varying degrees to ad-hoc �rst-responder networks, the different

applications and opportunities associated with these networks imply that a larger diversity of

solutions are required. For example, unlike commercial networks, these ad-hoc networks cannot

depend on established infrastructure. Also, in contrast to typical commercial applications with

static infrastructure, these networks must provide connectivity in extremely harsh conditions,

even if only at signi�cantly degraded data rates (e.g., providing only voice communications or

telemetry). In addition, networks created by �rst-responders often rely on low-power, compact

radio and antenna systems con�gured in an ad-hoc manner in infrastructure-poor environments

where many commercial approaches are insuf�cient. In these contexts, small movements can

cause large variations in signal quality, compromising communication in a complex and dangerous

situation. To mitigate this danger, �rst-responders could deploy and coordinate with robotic

agents.

Autonomous robotics technology has recently seen signi�cant advances as well. These

systems require lower bandwidth and less frequent communication to complete complex tasks.

This autonomy is enabled by advanced perception, statistical machine learning, and navigation

techniques as well as robust solutions to the simultaneous localization and mapping (SLAM)
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problem. When successfully integrated, these technologies enable robots to autonomously create

models of their environment, evaluate the utility of possible actions, and then act to achieve

increasingly complex mission objectives. Advances in machine learning and optimal control

have led to highly agile ground vehicles [13] and agile aerial systems [14]. From drones to

autonomous cars, the capabilities of intelligent systems are rapidly approaching the point where

partially and fully autonomous systems will be ubiquitous. It is clear that autonomous systems,

with rich sensing and onboard computation, will be a signi�cant part of future �rst-responder

systems with capabilities such as enhanced situational awareness. However, this capability comes

at the cost of increased communication requirements and network load. The current practice

treats communication hardware as a separately developed system that has its own states and

control inputs, rather than co-designed and integrated with autonomous vehicle control. However,

we assert that these systems provide the intelligence and adaptability that are essential for long-

range reliable communication necessary in safety, security, and rescue contexts. Communication

could be especially important for commanding and controlling robotic agents that can compensate

for limited bandwidth using autonomy.

1.1 Low-Frequency Channels and Novel Antennas

Lower frequency communication bands from10 MHz to 100 MHz (HF and low-VHF)

often receive limited attention because of their inherently reduced bandwidth in comparison

with microwave bands (300 MHz to 300 GHz). However, recent studies of the propagation

characteristics of low-frequency channels through physics-based simulation and extensive measurements

in various line-of-sight (LOS), non-line-of-sight (NLOS), indoor, and outdoor scenarios show
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favorable channel characteristics for these bands. These favorable characteristics include improved

penetration and channel time coherence, a longer-range with low transmit power, and reduced

multipath fading and phase distortion [15–17]. This suggests that low-power, short-range persistent

one-hop communications have the potential to dramatically impact autonomous tactical networking

challenges. Despite these advantages, applications in the low-VHF band are limited by the

prohibitively large size of conventional antennas or high power requirements due to the poor

ef�ciency of existing small antennas. However, researchers at the DEVCOM Army Research

Laboratory have pioneered the development of novel miniature passive and active antennas that

can approach Chu's fundamental limit at low VHF [18–21]. This advancement means that

these antennas can achieve higher bandwidth than is possible on most commercially developed

low-VHF antennas. These electrically small antennas (ESAs) transmitting at 300 mW have a

range of hundreds of meters and can penetrate obstacles without a decrease in reliability from

multipath fading [22]. An example of one of these antennas is shown on a ground robot in

Fig. 1.1 These ESAs have higher bandwidth so as to be appropriate for low-power, moderate-

rate communications, and networking [22–25]. Researchers have demonstrated they can provide

enough bandwidth for streaming video, as well as sharing images and telemetry. These properties

make these compact low-VHF antennas ideal for coordinating autonomous systems in complex

environments. In outdoor experiments, this radio and antenna achieved a range of200 min the

presence of multiple cinder-block buildings with very low power transmission (300 mW) [26].

For comparison, a transmitter operating at1 W, 2:4 GHz has an intermittent range of roughly

75 m in this environment. However, as wavelength increases, so does the required size of high

gain, directional antennas. The overall gain of these low-VHF ESAs is relatively small due to

the highly limited physical aperture of the antenna, and smaller antennas inherently tend to have
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Figure 1.1: Several ground robots occupy a complex environment. The image zooms in on one
of them to show its low-VHF antenna. The concentric circles around one of the robots show that
it is radiating equally in all directions using this low-VHF antenna.

omnidirectional patterns [27]. A directional antenna enhances the range and reduces radiation in

unwanted directions. Unfortunately, deploying a robot with a large directional antenna and/or a

powerful radio is not feasible, especially with compact, limited-power robotic platforms. An off-

the-shelf directional antenna at these lower frequencies is 1.5 m long and would impose mobility

constraints. Consequently, extending the communication range using a conventional low-VHF

directional antenna is not feasible for small ground robots.

1.2 Robotic Parasitic Arrays

In the last few years, we demonstrated a new way for robotic systems to act in order to

extend the communication range in order to establish a link. Speci�cally, we showed that it
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is feasible for ground robots to form a particular type of antenna array composed of multiple

robots wielding these compact low-VHF antennas. This antenna array is a parasitic array, more

speci�cally a Yagi-Uda array [3]. The Yagi-Uda antenna array is a well researched type of

parasitic array [28] [29]. These arrays are composed of one active antenna, which is by de�nition

connected to a radio, and one or more passive antennas that are not connected to a radio. It is

often designed using empirical models before being deployed in real-world environments. When

implemented on ground robotic agents, there are new research areas to explore in control array

formation and positioning. Fig. 1.2 is a conceptual graphic showing robots equipped with ESAs

moving to form a parasitic array for longer-range communication. Here, four robots form an

array. By adding additional antennas, it is possible to achieve an even higher gain in the array,

but the increase in gain diminishes with each additional antenna element. While we focus on the

Figure 1.2: Several ground robots maneuver to form a robotic parasitic array to create a higher
gain and more directional signal.
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increased range through increased directionality, a parasitic array could also be used to radiate

more covertly, thus reducing the risk of being detected. In addition, directional radiation could

be used to limit interference from nearby agents that are using the same low-VHF bands. When

optimally designed, these arrays can increase transmitted or received power by 30 to 54 times,

which equates to an array gain of 14.8–17.3 dB [30] in front of the antenna array.

Extending the range of this reliable, low-VHF signal would have a variety of uses for

robotic systems. Autonomous robots could deploy more sophisticated approaches for planning

to create communication links. Since robots can perceive and act in their environments, they

often do not require a large amount of bandwidth to execute a task. Even for systems that use

large bandwidths, this low bandwidth channel could support a recovery action that re-enables

communication at higher frequencies. We posit that such a technology would in turn enable a

reliable, evolving network of autonomous agents that could act and adapt in complex environments

where safety, security, and rescue missions occur. To approach the formulation of such a system,

consider a network of robots in a complex environment communicating on a low-VHF band,

as shown in Fig. 1.3. In this conceptual graphic, there are four robots actively transmitting

and receiving using a low-VHF antenna. These robots are transmitting omnidirectionally since

nearby robots are not positioned to form parasitic arrays. These other array-forming robotic

agents have passive low-VHF antennas and communicate at a UHF band, which means they

can only communicate with other nearby robotic agents. In this initial con�guration, a metric

of overall network connectivity between these four agents is low. If these robotic agents form

arrays and move closer together, they can increase the overall metric of network connectivity as

shown in Fig. 1.4. By increasing overall network connectivity, the individual communication

links between the parasitic arrays are maintained and likely improved.
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Figure 1.3: Ground robots establish an ad-hoc network enabled by low-VHF communication.
Robots with active low-VHF antennas are shown with larger light-blue circles.

1.3 Dissertation Outline

In Chapter 2, we review research and technological development in the areas of robotics

and wireless communication. We also discuss multi-agent antenna and robotic research. Then,

we focus on issues of controlling the motion of robotic agents forming the array and the motion of

robotic parasitic arrays. While some of this background covers research conducted by the author,

the work covered in subsequent chapters constitutes work conducted primarily by the author in

pursuit of a doctorate.
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Figure 1.4: Ground robots establish an ad-hoc network enabled by low-VHF communication.

First, we consider the calibration of a robotic parasitic array through the collaborative

manipulation of robotic platforms to increase gain/directionality control and effective communication

range in Chapter 3. This research re�ects the work we published in [2]. Building on this approach,

we hypothesize a method for maintaining the gain of a parasitic array with two antenna elements.

Using this, we propose and test an approach for maintaining the gain created by this array in LOS

and NLOS conditions in Chapter 4 which corresponds to our submitted journal paper [31]. Next,

we create a simpli�ed model of how robots form arrays to create a controller that determines

where robots should move and form robotic arrays in Chapter 5 which is based on our journal

10



paper [1]. In Chapter 6, we show that this system maintains a metric of overall connectivity that

is lower bounded and remains lower bounded after we constrain the number of robots that can be

used to form these robotic arrays; this corresponds to work we will soon submit for publication.

Finally, we discuss our conclusions and future work in Chapter 7.
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Chapter 2: Background in Robotic Communication for Robotic Parasitic Arrays

There is a wealth of research at the intersection of robotics and wireless communication.

This chapter discusses this broad area of research brie�y and then presents relevant research in

the �elds of distributed antenna array formation and design, with additional emphasis on parasitic

antenna arrays. Afterward, it provides the foundation for understanding this dissertation's approach

to optimizing overall network connectivity between these arrays.

Robots can sense wireless signals and move to improve the reliability of receiving data

packets over a wireless radio channel. While networking, signal and information processing, and

antenna design are �elds of research that impact the reliability of communication for robots, the

ability to perceive the physical environment and act is what distinguishes robotic communications

research. Simultaneously, communication is very important for deploying robotic systems [4]. In

safety, security, and rescue contexts, there are environments where communication infrastructure

is not suf�cient to meet the needs of single or multi-robot systems. To address this issue, there

is a spectrum of autonomous approaches for operating within the con�nes of limited wireless

infrastructure for robots to improve communication and/or take the role of wireless infrastructure

(e.g., mobilizing robots to maintain communication [32]). On one side of the spectrum, researchers

have developed methods where robots plan for periodic communication [33] or developed approaches

for multi-agent exploration with communication constraints [34]. Often, communications constraints
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[35] are considered with other constraints as well [36]. One example is a joint communication

and fuel constraint problem [37]. Another example is minimizing the turning of robotic agents

while maintaining communication [38].

In complex environments, de�ning the area over which communication is possible is a

complex task in itself. Much of this research on communication maintenance for robots is

at industry-standard Wi-Fi frequencies (e.g.,2:4 GHz, 5 GHz). This frequency is favorable

because of the high bandwidth and easily con�gurable off-the-shelf hardware. As stated earlier,

in complex and dense environments (e.g., indoors, urban areas), the received signal strength

(RSS) at this frequency varies rapidly with position and time. This rapid variation is due to

the constructive and destructive interference of waves from a single transmitter that re�ect and

diffract off of objects in the environment; this effect is called multipath fading. At UHF and

higher frequencies, many surfaces common in indoor and urban environments re�ect and attenuate

these signals. Research for modeling and adapting to this phenomenon include ef�cient channel

estimation by considering online models [39], ef�cient sampling strategies for mapping the

boundary between good and bad communication [40], developing minimalist models [41] for

radio signal propagation, and multi-robot construction of communication maps [42]. In environments

where communication is dif�cult to model, researchers have developed and experimentally tested

approaches for using mobility to improve a single communication link [43, 44] or localizing

a transmitter [45]. Researchers have also explored controlling other degrees of freedom for

maintaining communication by adapting transmission power [46], actuating directional antennas

[47] [48], and changing frequency [49]. A multi-frequency approach can be further developed

to create a hybrid network for more reliable communication and localization [50]. Another

promising approach to making a link more resilient is to intelligently alter the encoding used
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by a radio on a mobile robot [51]. While there are a wide variety of approaches for modeling

and maintaining communication, there are two somewhat divergent philosophies of research for

maintaining connectivity among a network of multi-robot systems as they increase in scale. Here,

connectivity refers to overall communication within a group of robotic agents. One philosophy is

experimental [52–55]. However, these approaches cannot make strong guarantees about maintaining

communication because of the challenges of a complex environment. The other connectivity

maintenance philosophy is theoretical and models increasingly complex robotic agents [56–60].

These approaches rely on rigorous proof, but depend on assumptions about the radio channel

model. These approaches are addressed later in the chapter. First, it is appropriate to discuss how

robotic parasitic arrays improve communication links to inform the discussion of connectivity

maintenance from a network perspective.

Our approach to improving communication links described in this dissertation is rare within

the �eld of robotics. We use robotic mobility to change the electromagnetic properties of the

receiving/transmitting antenna. In some ways, this is more similar to multi-robot approaches for

physical object manipulation [61]. Just as multiple robots can transport physical objects [62] [63],

and work with humans to manipulate objects [64], the tight coordination of agents enables a

new capability that is beyond the sum of the agents' individual capabilities. Collective behavior

enables multi-robot systems to achieve goals that are impossible for a single robot [65]. In

this dissertation, we investigate a collective behavior that enables the ability to create parasitic

antenna arrays composed of unmanned ground robots [3] that can be controlled to maintain

communication over long ranges (100-300 m) [1].
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2.1 Multi-Element Antenna Arrays

Within the antenna design community, multi-antenna arrays and array processing techniques

have been a widely researched area for many decades. Often, the relative position and radiation of

these antennas are carefully adjusted and measured in controlled laboratory environments. This

research enables antenna arrays to createbeamsandnullssimultaneously. Beams exist in sectors

around an antenna array that are more sensitive to signals received from speci�ed directions

and/or are high power transmission in desired directions. Nulls are less sensitive to reception and

are less powerful sectors of transmission. This shift in received/transmitted power in a direction

around an antenna array is referred to as gain. Beamsteering and directional networking have

applications in communications, localization, and radar [66]. Synthetic aperture arrays formed

by a single antenna moving in a precisely known path have also been exploited both for radar

and localization applications [67, 68]. More recently, distributed beamforming with mobile and

stationary nodes has been considered by various researchers. In distributed beamforming, all

antennas are active and therefore connected to a radio but are physically disconnected. This

approach yieldsn2 gain, wheren is the number of antenna elements constituting the beamforming

array. A numerical investigation of beamforming for a location-aware distributed antenna system

with location and communication constraints was presented in [69], where a mobile node was

simultaneously tasked with both extracting the data as well as localizing itself. In [70], a simulation-

based study of a distributed transmit beamformer was presented, where a subset of the nodes

moved in addition to updating the excitation phases of the individual antennas, with the goal of

iteratively improving the beam quality by exploiting signal-strength trends. Robots have also

collaborated to con�gure their locations with the goal of maximizing the signal-to-noise-ratio
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(SNR) based on feedback from a common receiver [71]. In [72], the mobility of the nodes was

considered as a new dimension to improve the signal-to-interference-plus-noise-ratio (SINR),

accounting for varying levels of interfering signals using sequential quadratic programming.

In [73], the cooperative transmission of common information via beamforming with mobile

agents under a reception quality requirement was investigated based on simulations where the

channel was either known or the mobile agents could probabilistically predict the wireless channel

from each robot to the common receiver. Finally, the directionality of a beamforming array means

that researchers can minimize gain in desired directions, thus creating a null [74]. In addition,

there is growing interest in using machine learning for antenna, design [75]. Given the popularity

of machine learning, research in this area of study will only increase.

At the DEVCOM Army Research Laboratory, there is also a signi�cant research on distributed

beamforming as well. When multiple antenna agents are radiating, mobility adds an additional

degree of freedom, which enables greater control of which directions the antenna array radiates

[76, 77]. Researchers have explored how to achieve the desired array pattern by changing the

phase, amplitude, and position at which different active antenna element agents radiate [78,

79]. These researchers have used the ability to change the phase at which antenna element

agents radiate in order to steer nulls into adversaries [80–82]. These approaches require tightly

synchronized operation among all the agents, as well as a highly accurate estimation of the joint

positioning and pose of each agent, requirements that signi�cantly complicate distributed array

use. An additional consideration that arises with low-frequency operation is the mutual coupling

that occurs between antenna elements that are closely spaced relative to the signal wavelength

(denoted by� ). These coupling effects, if not accounted for, can signi�cantly degrade array

performance [83–86]. The result of mutual coupling and poor synchronization is a beam that
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is wider and has lower gain. In the course of this research at the DEVCOM Army Research

Laboratory, we attempted to limit the effects of mutual coupling between antennas forming the

array, as this phenomenon could reduce the gain [87]. Further research led us to discover that

mutual coupling could create a directional gain on these ground robotic platforms [3]. This

is fundamentally how parasitic arrays operate. In fact, this robotic parasitic array could be

described as a Yagi-Uda array where the antenna elements are distributed across robotic agents.

This discovery presented an opportunity for us to conduct experiments on the effects of motion

control on gain and connectivity for robotic agents forming these arrays without addressing the

complexity of synchronizing the nodes. A parasitic array, however, will not create the narrow,

extremely high-power beams that a beamforming array would.

2.1.1 Parasitic Arrays

Parasitic arrays have been exploited for various applications (e.g., localization, directional

communications) to enable directional radiation using multi-element antenna systems. Some

parasitic arrays, such as the ones researched in this dissertation, only require a single driven

element, meaning that only one antenna in the array is connected to a radio in transmission. When

acting in reception, this antenna is called theexcitedantenna element. In both cases, this antenna

is called the active antenna element. Other antennas that are unconnected from a radio, are

positioned in a way to provide preferential re�ection and phasing and thereby yield directionality.

These antennas are called passive antenna elements. In our research, we focus on the Yagi-Uda

parasitic array. This type of array has only one active antenna. However, parasitic arrays can have

combinations of multiple exciters/drivers and passive elements can be employed [88] [89]. There
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is already substantial research on novel ways to con�gure or electrically actuate parasitic antenna

arrays [90]. Researchers have investigated actuating a parasitic array by short or open-circuiting

a circular array of passive antennas [91]. This effectively removes and adds antenna elements to

the parasitic array.

Research on low-VHF antennas has shown that robots, if correctly positioned, create a

passively coupled antenna array that communicates farther than any of the agents could individually

[3]. This directional robotic antenna array, as shown in Fig. 2.2, is fundamentally different from

a single antenna that creates an omnidirectional beam pattern, as shown in Fig. 2.1. For insight

into passive coupling between these antennas, consider a two-element parasitic array in free space

consisting of a length�= 2 antenna and a parasitic element that is also�= 2 long. Here and in the

sequel,� is the center frequency of the antenna. Without loss of generality, let us also assume the

elements are vertically oriented along thez direction, which is orthogonal to the ground. Then,

the gain pattern of the two element antenna system (in the� plane) relative to the single half-wave

dipole (ignoring the loss resistance in the dipoles) can be written as:
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The Z 2 R4� 4 is the impedance matrix of the two antennas. The diagonal elements are

the self-impedance of thei th element, while the off-diagonal elements are the mutual impedance

of the two elements. Similarly,Rii 2 R, X ii 2 R, andX ij 2 R are the self-resistance of

the i th element, self-reactance of thei th element, and the mutual-reactance of the two elements,

respectively, as stated in [3]. A more in-depth derivation can be found in [86]. Note that when

considering more than two antennas, deriving the equation becomes intractable. If the impedance,

resistance, and reactance are �xed in Eqn. 2.2, then Eqn. 2.1 is a functiond, the distance between

the two antennas and� , the orientation of the two antennas. However, the design of these antennas

must be optimized with respect to these antenna properties to achieve a desired gain.

As a demonstration of gain, we show full-wave �nite-difference time-domain (FDTD)

simulation results for two cases. First, the radiation pattern of a quarter-wave monopole antenna

on a robot is shown in Fig. 2.1. Here, the robot's antenna radiates in a nearly omnidirectional

pattern except along the axis of the antenna itself. As shown in Fig. 2.2, after positioning a UGV

with a passive antenna close to the left of the �rst antenna, the radiated power shifts. This shift in

power reaches its maximum in a direction called theboresightof the array, which is by de�nition

the front of the antenna array. The increase in RSS along the boresight is caused by mutual

coupling between the two antennas and the ground medium the robots occupy. In this dissertation,

we refer to this increase in RSS from forming the array asarray gain. However, this is a slight

abuse of the term since we use it to describe the gain measured in a complex environment and not

one approximating free space (e.g., an anechoic chamber). This gain enables greater range in one

direction and increased covertness in others. It should be noted that the parasitic array achieves

the same gain in reception and transmission.

A Yagi-Uda parasitic array is particularly appealing for implementation by a group of
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Figure 2.1: Electromagnetic radiation of a single, low-VHF electrically small antenna mounted
on a ground robot. [2] ©2019 IEEE

Figure 2.2: Parasitic antenna array created by a second robot with a passive antenna that mutually
couples with the antenna of the robot in Fig 2.1. The direction of the boresight and the spacingd
between antennas are also shown. [2] ©2019 IEEE
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robotic unmanned ground vehicles (UGVs) since these robots can autonomously sense (through

camera and lidar) each other and calibrate their positions within the array without a radio on each

robot.

The Yagi-Uda array is composed of two types of antenna elements that may be mounted on

small ground robots. There is the active antenna element (i.e., an excited/driven antenna element)

and other elements that are passive (i.e., not connected to a radio). These passive antennas absorb

energy at their resonant frequency and retransmit it. Antenna arrays that use these types of

passive elements are called parasitic arrays as these passive elements are not 100% ef�cient in

retransmission. In a Yagi-Uda array, these passive elements are calledre�ectors or directors.

When the array is acting in transmission, the re�ector absorbs radiation from the excited element

and retransmits the signal in the direction from which it was received. When the driven element

and re�ector are spaced properly, the phases of the transmitted and re�ected signal align such

that there is constructive interference, resulting in a gain in signal strength measured by the radio.

When the array is receiving, the re�ector adds the same gain by retransmitting the incoming

signal towards the driven element. Director elements work in the same way as the re�ector,

except that their electromagnetic properties cause absorbed energy to be retransmitted in the same

direction as the original signal. In Fig. 2.3, a parasitic array with a re�ector, an excited/driven

antenna, and a director are deployed in a preliminary test. This array is recording a signal that

is transmitted by the antenna, which is 3 wavelengths away. In this test, the array achieved a

gain of 3:2 dB while the free space simulation of this con�guration predicted a gain of6:5 dB.

By adding additional directors, it is possible to achieve an even higher gain in the array, but the

increase in gain diminishes with each additional antenna element. When creating parasitic arrays

experimentally or in simulation as described in this dissertation, we add antennas to the array in
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