
ABSTRACT 

MENG, WANG. Electrically Controlled Liquid Metal Antennas and Periodic Structures. 
(Under the direction of Dr. Jacob. J. Adams). 
 

Reconfigurable antennas and periodic structures with frequency, polarization, or pattern 

agility, are multi-functional and adaptable to changing demands in wireless communications. 

As such they are actively researched by antenna engineers. Well-established reconfiguration 

techniques, such as electrical switching, structural and material change, are used to reconfigure 

the current distribution on the antenna structures to deliver dynamic characteristics. However, 

these techniques only achieve a limited number of reconfiguration states and suffer from 

inherent restrictions. Liquid metal (LM), particularly non-toxic alloy of gallium and indium, is 

a promising conductor capable of delivering a larger number of tunable states than 

conventional reconfigurable techniques. In most pre-existing applications, a pneumatic control 

dominates the actuation of LM but requires a bulky micro-pump. In this dissertation, a novel 

electrochemical control of the LM changes the interfacial tension of LM by removing and 

passivating the surface oxide skin using only electric potential. For the first time, we address 

the research gap by implementing the electrochemically controlled LM system into the design 

of reconfigurable structures.  

Using this method, we first study a capillarity tuning of LM in a single direction. Tuning 

of the LM in capillaries can be switched on and off by only adjusting the applied potential. A 

reconfigurable monopole antenna using electrochemically controlled LM possesses a larger 

frequency tuning range and higher linearity level compared to tunable antennas using common 

reconfiguration techniques. The electrical actuation of LM provides a chance for autonomously 

tuning LM to the desired state based on a feedback control, as demonstrated in the 

programmable frequency control of the LM antenna developed in this dissertation. This 

electrical control further facilitates the integration of the LM system into a reconfigurable 

system without resorting to the bulky micro-bump of a pneumatic control system.  

We then discuss the tradeoff associated with this novel actuation mechanism of LM, 

specifically the tuning speed of LM, power consumption and antenna efficiency associated 

with electrolyte concentration, and biasing condition. Briefly, a less concentrated electrolyte 



generates a fewer loss to the antenna but requires a larger biasing power to actuate the same 

speed with a more concentrated electrolyte. Understanding this tradeoff is integral to selecting 

a biasing current and electrolyte when implementing an LM system into a practical antenna 

system. The limitations and practical issues that arise from using electrolytes and packaging 

liquids are also discussed. 

Finally, the single capillarity tuning of LM is developed into a multi-directional control in 

multi-capillaries and on open surfaces, capable of independently tuning the LM surface tension 

in different directions with independent biasing voltages. The multi-directional control of LM 

creates more flexible structure topologies that are harder to achieve through a pneumatic 

actuation of LM. A crossed dipole with compound frequency and polarization agility is 

demonstrated for multi-directional capillarity tuning of LM. The circular and linear 

polarization tunability is predicted from a high pass circuit model, thereby reducing the 

simulation efforts. Then, we apply the electrically controlled LM on 2D to a periodic structure-

HIS on open surfaces. The LM is used as the conductor of a circular patch element and a split 

ring resonator element. Electrically tuning the LM surface tension expands or retracts the LM 

into a larger and smaller area. Simulation results suggest that a shifting reflection phase curve 

should be attained with this model, however, tunability is lost after adding the electrolyte into 

the elements. The likely explanation for this failure is detailed. The broad range of future 

directions and limitations of the electrically controlled LM are discussed at the end of this 

dissertation.  
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LIST OF TERMINOLOGY 
Surface tension:  surface tension γ of a liquid is the ratio of the change in the energy of the 

liquid and the change in the surface area of the liquid (that led to the change 

in energy) in terms of energy (J/m2). It indicates the elastic tendency of a fluid 

surface which makes it acquire the least surface area possible.  

Laplace pressure: the pressure difference between the inside and the outside of a curved 

surface that forms the boundary between a gas region and a liquid region. It is 

caused by the surface tension of the interface between liquid and gas. 
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1.1 Motivation 

As more wireless radios and communications services are integrated into a single platform, 

advanced antenna systems are required to be adaptive and multifunctional. Some designs seek 

to use multi-antennas with fixed characteristics to provide multiple functionalities. However, 

this increases the real estate due to the incorporation of multi-antennas in a single device. One 

alternative seeks to add reconfigurability to an adaptive and single antenna that is capable to 

deliver the same performance as a multi-antenna system. This reconfigurability is either 

frequency, polarization, pattern or hybrid agile [6]. The frequency agility allows the antenna 

to switch and operate between different bands, while the pattern reconfigurability can steer and 

maximize the radiation in a particular direction. Additionally, polarization diversity is used to 

reduce the polarization mismatch losses. These reconfigurability make efficient use of the 

frequency spectrum and power to maximize power transfer in a changing communication 

environment. Thus, reconfigurable antennas can be dynamically tuned to different 

characteristics on demand, adapting to changes in communication requirements.  

Reconfiguration of an antenna is achieved by rearranging the current distribution on the 

antenna, therefore altering the radiated electromagnetic fields [6]. Rearrangement of the 

current can be achieved through electrical or mechanical switches, material changes, physical 
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change and other means to deliver specific antenna characteristics [7]. Depending on design 

requirements and technical constraints, engineers may employ one or multiple methods from 

these techniques to design a reconfigurable antenna. Conventionally, electrical switching is the 

most popular reconfiguration technique due to its fast switching and easy integration of 

electrical switches into antenna systems. For example, multiple PIN diodes have been utilized 

to deliver dynamic antenna reconfigurations, such as tunable frequency, switchable 

polarization and redirected beam [8-10]. Varactor diodes offer a continuous and tunable 

capacitance when biased by a voltage. Therefore, a continuous frequency-reconfigurable 

antenna is achieved by integrating varactors on the radiation edges [11, 12]. However, such 

localized switching components at a few locations of a reconfigurable antenna are only able to 

realize a limited number of reconfiguration states.  

Additionally, incorporating these semiconductor switches into the antenna system can lead 

to undesirable signal distortion due to the nonlinear I-V characteristics of these active 

components, limiting their applications in high power transmission scenarios. Alternative 

reconfiguration techniques, such as material and structure change, reconfigure an antenna 

physically or electrically, but still, have their own challenges. The structural change of an 

antenna relies on a micro-motor to move parts of the antenna, increasing the device instability. 

Overall, the above reconfiguration techniques only deliver a small number of reconfiguration 

states. Therefore, the reconfigurable characteristics of an antenna are limited. 

One promising approach that might overcome the above limitations is the reconfigurable 

liquid metal. A variety of reconfigurable antennas and microwave devices have employed LMs, 

especially alloys of gallium and indium, to achieve this system reconfiguration [13-16]. The 
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enhanced control over the conductor length and location provided by a liquid conductor greatly 

enhances the tuning range of the devices. These devices are also expected to be highly linear 

because no nonlinear material or mechanism is employed in LM-based devices. However, 

current devices using LM rely on the pneumatic control of LM. Introduction of pumps and 

microfluidic elements requires a more complex system and usually a closed fluid path, which 

limits the device topology. 

Electrical actuation of LM allows us to reconfigure the LM without resorting to the 

pneumatic actuation of LM. In particular, the electrochemical recapillarity mechanism 

developed by chemical scientists in [17, 18] allows for reconfigurable antennas and microwave 

devices using only electrical bias actuation. However, research about how this electrochemical 

actuation method could be utilized in reconfigurable antennas and microwave devices is 

lacking. This research addresses this gap by exploring the implementation of LM into the 

advanced antenna system to deliver more reconfiguration states. The goal of this work is to 

incorporate the electrically controlled LM into the design of reconfigurable antennas and 

microwave devices and explore the advantages or disadvantages of these electrically controlled 

LM devices. We will evaluate the electromagnetic performance of the LM antenna in terms of 

frequency tuning range and radiation characteristics. Regarding the reconfigurability control, 

this research aims at realizing a programmable tuning of the LM system enabled by the 

electrical actuation of LM. Additionally, the tradeoff between the tuning of LM and antenna 

electromagnetic performance associated with the biasing conditions and electrolyte is to be 

investigated in this work. Finally, the limitations and benefits of this reconfiguring mechanism 
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will be illustrated. By addressing these goals, this research has contributed to current 

knowledge regarding reconfigurable antennas.  

1.2 Overview of Achievements 

Based on the above goals, several key achievements are attained below, 

• Developed a frequency reconfigurable LM monopole from the recently discovered 

mechanism of electrochemically controlling LM. This LM monopole achieves a larger 

frequency tuning range of 5.2:1 than reconfigurable antennas using conventional 

reconfiguration techniques. 

• Determined the linearity and RF power handling level for this LM monopole to be higher 

than varactor-based antennas, both with continuously tunable frequency. Relative to 

passive antennas, this LM monopole has comparable linearity characteristics. 

• Developed a method to independently tune LM in multi-directions, either in capillaries or 

on open surfaces, to realize reconfigurable antennas or periodic structures on 2D. 

• Demonstrated the tradeoff regarding tuning the speed of LM, power consumption and 

antenna efficiency associated with electrolyte concentration and biasing current, which 

reveals that a less concentrated electrolyte generates less antenna loss, but consumes more 

DC power to actuate the same tuning speed with that in the case of a more concentrated 

electrolyte. 

Above lists several key achievements in this research, more detailed contributions are given at 

the end of this document. 
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1.3 Organization of the Document 

In Chapter 2, we first review reconfigurable antennas and their impact on the communication 

system and devices. Next, primary reconfiguration techniques are introduced alongside 

respective electrical properties and typical antenna designs. In this chapter, we then introduce, 

LM as an alternative and promising reconfigurable material due to its capacity to deliver more 

states of shape reconfiguration than previous techniques. However, current pneumatic 

actuation of LM relies on micro-pumps, restricting the system integration and adding device 

weight. Chapter 2 further includes a review of the liquid behavior of metal under 

electrochemical actuation, which laid the foundation for introducing the mechanism used in 

this work. 

In Chapter 3, we first introduce the electrochemically controlled capillarity (ECC) 

phenomena developed from the above electrochemical actuation, the primary mechanism used 

in this research. This technique changes the surface tension of the LM by removing and 

passivating the surface oxide skin using electrical potential. This electrochemical capillarity 

control of LM differs from the pneumatic control of LM in that it allows for a repeatable and 

reversible actuation of LM within a microchannel. Actuating the LM within microchannels 

creates an electrically controlled reconfigurable monopole antenna with a larger frequency 

tuning range of 5:1 compared to conventional reconfiguration techniques. Electrical actuation 

of LM enables a software tuning of the ECC LM antenna, which allows for a feedback-based 

programmable frequency control. This investigation of programmable tuning implies that a 

feedback control is always required because the LM behavior is determined by the biasing 
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conditions over a period of time. This chapter continues by characterizing and presenting 

radiation and frequency responses. Furthermore, it addresses reduced antenna efficiency of the 

LM antenna by exploring the tradeoff among several dimensions for the LM antenna, such as 

switching speed, antenna efficiency, and power consumption related to the electrolyte 

concentration and biasing current. The final section in this chapter compares the electrical 

properties of the ECC technique with other conventional reconfiguration techniques. This 

chapter concludes by defining the advantages of this ECC method and potential applications 

of the ECC LM antenna. 

In Chapter 4, we experimentally investigate and compare the linearity and power handling 

properties of the ECC LM monopole with three other conventional monopoles (passive and 

active). These comparisons indicate that the ECC LM monopole produces a lower distortion 

and handles a higher RF input power than the active varactor antenna. At the same time, ECC 

LM monopole maintains a larger frequency tuning range. This chapter also explores the 

tradeoff between the frequency tuning range and distortion related to varactor locations on a 

monopole antenna and concludes that an active monopole cannot maintain both a large 

frequency tuning range and high linearity simultaneously.  

In Chapters 5 and 6, we explore multidirectional control of LM within microchannels and 

on 2D surfaces and demonstrate the use of this method in cross dipole and high impedance 

surface. The ability to independently and electrically tune the differential surface tension of 

LM in multiple directions without a complex system of pumps and valves enhances this 

multidirectional control. Therefore, various reconfigurable shapes of LM are obtained by 

rearranging the network of biasing points. Chapter 5 describes the implementation of an LM 
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cross dipole with compound frequency and polarization agilities. Electrically tuning the 

lengths of each LM arm reconfigures the antenna’s frequency and polarization.  We use a high 

pass circuit model to optimize the circular polarization and to guide adjusting the physical 

lengths required for the circular polarization (CP).  

In Chapter 6, we apply the electrically controlled LM on 2D surface structures to create a 

reconfigurable unit cell in a high impedance surface. A quasi-circular patch unit cell is 

achieved by electrically expanding or withdrawing the LM uniformly in each direction and 

thus changing in the patch size induces a shift of the frequency response. Unfortunately, the 

electrical tunability of such an LM unit cell is lost when the electrolyte is added into the system. 

Chapter 6 discusses two primary reasons for this phenomenon. Finally, in Chapter 7, we 

discuss limitations with benefits of the LM system and briefly summarize future directions of 

this research.  
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Mobile devices are usually applied in complex and versatile environments requiring 

transmitters/receivers to adapt to changes in wireless services. However, an antenna with fixed 

characteristics does not satisfy such need. Reconfigurable antennas meet the varying needs of 

communication systems by adding functionalities, including frequency, polarization and 

pattern agility. Thus, reconfigurable antennas eliminate the need to accommodate multiple 

single-state antennas into the system. They further satisfy demands of miniaturization and 

compactness for modern electronic devices. Therefore, various reconfiguration techniques and 

materials have been investigated with the goal of dynamically changing an antenna’s behavior 

and the geometry for delivering different antenna capabilities.  

In this chapter, we first review reconfigurable antennas and impact of reconfigurability on 

antenna performance, followed by an introduction of common reconfiguration techniques. 

These techniques, including switch and non-switch based methods, are compared in terms of 

the actuation mechanism, electrical properties, and tunability. We then introduce electrically 

reconfigured LM as a promising approach to deliver more states of shape reconfigurations. In 

the final section, the LM behavior under electrochemical actuation will be described in details, 

laying the foundation for the primary mechanism used in this work. 

Chapter 2 Reconfiguration 
Techniques and Materials for 
Reconfigurable Antennas 
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2.1 Reconfigurable Antennas 

Development of reconfigurable antennas is growing with the integration of more wireless 

radios and communication services into mobile systems, including Wi-Fi, Bluetooth, GPS, 

LTE, and 5G around the corner. Conventionally, a single-state antenna delivers fixed 

characteristics on the frequency, polarization, and pattern capability in communication. 

However, the fixed antenna characteristics no longer cater for the emerging needs of various 

wireless services in communication systems nowadays. Reconfigurable antennas are 

promising to address the increasing communication and system demands. Reconfiguring an 

antenna with frequency, polarization or pattern agility provides multiple functionalities. The 

frequency reconfiguration is useful when a single communication system supports multiple 

radios where a frequency-reconfigurable antenna can replace multiple antennas. Beam steering 

enabled by a varied pattern dynamically tunes the antenna to maximally radiate in different 

directions, while the polarization mismatch loss can be reduced by diversifying the 

polarization. These reconfigurations are capable to maximize power and data transfer in 

communication and make efficient use of the frequency spectrum and space. In this context, 

reconfigurable antennas are developed to deliver the same properties as a multi-antenna system 

without requiring incorporation of multiple antennas into the devices. Rearranging the current 

distributions of an antenna are necessary for reconfiguring an antenna system to deliver the 

multiple characteristics [19].  

A frequency reconfigurable antenna delivers a tunable operating frequency range, either 

continuous or discrete. Tuning of the operation frequency is determined by the change in the 
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electrical length of an antenna, which is usually achieved by adding reconfigurable components 

with variable reactive loading or materials with variable permittivity/permeability. 

Dynamically changing the antenna’s frequency is useful to adapt the antenna to a new 

environment or operating band. For example, in a cognitive radio system, the antenna can 

dynamically adjust and operate within a frequency gap of a finite frequency spectrum, thereby 

maximizing the connectivity and minimizing conflicts with other communication systems [20].  

Next, polarization reconfigurability of an antenna provides an additional degree of design 

freedom beyond frequency. By changing the impedance between orthogonal modes of an 

antenna, a polarization tunability from linear, circular, or elliptical polarization is achieved.  

Circular polarization, in particular, offers numerous advantages, such as reducing the multipath 

fading effects and differentiating signals [6]. The polarization states provided by an antenna 

are generally limited. Thus, polarization reconfiguration is usually combined with frequency 

reconfiguration to deliver more antenna functionalities. 

The third demonstrable characteristic of reconfigurable antennas, pattern reconfiguration, 

tunes the antenna to radiate maximally in a particular direction. The current distribution of an 

antenna determines the spatial radiation pattern from the antenna. A varied pattern 

reconfiguration can be obtained by synthesizing the desired current arrangement, which can be 

tuned by adding reconfigurable components. Beam steering is an important application and 

steers the maximum radiation of an antenna in a link to devices or base stations, thereby 

maximizing the antenna gain for transmission and saving power consumption [21, 22].  
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These dynamic reconfigurations provide multiple capabilities to a single reconfigurable 

antenna without incorporating a multi-antenna system. This also means the space required by 

the antenna system decreases and more compact systems are available.  

2.2 Reconfiguration Techniques 

Numerous techniques and materials have been developed and implemented into reconfigurable 

antenna systems. As new features are added to a reconfigurable antenna, concerns arise about 

design complexity and costs brought by the reconfiguration technologies. These designs 

require more components and complicated fabrication technologies. Additionally, a complex 

control network with or without feedback circuitry is needed to smoothly transfer the device 

between different states. Another level of complexity when designing reconfigurable antennas 

relates to the tradeoff among various antenna dimensions. Before selecting from these 

reconfiguration techniques, the system requirements and constraints must be considered.  

Depending on the actuation mechanism and properties of reconfigurable components 

integrated into the system, primary reconfiguration techniques are categorized into: electrical 

switching, optical and thermal switching, structural change, material and conductor change [7].   

2.2.1 Electrical Switching  

Electrical switching is the most popular reconfiguration technique due to its fast switching and 

easy integration of electrical switches into the antenna system. The switches connect or 

disconnect antenna subsections to redistribute the antenna currents. Some common electrical 

switching use varactor diodes, PIN diodes, and radio frequency microelectromechanical 
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system (RF-MEMS) switches. An appropriate electrical biasing network is required to activate 

or deactivate the switches and simultaneously to isolate the RF signal from the DC power 

supply.  

A varactor diode is a semiconductor diode with a continuous tunable range of capacitance 

actuated by a biasing voltage. Thus, a varactor-based antenna enjoys a continuous frequency 

tuning ability. Incorporating a varactor between the radiating edges and ground of a resonator 

changes the reactive loading of an antenna, as demonstrated with a patch antenna shown in 

Figure 2.1 (Left) [2]. The effective length of the patch is changed, and hence its operating 

frequency, as the biasing voltage for varactors is tuned. A typical example of slot antennas 

loaded with varactors can be seen in Figure 2.1 (Right) [3], wherein varactors are placed on 

slots of the antennas [3, 11, 12]. Electronically tuning the two varactors in proper positions 

along the slot shifts the first and second resonances of the antenna independently.  

 

 

Figure 2.1 Topology of the reconfigurable single or dual-band slot antennas [2, 3]. 
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Using varactor diodes in reconfigurable antennas is advantageous because they 

continuously excite a variable capacitance thereby continuously tuning the frequency of the 

antenna. Typical values of capacitance range from several up to hundreds of picofarads under 

a biasing voltage from 0 V up to 30 V. Although providing a continuous reconfigurable state, 

the number and range of reconfigurable states for a switch-based antenna are limited due to the 

localized loading of switches on the antenna. Moreover, incorporation of varactor diodes into 

the reconfigurable antenna system reduces the linearity and power handling for an active 

antenna due to the nonlinear I-V characteristics from the varactors [23, 24]. This restricts the 

use of varactor diodes in scenarios requiring both a high linearity and a high RF transmitted 

power. Additionally, the diode’s parasitic effect results in an insertion loss of 0.3-1 dB.  

A PIN diode is another kind of junction diode typically used in reconfigurable antennas. In 

contrast to the voltage-controlled characteristics of varactor diodes, PIN diodes behave as 

current-controlled switches at radio and microwave frequencies. The current flows in one 

direction when a PIN diode is forward biased (On state), but not in the other direction when 

reverse biased (Off state). This two-state functionality enables a reconfigurable antenna to be 

connected or disconnected to different subsections using single or multiple PIN diodes. 

Generally, multiple PIN diodes are applied in reconfigurable antennas, such as patch and dipole 

antennas, with frequency or polarization agility [8, 25, 26]. 

Typically a PIN diode requires a smaller biasing voltage of 3−5V than the varactor diode 

and it provides a high isolation during the Off state [20]. Both PIN and varactor diodes have a 

high switching speed on the order of nanoseconds and an insertion loss of 0.3-1.2 dB, 

comparable to that of varactor diodes [20, 27]. However, PIN diodes behave more linearly than 



 

14 
 

the varactor diodes at higher frequencies. Due to the PIN diodes’ binary state, antenna systems 

generally require multiple incorporated PIN diodes to increase the number of possible antenna 

states.  

Compared to varactor and PIN diodes, RF-MEMS switches appears later with the development 

of MEMS technology. An RF-MEMS switch enables mechanical on/off switching by an 

electrostatic force driving system. A much higher biasing voltage up to 100 V is required to 

actuate an RF-MEMS switch, compared to varactor and PIN diodes. Typically, the mechanical 

property of an RF-MEMS switch introduces a lower insertion loss of 0.05−0.2 dB as well as 

very high isolation at high frequencies. Furthermore, RF-MEMS switches consume less DC 

power (< 10 μW) than varactor and PIN diodes (on the order of tens of mW) [28]. Important 

advantages offered by MEMS technology are reduced nonlinearity and intermodulation effects 

over solid-state switching devices in applications of high power transmission. However, an RF 

 

Figure 2.2 Reconfigurable slot antenna with RF-MEMS switches mounted on the slots to 

reconfigure frequency[4]. 
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MEMS switches respond slower than these alternatives, with a switching speed on the order 

of microseconds.  

RF-MEMS switches have been used in microstrip patches, arrays, and slot antennas [4, 29, 

30]. In [4], the RF-MEMS switches are monolithically integrated within the slots of an antenna 

in Figure 2.2. Activating or deactivating the RF-MEMS actuators tunes the operation 

frequency of this slot antenna to 2.4 GHz or 5.2 GHz, respectively.  

In general, electrical switching components provide a high isolation, a low insertion loss, 

and a competitive switching speed. Integrating switches into an antenna system requires an 

appropriate biasing network to control the switches while isolating the DC and RF signals; an 

inappropriate biasing network is a detriment to reconfigurable antenna performance. Overall, 

electrical actuation of switches facilitates their easy integration into the antenna system. 

Electrical actuation of components also makes a software control of multiple electrical 

switching components possible. This enables an autonomous shift of the antenna states and is 

particularly useful in remote and automatic communications. In this case, software control 

involves optimization of the number and locations of switches used in the operation of a 

reconfigurable antenna and can be implemented through widely accessible platforms, 

including FPGA, Microcontroller, and LabVIEW [31, 32].  

2.2.2 Optical and Thermal Switching  

Electrical switching provides an easy, off-the-shelf approach for designing reconfigurable 

antennas, while other kinds of switches, e.g., optical and thermal switches, are alternative 

switch-based methods for antenna design. To their advantage, optical and thermal switches do 
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not require an electrical biasing network because of the underlying differences between these 

and electrical switches.  

 Optical switching occurs through activation of a silicon photoconductive switch from an 

insulator state to a conducting state. States of the optical switch are controlled by a laser beam 

incident on the switch, guided through fiber-optic cables [33, 34]. In a frequency and beam 

reconfigurable antenna using photoconductive switches [33], two optical switches are placed 

on small gaps in both dipole arms equidistant from the center feed. Activating each switch 

individually results in a phase shift, then the beam nulls and the resonant frequencies change 

as the switch is tuned On/Off.  

Although less popular than electrical switching, optical switches are highly linear because 

there is no distortion from the beam of a laser diode [35]. Compared to electrical switching, 

the insertion loss produced by an optical switch is 0.5−1.5 dB [20], slightly higher than that of 

PIN and varactor diodes. Additionally, an optical switch responds on an order of several 

microseconds. Although they operate without a biasing network, integrating an optic fiber to 

actuate the switches into the antenna system presents challenges.  

In some cases, a thermal switch in an antenna system is needed to monitor the change in 

surrounding temperature [36]. A thermal switch is On when the temperature stays in a proper 

range and converts its status to Off when the temperature exceeds a specific threshold. 

Typically, most antennas implemented with thermal switches are used as Radio Frequency 

Identification Devices (RFID) tags in humidity and temperature varying environments that 

require wireless monitoring and controlling [36-38]. 
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2.2.3 Structural, Material and Conductor Change 

Other than tuned by switching, antennas can also be reconfigured by physically or electrically 

changing the structure, material, and conductor. The following section details several antenna 

systems using these techniques.  

Structural change of an antenna does not rely on switching mechanism or laser diodes. Parts 

of the antenna structure can be mechanically changed or moved through motors, actuators, 

reconfiguring the current distributions [39, 40]. An example of a physically changed antenna 

is a self-folding dimensional changeable structure [1] as shown in Figure 2.3. Here, a polymer 

substrate transforms the planar, 2D patch antenna into a vertical monopole when exposed to a 

light source. The shape transformation is controlled by the black ink printed on the polymer 

substrate selectively absorbing light. This approach to reconfiguring the shape of an antenna 

presents a hands-free method to assemble 3-D antennas from the conventional methods that 

are used to pattern 2D metal foils. 

There are a number of limitations to structurally changing an antenna. First, the structural 

modification relies on movement of antenna subsections, which requires several seconds to 

respond. Furthermore, the device being reconfigured and the actuation mechanism limit the 

application of this technique. 

Antennas can also be reconfigured by altering the material characteristics of designs. This 

reconfiguration technique materially changes the components’ permittivity and permeability. 

Materials that are capable of this type of reconfiguration include ferroelectric, ferrites, liquid 

crystals and graphene plasmonics [41-44]. In ferroelectric and ferrites, a static electric or 

magnetic field is applied to change the permittivity or permeability. Therefore, if used in 
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frequency reconfigurable antennas, a change occurs in the antenna’s effective electric length, 

causing a shift in the operating frequencies. Permittivity for liquid crystals (LC) changes when 

an external DC biasing of 0−10 V is applied. Graphene’s complex surface conductivity can be 

tuned within nanoseconds using a biasing voltage, which is particularly used in an 

electronically controlled switchable high impedance surface where antennas are mounted to 

permit frequency or beam reconfiguration in the THz regime [45-47]. 

These functional materials with changeable permittivity and permeability introduce more 

losses and nonlinearity compared to the aforementioned reconfiguration techniques [20].  

Using shape-reconfigurable materials, such as liquid conductor, as the antenna conductor 

instead of rigid and solid conductors, is another method of enabling antenna reconfiguration. 

Seawater, mercury, and gallium alloy can be used at room temperature as liquid conductors. 

Seawater serves as the conductor of an easily accessible frequency reconfigurable monopole 

if properly designed [48, 49]. Although easy to access, the relatively low conductivity of 

seawater reduces the antenna radiation efficiency. Mercury has been used in a beam-

 

 
 
Figure 2.3 Microstrip patch that can transform into a monopole [1]. 
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reconfigurable antenna acting as director and reflector [50]. The mercury portion within a 

circular microfluidic channel is physically displaced through pneumatic control from a 

micropump controller, thus redirecting the antenna radiation to different angles. However, its 

toxicity makes it unfavorable for most electronic applications. 

Compared to mercury, gallium features low toxicity and has a conductivity (3.87×106 S/m)  

approximately four times the conductivity of mercury (1×106 S/m) [51]. Antennas and 

resonators using gallium alloy have achieved frequency reconfiguration by physically 

controlling the section of LM using syringes or micropumps [52-56]. A three-element LM 

reconfigurable Yagi-Uda monopole array achieves a tunable frequency from 1.95 GHz to 4.11 

GHz as shown in Figure 2.4. In the meantime, the beam can be directed in opposite directions. 

Tuning the beam direction and operational bandwidth relies on adjusting of the LM length 

through the pressure-driven flow of the LM within tubes. A detailed illustration of the feeding 

mechanism for a single element as presented in Figure 2.4.  

 

Figure 2.4 LM antenna, (Left) LM Yagi-Uda array. (Right) Illustration of feed configuration 

of one element in the array. LM is injected into the tube by applying pressure to the syringe 

[13]. 
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Compared to the popular switch-based reconfiguration technique, liquid-based reconfigurable 

antennas achieve a large number and range of reconfigurable antenna states due to the 

displacement of an LM section over an enhanced physical path. Additionally, this kind of 

devices can handle a higher RF power and demonstrate an extremely linear response, as 

previous research has explored [57]. However, current methods of reconfiguring LM resort to 

physical control using syringes and micropumps, and a closed fluid path is usually needed to 

guide the flow of LM. Implementing the physical control is costly and creates a heavy device, 

thus limiting the device’s potential utility. 

2.3 Discussion of Current Reconfiguration Techniques 

The reconfiguration techniques mentioned above provide antenna engineers a variety of 

choices to meet required system specifications. However, additional excitation mechanisms 

and hardware implementation add design complexities and impose constraints on the antenna 

system design. The issue of reliability also arises due to the reconfiguration. All of these factors 

result in extra costs and unwanted losses, requiring engineers to consider the tradeoffs when 

selecting from the above techniques. In the following sections, we discuss design tradeoffs for 

several important reconfiguration techniques in terms of biasing condition, switching speed, 

insertion loss, isolation, linearity, range of reconfiguration states and endurance. The properties 

are summarized in Table 2-1. 

As the most widely used method of antenna reconfiguration, electrical switching generally 

demonstrates the capabilities of fast switching, good isolation, and low loss [20], despite 

variance in electrical properties for the different type of switches. These factors must be 
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considered when choosing appropriate switching for various applications. For example, a 

tunable response requires varactors, while a lower DC power resorts to RF-MEMS switches. 

A faster response comes from PIN diodes. On the downside, tuning range for electrical 

switching is very limited; and, even though offering a continuous range, antennas integrated 

with varactor diodes suffer from poor linearity and a limited tuning range [23, 58]. 

Additionally, a biasing circuitry is required to drive these semiconductor diodes, which might 

interfere with unwanted signals. Optical switching requires a fiber that guides the incident 

light, which constitutes an implementation difficulty, and provides limited discrete 

reconfiguration states for antenna design.  

Although structural change does not rely on a switching mechanism that requires a biasing 

network, movement of the antenna subsections necessitates actuators and micro-motors, which 

 Table 2-1 Electrical Properties for Several Reconfiguration Switching or Techniques [7]. 

Electrical 
Property 

RF- 
MEMS 

PIN 
Diode 

Optical 
Switch 

Varactor LM 
(Physical) 

Structural 
Change 

DC Voltage 
[V] 

20-100 3-5 1.8-1.9 0-20 - - 

DC Current 
[mA] 

  ~ 0 3-20 0-87 ~20 - - 

Switching 
Speed 

1-200 μsec 1-100 
nanosec 

3-9 μsec ns seconds seconds 

Isolation  
[1-10 GHz] 

Very High High High -  Very High 

Insertion 
Loss [dB] 

0.05-0.2 0.3-1.2 0.5-1.5 0.3-1 - - 

Linearity Very High Mediu
m 

Very 
High 

Low High Very High 

Tuning Type Binary Binary Binary Continuous 
 

Continuous Discrete 
(Mostly) 



 

22 
 

adds design weight and physical instability to the antenna system. Reconfigurable antennas 

with material that changes the permittivity and permeability properties suffer from more losses 

and poorer linearity compared to other reconfiguration techniques.  

Driven by the need to integrate more operation modes into communication systems, this 

dissertation explores reconfiguration techniques capable of delivering a large number of 

reconfigurable antenna states. If used in wireless communication, such techniques would 

enable maximum connectivity over a wide frequency spectrum for communication using the 

multi-functionalities offered by a reconfigurable antenna. Based on the above analysis, LM is 

an interesting alternative for two reasons. First, LM can be continuously tuned over an 

enhanced physical path realizing a large number and range of metal states. Second, LM has the 

potential to be highly linear and able to handle a much higher RF power. However, the current 

primary mechanism to reconfigure LM relies on physical displacement of LM using syringes 

and micropumps, which hinders ease control and integration of the LM subsystem into the 

antenna system.  

Advantages and limitations of current LM-based antenna systems provide motivation to 

explore novel mechanisms to reconfigure LM antenna without resorting to a physical control. 

In the remaining part of this chapter, we will introduce the physical properties of LM alloy 

used in this work, and novel mechanisms to reshape LM.  

2.4 Liquid Metal 

The LM used in this work is EGaIn, short for eutectic gallium (75%) and indium (25). Like 

most alloys of Gallium, it has low viscosity, low toxicity, metallic conductivity (3.4×106 S/m) 
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and a low melting point of 15.7oC at room temperature [59]. This alloy is non-toxic and more 

conductive than mercury.  

In contrast to most other LMs, the fluid behavior of EGaIn is dominated by an oxide skin 

formed on the metal surface when the LM is exposed to air or oxygen [60]. Among many 

polymorph forms of this oxide layer, β-Ga2O3 is the most stable form with a thickness of 1 nm, 

which is a wide-bandgap transparent n-type semiconductor [59]. This passivated oxide skin 

mechanically stabilizes EGaIn and adheres to most surfaces. This mechanical stabilization of 

EGaIn further facilitates molding EGaIn into non-equilibrium shapes. However, rupturing this 

oxide skin beyond its critical pressure limit, the LM is induced to flow in response to external 

pressure. This ability to physically reshape LM under pressure facilitates the realization of 

responsive structures, such as resonators and antennas [55, 56]. As previously mentioned, these 

kinds of responsive structures require syringes or micropumps during operation to physically 

actuate LM, which is undesirable in practical applications. 

The mechanical stability of surface oxide hinders the flow of EGaIn and thus the surface 

oxide skin removal is required to actuate or stop the flow of EGaIn on demand and reconfigure 

it into useful shapes. It’s possible to remove or regenerate the oxide through electrochemical 

reactions with electrolytes to control the fluid behavior of EGaIn [18, 59]. This newly 

discovered mechanism provides an attractive way to reshape EGaIn without resorting to a 

physical control. It might be adapted to RF devices and enables an electrical integration of the 

LM system into a reconfigurable system. Before delving into the application of specific 

electrochemical actuation in the design of reconfigurable antennas, the next few paragraphs 
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review a few experiments that reveal the rheological properties of EGaIn to form such 

electrochemical actuation. 

The first experiment shows the liquid behavior of an EGaIn droplet before and after 

contacting acid as presented in Figure 2.5 [61]. EGaIn is stabilized into a non-spherical shape 

with a cone tip in the presence of oxide skin in Figure 2.5 (a). After contacting acid, the oxide 

film is removed chemically and EGaIn beads up to minimize surface energy because of the 

large surface tension in Figure 2.5 (d). This experiment indicates that removing the surface 

oxide returns EGaIn to bare metal with a high surface tension.   

Alternatively, chemical scientists have found that applying a reductive potential to EGaIn 

removes the surface oxide immersed in ph-neutral electrolytes and induces flow of LM in 

microchannels. In this case, the capillary behavior of liquid can be turned on or off by applying 

 

Figure 2.5 Physical manipulation of Gallium alloy (a) non-equilibrium shapes due to the 

surface oxide film. (b, c) acid removes the oxide skin and causes the metal (d) to bead up 

due to the high surface tension of the bare metal [61]. 
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a potential, which is named “recapillarity” [17]. As illustrated in Figure 2.6, a microchannel 

etched within PDMS fills with EGaIn while one end reservoir of EGaIn connects to the cathode 

and the other end reservoir of electrolyte connects to the anode. Upon removal of the surface 

oxide under a reductive electrochemical potential, the surface tension of EGaIn at the metal-

electrolyte interface returns to a high state, inducing the metal withdrawal in the direction of 

the EGaIn reservoir that enlarges its radius of curvature to lower the interfacial energy. In the 

absence of the potential, the oxide skin reforms and stops flow of EGaIn in the channel. The 

flow of LM in microchannels is actuated or stopped on demand by controlling the surface oxide 

skin using an applied potential. For this recapillarity phenomenon, the applied current is 

identified as the key factor dictating position and velocity of LM in the microchannel. 

Compared to the pneumatic control of LM, this electrochemical actuation presents an attractive 

way to manipulate LM without using bulky micro-pumps or syringes. 

In addition to removing the surface oxide, the oxide skin can be electrochemically deposited 

on the surface to reversibly control the interfacial tension [18]. A change in the surface tension 

 

Figure 2.6 Withdrawal of LM within a microchannel upon application of a reductive potential 

[17]. 
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of EGaIn in response to an applied potential is experimentally investigated in Figure 2.7. An 

EGaIn droplet is immersed in 1 molarity (M) NaOH electrolyte, while the top is connected to 

a needle and the bottom to a wire. EGaIn initially holds a spherical shape after being immersed 

in NaOH electrolyte, much like the high surface tension demonstrated in Figure 2.5 (d). 

Beyond a critical oxidative voltage, i.e., −1.4 V in this experiment, EGaIn begins to spread 

outward and increases its area. This behavior is attributed to the regeneration of oxide on the 

surface, lowering the interfacial tension at the metal-oxide-electrolyte interface. This occurs 

because oxygen adsorption reduces the interfacial tension of EGaIn related to the partial 

pressure of oxygen [18]. Further increasing the potential beyond a critical value, EGaIn 

bifurcates into a fingering pattern and flattens. In this process, the flow of EGaIn is directed to 

the point of counter-electrode where the oxide skin reforms. 

 

Figure 2.7 Spreading of EGaIn under an applied potential. (Top) A spherical shape; (Middle) 

The metal spreads upon applying an external potential; (Bottom) Beyond a critical potential, 

the metal bifurcates into a fingering pattern [18]. 
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Figure 2.8 demonstrates a quantitative illustration of the change in surface tension of EGaIn, 

in response to the applied potential, which corresponds to the experiment in Figure 2.7. 

Initially, EGaIn holds a high surface tension around 500 mJ/m2 in the absence of oxide skin. 

After applying an oxidative potential of −1.4 V, the surface tension experiences a rapid and 

dramatic drop when oxide reforms on the surface, continuing decreases as the potential 

increases. Reverting the potential to −1.5 V returns EGaIn to a high surface tension of 

approximately 500 mJ/m2 within less than 1 second following oxide removal. This experiment 

indicates that interfacial tension of EGaIn at the meal-oxide-electrolyte interface can be tuned 

reversibly and repeatedly, from ~500 mJ/m2 to a much smaller value, by removing and 

depositing the surface oxide using only voltages. Although the need for electrolyte and 

electrochemical reactions constitute practical challenges, this method of electrical control of 

EGaIn facilitates electrically integrating an LM network into an antenna system without 

resorting to a cumbersome physical control system. 

 

Figure 2.8 The dramatic and reversible change in the surface tension in response to the potential 

[18]. 
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Compared to the pneumatic actuation of LM, the electrochemical method detailed above 

achieves a reversible and repeatable control of LM by tuning the surface tension of LM through 

removing or passivating the surface oxide skin. In addition to the advantage of using only 

potentials to reconfigure LM, the electrochemical method avoids the issue of leaving metal 

residuals on the substrate or channel walls, usually occurring with a physical control due to 

adhesive property of oxide skin.  

Electrochemical control of EGaIn moves LM over a large and continuous physical length, 

which has the potential to deliver a much larger reconfiguration range of antenna states if 

properly designed. Furthermore, LM-based antennas are hypothesized to handle a higher RF 

power and achieve high linearity. These advantages offered by electrochemically controlled 

LM motive us to exploit its capability to reconfigure LM into useful shapes. In the following 

chapter, we will introduce application and implementation of electrochemical actuation of LM 

in the design of reconfigurable antennas and characterize the antennas developed from this 

method.  
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Reconfigurable radio frequency (RF) electronics are critical for enabling adaptive, 

multifunctional radios for future wireless sensing and communications. Conventionally, 

reconfigurable components have employed switched circuit elements (e.g., diodes and 

varactors) at a few locations to modify the current distribution on the device and change its RF 

properties. However, this method of localized loading can only achieve a limited number and 

range of states. More recently, LMs (LMs) have been used to construct more versatile tunable 

systems in a variety of reconfigurable microwave components, such as filters [62], frequency 

selective surfaces (FSS) [57], and antennas [13, 63, 64]. These applications change RF current 

paths by physically actuating the liquid conductors via pumps or contact pressure. While the 

enhanced control over the conductor length and location provided by a liquid conductor greatly 

enhances the tuning range of the devices, the introduction of pumps and microfluidic elements 

adds to system complexity and requires a closed fluid path, which limits the device topology.  

In this chapter, we first introduce the electrochemical control to actuate LM in a capillary, 

bypassing the need for mechanical pumps in reconfigurable LM antennas. The ability to 

deposit or remove a thin surface oxide on the metal using only electrical bias (as introduced in 

Chapter 2) makes this approach possible. This chapter then presents a frequency-

Chapter 3 Electrochemically 
Controlled Reconfigurable Monopole 
Antenna 
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reconfigurable monopole design that uses electrochemically controlled capillarity (ECC) for 

the first time. This new mechanism of controlling LM offers the advantages of enhanced tuning 

of LM over a large physical length but with electrical control that can be easily integrated into 

the antenna system. This chapter will then examine the frequency and radiation properties of 

the ECC LM, and the tradeoffs for antenna characterization in terms of antenna efficiency and 

biasing condition is discussed. The electrical control of LM provides opportunities for realizing 

a monopole designed with automatic frequency tuning. This chapter explores a pump-free 

feedback-based control that autonomously tunes the frequency to the desired band for the LM 

antenna. This chapter concludes by summarizing the electrical properties of this ECC 

monopole, comparing this technique with conventional reconfiguration techniques, and 

discussing potential applications of ECC LM antennas. 

3.1 Electrochemical Actuation of Liquid Metal 

Chapter 2 reviews several important chemical experiments that create the primary 

electrochemical actuation of LM used in this research. There are several other electrochemical 

actuations of LM, such as continuous electrowetting (CEW) [54], electrowetting on dielectric 

(EWOD) [5]. Particularly, CEW has been used in the design of a few reconfigurable and micro-

devices [54, 65, 66]. However, the underlying mechanism of CEW to actuate the LM is 

significantly different from the actuation mechanism chosen in this research and has its own 

limitations. Here these two mechanisms to actuate LM in capillaries are compared and the 

reasons for choosing the actuation in this research are restated below.  
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Prior to comparing electrochemical actuation mechanisms, this chapter will review the 

physical and chemical properties of EGaIn, which was introduced in Chapter 2. The current 

research utilizes the alloy EGaIn, which is the eutectic (lowest melting point composition, 

15.7ºC) of gallium (75%) and indium (25%) with a conductivity of 3.4×106 S/m [17]. EGaIn 

is a liquid metal (LM) that demonstrates low viscosity at room temperature [59] and reacts 

with air, forming a surface oxide that can stick to surfaces such as, the inner walls of capillaries 

[13]. This adhesion limits the ability to reconfigure the metal but this limitation can be avoided 

by injecting the metal into capillaries that are pre-filled with electrolyte. The electrolyte forms 

a slip layer between the oxide and the walls of the capillary. 

A conventional electrochemical method enabled by the presence of this slip layer for 

moving plugs of metal through capillaries using only voltage is CEW [54, 67, 68]. A 

conceptual illustration of this method is shown in Figure 3.1(a). The motion of LM under CEW 

mechanism is driven by the surface tension gradient, which is called electrocapillarity [18]. 

The interfacial tension of metal, γ at a particular point, is lowered from its maximum tension 

γ0 as a result of capacitive effects from the potential E shown in the equation below 

where V is the external voltage at this point in Figure 3.1 and C is the capacitance per unit area. 

VZPC is the voltage when there is no excess surface charge and γ reaches its maximum value γ0 

[67]. The above equation implies that the surface tension of LM decreases or increases when 

responding to an increased or reduced voltage. A surface tension imbalance across the metal 

𝛾𝛾 =  𝛾𝛾0 −
1
2
𝐶𝐶(𝑉𝑉 − 𝑉𝑉𝑍𝑍𝑍𝑍𝑍𝑍)2    (3.1) 
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induces its motion in channels. The CEW mechanism provides an electrochemical method to 

actuate LM using only electrical potential. 

The CEW mechanism has led to the development of surface-tension-driven antenna and 

MEMS devices using LM [5, 54]. The applied potential tunes the position of LM within the 

channels. However, CEW has at least three limitations: (1) the metal plugs typically have 

constant length, (2) the metal plugs move in the channel, making it difficult to couple directly 

to a fixed external RF feed, (3) it is challenging to generate sufficient pressure differential to 

inject metal from a reservoir into a capillary [67]. 

An alternative approach to CEW uses voltage to change the length of LM in a capillary, as 

shown in Figure 3.1 (b). Using this method, the LM is withdrawn from the capillary into a 

_+

Withdrawal

(a)

EGaIN 
Reservoir

Slip layer

+ __ +
Injection

Oxide skin

(b)

_ +
EGaIn plug

NaOH
EGaIn

 

+ + + + + + + +

+ + + + + + + +
 −  −  −  −  − −  −  −

 −  −  −  −  − −  −  −

V (potential) 
γ (surface tension) 

 

Figure 3.1 Illustrative comparison between (a) continuous electrowetting using an EGaIn plug, 

where V is the external potential at a particular point and γ is the surface tension at this point 

[5]. The positive charges are labeled as circled +, and the negative charges are labeled circled 

–. (b) Electrically controlled capillarity (ECC) of an EGaIn filament. The yellow arrows 

represent the direction of EGaIn motion under the indicated bias polarity. 
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reservoir (or conversely, injected from the reservoir into the capillary). In contrast to CEW, 

this method controls the interfacial tension of the LM by removing and depositing the surface 

oxide skin using an applied potential. In Figure 3.1 (b), the LM is immersed in a sodium 

hydroxide electrolyte that reduces the surface oxide. At the same time, applying a potential 

with the polarity directed in the withdrawal process electrochemically removes the oxide. 

Removal of the oxide skin returns the LM to a state of large tension. In the absence of the oxide 

layer, Laplace pressure moves the EGaIn towards the external metal reservoir, shortening the 

metal filament and filling the vacated space with electrolyte. 

As demonstrated in Chapter 2, reversing the potential across the metal-electrolyte interface 

results in a reformation of the oxide on the leading surface which substantially lowers the 

interfacial tension of LM [56]. Beyond a critical oxidative potential, the metal surface 

experiences a rapid and substantial drop in the surface tension such that the Laplace pressure 

of the metal in the reservoir exceeds that of the metal in the capillary. This causes the metal to 

flow into the capillary, and the electrical length increases as shown in the injection process. 

This substantial and reversible change in the surface tension in response to change in potential 

is similar to the illustration shown in Figure 2.8 [17], although spreading of EGaIn in Figure 

2.8 occurs on an open surface system.  

As described above, injection and withdrawal processes in the ECC mechanism can be 

toggled on and off by changing only the potential. This phenomenon is different from CEW 

because removal and reformation of the oxide skin control the surface tension and injection of 

EGaIn only occurs under oxidative conditions. This reversible process of switching injection 

and withdrawal is called “recapillarity” because of the importance of reduction reactions to 
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induce capillarity [17]. Combined, these two techniques are called “electrochemically 

controlled capillarity” (ECC). In contrast to CEW, this ECC enables enormous changes in 

surface tension, from near zero in the existence of oxide to more than 500 mN/m without the 

oxide, that allows the metal to pump in and out of a reservoir [18].  

For this newly discovered phenomenon, no attempts to adapt the ECC LM into the design 

of reconfigurable RF devices exist yet. Actuated by electrical biasing, EGaIn is induced to 

move in the direction of differential surface tension. The ECC actuation of LM can be extended 

to manipulate LM in closed or open systems on one or two dimensions. This electrical control 

for manipulating the shape of EGaIn will provide an effective approach to creating complex 

antenna structures or microfluidic devices. Displacing or reshaping LM in electronic 

components changes the electrical field or current paths; thus, multiple capabilities can be 

achieved in a single design. In the following sections, we will explore its potential applicability 

(advantages and disadvantages) for reconfigurable devices. A conceptual demonstration of a 

frequency-reconfigurable LM monopole developed from the ECC mechanism is developed. 

3.2 An ECC LM Reconfigurable Monopole  

Electrochemically controlled capillarity has the ability to reshape LM within a capillary. The 

deformable LM can be used as alternate conductors or parasitic components in a reconfigurable 

antenna. We expect that the dramatic change in the LM surface tension can drive displacement 

of LM over a large physical length, thereby generating a large number of tunable states. 

Therefore, reconfiguring an antenna over a large physical length of ECC LM could achieve a 

large frequency tuning range. This section will present the first instance of using ECC LM in 
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the field of reconfigurable antennas. The tunability of this reconfigurable antenna is to be 

assessed, along with the radiation characteristics. For the LM system, we need to evaluate the 

effects from the biasing network, particularly the electrolyte, on frequency and radiation 

performance. 

A reconfigurable monopole antenna using ECC LM is developed because it features a 

simple antenna configuration. A monopole antenna is resonant when its length is a quarter 

wavelength and changing the resonant length of the metal tunes the frequency continuously 

over a range that is limited primarily by the achievable lengths of the capillary. If the design 

of the monopole allows a large ratio of lengths, then the antenna can tune over a very wide 

range of operating frequencies. 

 Figure 3.2 presents a schematic and photograph of the reconfigurable monopole antenna. 

A rectangular acrylic ring fixture (shown in the top right portion of the figure) acts as the 

support base for the LM system. A glass capillary filled with EGaIn spans the acrylic fixture 

horizontally with each end of the capillary held by cubic reservoirs cut out of the fixture. The 

two reservoirs are open to allow for unrestricted volume change of the liquids. EGaIn fills the 

lower reservoir and connects to an SMA (Subminiature Version A) connector by a short copper 

wire that is inserted into the reservoir. Electrolyte fills the upper reservoir to establish the DC 

current loop that controls the electrochemical actuation mechanism. The use of 1 M NaOH 

helps construct a DC current loop for biasing the LM. The DC voltage combines with the RF 

signal generated by the vector network analyzer (VNA) through a bias tee. The combined port 

connects to the SMA connector and feeds the antenna through direct contact with the LM 

reservoir. In addition, to choke off the RF signal from the bias lines, a conical RF inductor 
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Figure 3.2 ECC LM monopole, (Top left) Schematic of the tunable monopole antenna. The 

DC polarity shown is for the injection process. (Top right) The 3-D demonstration of a 

capillary spans the acrylic fixture. (Bottom) Details of the antenna, feed, and reservoir. The 

inset shows a zoomed image of the EGaIn-NaOH interface under no bias (oxide skin 

removed). 
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(inductance = 0.531 μH, Coilcraft, Cary, IL) connects the electrolyte to the external bias lines. 

A power supply generates a DC potential between the electrolyte and EGaIn reservoirs. A 

positive DC potential is applied to the metal, which injects EGaIn into the glass capillary due 

to the reformation of oxide, and displaces the electrolyte in the channel. Reversing the voltage 

polarity relative to that in Figure 3.2 causes EGaIn to withdraw towards the reservoir. The 

speed of EGaIn movement varies with the applied bias and EGaIn withdraws faster than injects 

[69]. The withdrawal velocity can be as large as 24 mm/s and is directed by the magnitude of 

the DC current as demonstrated in the following section. Compared to the withdrawal process, 

which only needs a small voltage (less than 1 V), injecting EGaIn using the same capillary 

requires a voltage larger than 7 V and occurs at a much slower rate (0.6 mm/s rate).The larger 

voltage is necessary to drive oxidation of the surface and to overcome the potential drop 

through the electrolyte in the capillary. The presence of oxide, which only forms a positive 

bias, likely creates a mechanical impediment to flow and explains, in part, why injection is 

slower than withdrawal. The asymmetry of the actuation mechanism is further accentuated by 

the fact the EGaIn tends to withdraw slowly even in the absence of voltage due to the removal 

of the oxide skin in non-neutral pH ambient. A small positive voltage helps to hold the metal 

in a selected position 

Initially, we used 1 M NaF electrolyte instead of 1 M NaOH electrolyte to construct the 

DC loop, but the rate to reversibly withdraw and inject EGaIn was much lower using 1 M NaF. 

Although 1 M NaF or a less concentrated NaF electrolyte may produce similar results to 

withdraw LM in capillaries [17], the oxide can theoretically be removed by a reduction 
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potential even in pH-neutral solutions. However, it’s recommended to use NaOH electrolyte 

for successfully repeating the experiments in this dissertation. 

3.3 Characterization of the ECC LM antenna 

Here we characterize this ECC LM monopole in terms of antenna electromagnetic (EM) 

performance and reconfigurability control. 

Characterization of the antenna EM performance includes two dimensions: frequency 

response and radiation characteristics. For this ECC LM antenna, a large range of 

reconfiguration states is expected enabled by the enhanced control of LM length. Additionally, 

two critical parameters for radiation characteristics requires assessment: the radiation pattern 

and antenna efficiency.  

Electrically tuning LM enables an easy integration of the LM system into the antenna 

system and facilitates an automatic control of the reconfigurable antenna. In this section we 

explore an autonomous frequency-tuning LM system following a discussion of antenna 

performance and tradeoff regarding DC power, tuning the speed of LM and antenna efficiency. 

3.3.1 Frequency and Radiation Performance 

An antenna configuration identical to that in Figure 3.2 is set up in HFSS to simulate the 

antenna frequency response. The length of EGaIn in the capillary is swept from full length 75 

mm to 5 mm while the remaining section of the capillary is filled with electrolyte of 

concentration 1 M NaOH. The simulated frequency response versus length variation is 

presented in Figure 3.3 This plot indicates that a tunable frequency range of approximately 0.8 
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GHz to 3.7 GHz is excited. This broader range of 4.6:1 significantly outclasses most frequency 

ranges reported in reconfigurable antennas using conventional techniques [7, 70].  

To experimentally evaluate the performance and tuning range of the LM monopole, the VNA 

(Agilent E5071C) measures the reflection coefficient of the monopole in real time while 

injecting and withdrawing the EGaIn from the capillary with a DC voltage as displayed in 

Figure 3.2. Though the tuning is continuous, 11 discrete antenna states are captured to compare 

the resonance frequencies during injection and withdrawal. In this experiment, the EGaIn 

antenna is first withdrawn from 75 mm (full length) to 65.5 mm by applying a 0 V DC bias 

and allowing the NaOH to reduce the oxide skin. The EGaIn is then held stable at 65.5 mm by 

applying a small positive DC voltage approximately 1V (with respect to the polarity shown in 

Figure 3.2) while the reflection coefficient data are stored. This process is repeated to obtain 

data at the six lengths shown in Figure 3.4 (c). Finally, after withdrawing to 4 mm, the EGaIn 

is injected into the capillary with a positive DC voltage of up to +7.7 V. To verify the 

 

Figure 3.3 Simulated Reflection Coefficient of the ECC LM antenna from 65 mm to 10 mm. 
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repeatability of the antenna tuning, reflection coefficient data are stored at the same lengths as 

during the withdrawal process. Figure 3.4 shows that the frequency response of the antenna is 

identical during withdrawal and injection when the length is the same, demonstrating that the 

tuning is consistent and reversible. 

 

Figure 3.4 Measured Reflection coefficient of the antenna, (a) lowest and (b) highest tuning 

range of the antenna, (c) lengths in the withdrawal and injection processes. 
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The measured tuning range of the LM antenna is from 0.66 GHz to 3.4 GHz with the length 

ranging from 75 mm to 4 mm resulting in a tuning ratio of 5.2:1. Comparing the reflection 

coefficients between measurements and simulations, the two results match well with a 

difference of less than 10% except at the low end of the frequency band. The measured lowest 

frequency is lower than the simulated frequency mainly due to the parasitic effects of the RF 

choke at the low frequency, while this effect is negligible at the high frequency end. 

In comparison, varactor-based antennas typically have a smaller continuous tuning range 

due to the lumped nature of their loading reactance. For example, in Refs. [11, 12, 71], tuning 

ratios measure between 1.3 and 2.7 while requiring bias voltages as high as 30 V. The new 

approach described here requires a DC control voltage of less than 8 V but enables a much 

larger tuning ratio. The enhanced tuning range is primarily a function of the much larger change 

in the impedance achievable by shaping the antenna structure itself rather than changing only 

a lumped reactance at a point. 

To characterize the 3D radiation pattern and efficiency of the antenna, the tunable system 

was measured in a Satimo SG 64 near-field measurement system at the Wireless Research 

Center of North Carolina (WRCNC) [72]. In the SG 64 system, the antenna under test (AUT) 

is placed in an anechoic chamber at the center of a ring of many dual-polarized antenna 

elements that sample the fields radiated by the AUT. The AUT is rotated 180° to measure the 

fields in all directions, and the total radiated power is calculated by integrating the radiated 

fields over a spherical surface.  

Antenna pattern measurements were conducted for two antenna states−a low frequency 

state at 55 mm length and a high frequency state at 17 mm length. Figure 3.5 plots the measured 
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and simulated radiation patterns in the two states, 0.96 GHz and 2.5 GHz. The co-polar E-

plane (y- z plane) patterns are as expected for a conventional monopole on a finite ground 

plane, and the measured co-polar H-plane (x-y plane) patterns are nearly omnidirectional in 

agreement with the simulation. The measured cross-polarization is slightly higher than in 

simulation, likely due to radiation and scattering from the bias lines. However, the cross-

polarized gain is still more than 10 dB below the co-polar gain in the direction of maximum 

radiation. 

 

Figure 3.5 Normalized radiation patterns for high frequency and low frequency states. High 

frequency state (2.5 GHz), antenna length = 17 mm (a) E-plane and (b) H-plane. Low 

frequency state (0.96 GHz), antenna length = 55 mm (c) E-plane and (d) H-plane. 
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The measured antenna performance parameters are summarized in Table 3-1. Here total 

efficiency is the ratio of the total radiated power to the total power available to the antenna. 

Realized gain is the power (per unit solid angle) radiated by the antenna in a given direction 

relative to the power radiated (per unit solid angle) by an isotropic antenna that radiates all of 

the total available power. The maximum realized gain is the largest of this quantity over all 

angles. The measured total efficiency (including mismatch loss) is 41% in the low frequency 

state and 70% in the high frequency state, which is lower than the efficiency of a conventional 

monopole made with a solid conductor (>95%). Losses in this system could arise due to the 

low conductivity of the EGaIn itself or due to the lossy electrolyte. Because the efficiency of 

a non-tunable EGaIn dipole is quite high (90%) [73], we expect that the primary source of the 

increased losses in the tunable system is the low conductivity electrolyte that enables actuation. 

To study the source of the losses, we used full wave electromagnetic simulations of the 

monopole in HFSS to compute the antenna’s response to an excitation. Fields calculated from 

these simulations are used to generate the far field radiation patterns in Figure 3.5 and to 

compute the total radiated power by integrating the fields radiated in all directions.  

Table 3-1 Measured antenna performance at two states. 

States Length (mm) 
Holding 

voltage (V) 

Resonance 
frequency 

(GHz) 

Total 
efficiency 

Maximum 
realized gain 

(dBi) 
Low Freq. 55 1.6 0.96 41% 1.08 
High Freq. 17 2.2 2.5 70% 3.4 
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Figure 3.6 Measured and simulated total efficiency for different antenna states and values 

of electrolyte conductivity (σe). (a) Antenna length 55 mm and (b) antenna length 17 mm. 

The red circle indicates the measured total efficiency at resonance. 
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Even though the total volume of electrolyte is small, our simulations indicate that electrolyte 

losses are greater than Ohmic losses in the EGaIn. Figure 3.6 compares the simulated total 

efficiency of the EGaIn monopole with lengths of 17 mm and 55 mm and electrolyte 

conductivity (σe) varying from 0 to 25 S/m. When the electrolyte is modeled as an ideal 

insulator (σe = 0 S/m), the simulated efficiency approaches 100%, indicating that the EGaIn 

introduces negligible loss, particularly at high frequencies when the short EGaIn length forms 

a smaller percentage of the total radiating element. As the NaOH conductivity is increased, the 

total efficiency falls rapidly. Although the expected conductivity of the 1M NaOH used in the 

experiment is 15 S/m, our simulations suggest that a reasonable value to compute the efficiency 

is in the range of 5–15 S/m.  

Based on the rapid decrease of the efficiency as the electrolyte conductivity increases, 

choosing a very low conductivity electrolyte would seem well-advised. However, the 

electrolyte conductivity (σe) also impacts the tuning speed and power consumption, as larger 

σe allows greater DC current to drive the electrochemical reaction that induces motion of the 

LM for a fixed DC voltage, or consumes less power to drive LM at a certain tuning speed. 

Thus, the choice of electrolyte represents a fundamental tradeoff between the total efficiency 

and biasing conditions. We will discuss this tradeoff in further detail in the following section.  

3.3.2 Tradeoff between biasing condition and antenna performance 

In section 3.3.1, the antenna radiation characteristics show that a lossy electrolyte results in 

losses in the ECC LM monopole and reduces the antenna efficiency. In terms of antenna 

efficiency, a lower electrolyte concentration (i.e., a smaller electrolyte conductivity σe), 
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introduces less loss and is preferred. However, this choice of electrolyte regarding antenna 

efficiency is in conflict with demands of high tuning speed and low power consumption of 

LM. As stated in [17], biasing current is identified as the key driving force dominating LM 

behavior. Thus, the motion of LM is a current-driven process. In this sense, the biasing current 

dictates the LM velocity and biasing power to actuate LM under a fixed electrolyte. A less 

concentrated electrolyte creates a larger DC resistance. Therefore, assuming the same velocity, 

actuation of LM immersed in less concentrated electrolytes requires greater power and voltage 

than in the case of more concentrated electrolytes. Practically, a higher switching speed, greater 

device efficiency, and lower power consumption are desired for applying ECC LM to portable 

and wireless communications. Yet, these three constraints on the application of ECC LM have 

remained largely unstudied. 

Several factors are interrelated with electrolyte concentration and biasing current (e.g., 

switching speed, power consumption, and antenna efficiency). Constructing a behavioral 

model describing the relationships between these factors and predicting sensitivity of one 

factor to changes of other factors is a fundamental method to explain how one factor relate to 

others. The behavior of LM in microchannels, such as metal-oxide-electrolyte interfacial 

behavior, and recapillarity behavior, has been analyzed through electrochemical experiments 

[17, 18], however, an analytic model that describes these behaviors and the biasing conditions 

of LM is lacking. This constitutes a theoretical challenge to build the comprehensive 

behavioral model.  

Facing this theoretical challenge, we conducted an experimental investigation of the 

tradeoffs between these factors in Figure 3.7. Figure 3.7 illustrates an input-output model that 
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includes the five factors, with electrolyte concentration and biasing current as the input 

variables, while the outputs include: DC power, LM velocity, and antenna efficiency. Here DC 

power also characterizes the DC voltage under a fixed current. The solid lines indicate the 

results are evaluated through experiments and the dashed line is evaluated through simulation. 

The impact of electrolyte concentration on antenna efficiency is simulated by sweeping a 

varied electrolyte conductivity and the effect of the electrolyte concentration on power 

consumption and LM velocity is evaluated experimentally. 

As discussed in the beginning of this section, biasing current dictates the motion of LM, so 

we expect a linear dependence of the tuning speed of LM on biasing currents. Changing the 

electrolyte concentration should not influence the LM velocity as long as the biasing current 

is fixed. Assuming a fixed current, the DC power is supposed to increase due to the increasing 

DC resistance as the electrolyte elongates.  

The physical setup for experimental evaluation of speed and power is the same as that in Figure 

3.2 except the RF signal connection to LM is removed. A simplified illustration of the 

experimental setup is shown in Figure 3.8 with the current directed to withdraw EGaIn to a 

shorter length, where L1 and L2 are lengths of sodium hydroxide electrolyte and EGaIn 

electrolyte 
concentration

current

Input

velocity

antenna efficiency

DC power

Output

 

Figure 3.7 Illustration of the input and output variables.  
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respectively. In the withdrawal process, a video recorder captures the motion of LM over a 

distance of 50 mm as time elapses and average speed for the flow is easily obtained by dividing 

the 50 mm over the time used to withdraw this distance. Dictated by a fixed biasing current 

generated by Keithley 2400 sourcemeter, withdrawal speed of LM flow is almost constant [17]. 

We take two steps to experimentally investigate effects of biasing current and electrolyte 

concentration on LM velocity, antenna efficiency, and DC voltage/power. First, the LM 

velocity and DC power are compared when an ECC LM system with a fixed electrolyte (1 M) 

concentration are actuated by different currents. Second, antenna efficiency, LM velocity, and 

DC voltage are evaluated when the biasing currents and electrolyte concentration are changed. 

First, we assess the impact of different currents on the LM velocity and DC power 

consumption to actuate LM. In this step, the electrolyte is fixed with 1 M concentration. 

Varying the biasing current from 1 μA to 115 μA changes tuning the speed of LM in the 

withdrawal, as is summarized in Figure 3.9. A linear dependence of LM average velocity (v, 

mm/s) on biasing current (I, μA)- v = 0.24 ⋅ I + 0.67 fits the measured data as expected, although 

there are minor fluctuations in the linear relationship of speed at the high end of current at 

approximately 100 μA. The x-axis intercept point of 0.67 mm/s matches the observation that 

NaOH EGaIn
75 mm

L2L1

 

Figure 3.8 Simplified illustration of physical setup in the EGaIn withdrawal process. 
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EGaIn slowly withdraws even in the absence of an applied biasing. This withdrawal results 

from the removal of oxide skin in a reaction with sodium hydroxide electrolyte, returning LM 

to a high surface tension and inducing a capillarity force to drive motion of EGaIn.  Beyond a 

biasing current of 100 μA, bubbles generate, interrupting the biasing path and withdrawal of 

LM follows an inconsistent manner. The effects of this interruption will be discussed later in 

this section. 

To check the impact of different currents on DC voltage and power, they are measured under 

three different biasing currents 10 μA, 50 μA, and 100 μA during the withdrawal process. In 

this measurement, the biasing current is constant across the withdrawal process and voltage is 

recorded when the 1 M NaOH electrolyte is elongated from 20 mm to 70 mm, meaning EGaIn 

is withdrawn from 55 mm to 5 mm. The measured voltage read from Keithley 2400 source 

meter and calculated power 𝑃𝑃 = 𝑉𝑉𝑉𝑉 are presented in Figure 3.10. These data demonstrate that 

voltage and power increase as length of NaOH is elongated as expected. However, the ratio of 

increased voltage is not same as the ratio of increased current. This implies the DC resistance 

       

Figure 3.9 Withdrawal speed of microfluidic EGaIn within a glass tube (diameter ~0.8 mm) 

under different applied currents in μA. 
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of the LM system is not constant under a varying biasing current. Supposing the electrolyte 

and LM resistance maintain consistent, then an additional resistance should exist accounting 

for this varying DC resistance. A detailed discussion for this resistance is given in the next 

section. 

To calculate the energy W consumed within the withdrawal process over a distance of 50 mm 

with a fixed current, we have to calculate I ∫ V(t) dt. The biasing current is constant in the 

withdrawal process and V (t) is obtained from the experimental data collected from Keithley 

sourcemeter. From Figure 3.10, a linear function fitting the dependence of voltage on the length 

of NaOH electrolyte can be determined  

where coefficients a and b for three biasing currents are different. In the withdrawal process 

with a fixed biasing current, the flow velocity of LM is nearly constant measured from the 

captured video, then  

V (L1) = a ⋅ L1 + b     (3.2) 

 

Figure 3.10 Voltage and power consumption under three different currents in the withdrawal 
process. 
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where ν =νNaOH = νEGaIn, ν is the average velocity of liquids in the capillary shown in Figure 

3.9. The energy consumed in the withdrawal process over a distance of 50 mm is calculated 

through the equation below, where t1 and t2 are the starting and ending time for EGaIn to 

withdraw from 55 mm to 5 mm that is, elongating the NaOH electrolyte from 20 mm to 70 

mm. 

For 10 μA, 50 μA and 100 μA, voltages (V10, V50, V100) are fitted into functions of electrolyte 

length respectively, 

Using the equation above, the energy consumption under three different currents is calculated 

and listed in Table 3-2. Summarizing Table 3-2, the withdrawal process under an applied 100 

μA consumes the most energy but has a much faster flow velocity of 24.65 mm/s compared 

with the other two currents. The least energy of 0.237 millijoules is consumed in the condition 

of 10 μA, but the velocity of EGaIn is much slower here than the other two biasing currents. 

𝐿𝐿1 = 𝑣𝑣 ∙ 𝑡𝑡        (3.3) 

𝑉𝑉(𝐿𝐿1) = 𝑎𝑎 ∙ 𝐿𝐿1 + 𝑏𝑏 = 𝑎𝑎 ∙ 𝑣𝑣 ∙ 𝑡𝑡 + 𝑏𝑏    (3.4) 

𝑊𝑊 = � 𝑃𝑃d𝑡𝑡 = 𝑉𝑉 � 𝑉𝑉(𝑡𝑡)d𝑡𝑡

70
𝑣𝑣

20
𝑣𝑣

𝑡𝑡2𝐿𝐿1=70mm

𝑡𝑡1𝐿𝐿1=20mm

= 𝑉𝑉 � (𝑎𝑎 ∙ 𝐿𝐿1 + 𝑏𝑏)d𝑡𝑡

70
𝑣𝑣

20
𝑣𝑣

= 𝑉𝑉 � (𝑎𝑎 ∙ 𝑣𝑣 ∙ 𝑡𝑡 + 𝑏𝑏)d𝑡𝑡

70
𝑣𝑣

20
𝑣𝑣

 

(3.5) 

𝑉𝑉10 = 0.0049 ∙ 𝐿𝐿1 + 1.23,𝑉𝑉50 = 0.032 ∙ 𝐿𝐿1 + 1.01,𝑉𝑉100 = 0.071 ∙ 𝐿𝐿1 + 0.7  (3.6) 
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Comparison of the electrical properties under three biasing currents clearly shows the tradeoffs 

among biasing current, DC power, and switching speed. A higher biasing current induces a 

faster motion of LM in the capillary, enabling the ECC LM antenna switches to different states 

quickly, but necessitating a larger biasing voltage and power consumption. In contrast, a lower 

voltage and switching speed occur when the biasing current is reduced. Generally, a faster 

tuning of LM and a lower biasing power cannot be attained simultaneously. Design choice of 

favoring either electrical property depend on specific application scenarios.  

In the second step, several discrete electrolyte concentrations (0.1 M, 0.5 M and 1 M), and 

three biasing currents (10 μA, 50 μA, and 100 μA) are chosen to evaluate their effects on power 

consumption, LM velocity, and antenna efficiency. As predicted from the simulation in section 

3.2.1, the antenna efficiency worsens in the 1 M electrolyte concentration compared with less 

diluted electrolytes. Furthermore, 1 M NaOH electrolyte is a strong alkaline electrolyte, which 

is hazardous to both humans and the environment. Thus, electrolyte concentrations below 1 M 

are preferred. Additionally, based on the previous observation that bubbles might generate 

beyond 100 μA, the preferred biasing currents for actuation of LM are less than 100 μA.  

Table 3-2 Electrical properties in the withdrawal process over a 50 mm distance for three 

different currents. 

Properties 10  μA 50  μA 100  μA 

Velocity of flow (mm/s) 3.065 12.657 24.65 
Withdrawal time (seconds) 16.32 3.95 2.03 

Energy (mJ) 0.237 0.482 0.786 
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Figure 3.11 (a) presents the measured biasing voltage (L1 = 65 mm, L2 = 10 mm) and simulated 

antenna efficiency associated with the chosen electrolyte concentrations and biasing currents, 

while withdrawal velocity of the LM is shown in Figure 3.11 (b). Figure 3.11 (a) demonstrates 

 

(a) Antenna efficiency and biasing voltage 

 

(b) Velocity of LM 

Figure 3.11 Tradeoff between the biasing conditions and antenna efficiency, (a) Antenna 

efficiency and biasing voltage associated with electrolyte concentration and biasing current. 

(b) The velocity of LM associated with electrolyte concentration and biasing current. 
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that an ECC LM monopole with an electrolyte molarity from 0.1 M to 1 M having a 

conductivity from 0.5 S/m to 5 S/m, corresponds to an antenna efficiency from 89% to 58%. 

Relative to a pure metallic monopole, this ECC LM monopole system has a lower antenna 

efficiency. The electrolyte that enables actuation of LM in the ECC LM system has a low 

conductivity and this results in a parasitic loss. Part of the input power to the antenna is 

dissipated in this parasitic resistance, thus lowering the antenna efficiency. By reducing the 

electrolyte conductivity, the parasitic effects of the lossy electrolyte decrease and antenna 

efficiency improves. This implies a less concentrated electrolyte is preferred for the sake of 

antenna efficiency.  

However, biasing voltage/power increases when a less concentrated electrolyte is chosen 

to induce a comparable velocity of LM with a more concentrated electrolyte. This is shown in 

Figure 3.11 (a), under a fixed biasing current of 10 μA, the biasing voltage for 0.1 M electrolyte 

is 4.23 V. The voltage decreases to 2.41 V for 0.5 M concentration, and 1.57 V for 1 M. 

Meanwhile, LM withdraws, with velocities of 2.078 mm/s, 2.548 mm/s, and 3.07 mm/s 

corresponding to electrolyte concentrations of 0.1 M, 0.5 M, and 1 M in Figure 3.11 (b). It’s 

surprising that the electrolyte concentration slightly affects the flow speed of LM when current 

is fixed. This is possibly due to that the concentration of ions in electrolyte influences the rate 

at which electrochemical reactions happens. A more concentrated electrolyte promotes this 

process of chemical reaction to actuate LM. The decrease of the biasing voltage versus 

electrolyte concentration is straightforward because a more diluted electrolyte creates a larger 

DC resistance compared with a less diluted electrolyte biased by the same DC current, 

necessitating a larger voltage and power to drive withdrawal of the LM. 



 

55 
 

Moreover, increasing the biasing current to 50 μA, the biasing voltages increase to 7.9 V, 

3.87 V, and 3.27 V corresponding to 0.1 M, 0.5 M, and 1M concentrations. In this case, the 

average velocity of the LM increases to 10.48 mm/s, 11.18 mm/s, and 12.88 mm/s, 

respectively. Comparing the biasing voltage and LM velocity at 10 μA and 50 μA, the greater 

velocity condition results in a roughly doubled biasing voltage. As previously in the first step, 

a faster tuning of LM requires a larger driving current for an ECC LM system with fixed 

electrolyte concentration, at the cost of consuming more power. On the other side, choice of 

electrolyte concentration also influences the velocity of LM. A more concentrated electrolyte 

demands less power consumption and enhances tuning the speed of LM, but comes at the 

expense of a reduced antenna efficiency. 

A larger biasing current drives LM to move faster, but LM velocity does not increase 

indefinitely with biasing currents. Large currents may necessitate larger voltage in diluted 

electrolytes. Beyond the electrolysis voltage of water, bubbles are generated which break the 

biasing path and slows down withdrawal of LM [17]. Under a biasing current of 100 μA, LM 

initially withdraws faster in all three electrolytes, but as the biasing voltage increases and 

exceeds the electrolysis voltage of water, bubbles generate from the electrochemical reaction 

and LM withdraws in a slower and inconsistent manner. It’s observed that bubbles first appear 

as the voltage approaches 7.6 V in a 0.1 M electrolyte, biased by a 100 μA current. This limit 

of voltage reduces to 3.2 V for 0.5 M electrolyte concentration and 2.6 V for 1 M. These voltage 

thresholds are the points when bubbles first occur but do not necessarily guarantee the 

generation of bubbles as observed in the experiments. These data suggest basing voltages 

beyond these values are not recommended to actuate LM due to possible generation of bubbles. 
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The data discussed in this section provide some guidance on choosing biasing current and 

electrolyte concentration to optimize antenna efficiency, biasing voltage/power, and tuning the 

speed of ECC LM. Based on the data obtained, the demands of low antenna loss, low DC 

power consumption, and fast tuning cannot be simultaneously achieved. This implies that some 

parameters must be prioritized at the cost of other parameters’ performance. Achieving this 

balance between parameters may influence the efficacy of using ECC LM in specific 

applications in reconfigurable antennas or devices. 

3.3.3 Exploration of the Electrical Model for Biasing Conditions 

In section 3.2.2, we experimentally investigated the biasing condition of LM associated with 

electrolyte concentration and biasing current. However, there is no existing theoretical model 

that accounts for the resistive behavior of EGaIn’s biasing condition. An electrical model like 

this would be able to connect voltage to the current through a resistance and predict velocity 

and power information associated with a certain biasing condition. The experimental 

investigation in section 3.3.2 provides some insight into this electrical model.  

RNaOH RM REGaIn

RNaOH REGaIn

RM

Electrical 
model

Physical 
model

L2L1

 

Figure 3.12 Electrical model for the biasing condition of ECC LM system. 
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A conceptual model describing the biasing resistance is presented in Figure 3.12. There are 

three resistances present in this model: the electrolyte resistance RNaOH, EGaIn resistance 

REGaIn, and motion resistance RM. RNaOH and REGaIn are equal to 𝐿𝐿1
𝜎𝜎e𝜋𝜋𝑟𝑟2

 and 𝐿𝐿2
𝜎𝜎c𝜋𝜋𝑟𝑟2

  respectively. 

Here, σe is the conductivity of NaOH electrolyte, σc is the conductivity of EGaIn conductor 

(3.4×106 S/m), and r is the radius of the inner wall of capillary with 0.4 mm. RM denotes the 

motion resistance accounting for electrolyte-(oxide)-metal interfacial behavior, the metal-

capillary wall behavior and other unknown factors that influence the LM motion behavior, 

although not fully understood. Here, RM accounts for the varying DC resistance as mentioned 

in section 3.3.2. The conductivity of EGaIn is at least six orders higher than that of NaOH 

electrolyte; thus, REGaIn is a much smaller value than RNaOH and can be excluded from this series 

resistor model.  

Theoretically, RM is a resulting resistance from two key factors: 1) the electrochemical 

reaction that reduces the surface oxide in the withdrawal process and, 2) the electrodynamic 

behavior that accounts for the microfluidic motion of liquids in the capillary under an applied 

current. Definition of the underlying mechanisms generating RM is beyond the scope of this 

dissertation, but RM can be calculated from the measured data. The measured voltages in Figure 

3.10 for three biasing currents (1 M NaOH electrolyte) are used to calculate RM. In the 

withdrawal process, RNaOH increases as the length of NaOH is elongated. Assuming that 

regardless of the biasing currents the 1 M NaOH electrolyte has a constant conductivity of 5 

S/m in the withdrawal process, then RM is equal to (Rtotal - RNaOH) = ( Rtotal − 𝐿𝐿1
𝜎𝜎e𝜋𝜋𝑟𝑟2

 ).  
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A list of RNaOH and RM under three biasing currents is presented in Table 3-3. These values 

demonstrate that RM decreases as a higher biasing current actuates a faster motion of LM. RM 

also varies as the length of electrolyte changes, particularly when the LM velocity is high. 

Change of RM with the biasing currents is much more than with the length of liquids. On the 

other hand, the dominance of RM and RNaOH in the total resistance varies as the biasing current 

changes. Actuated by a higher current (e.g., 100 μA) when LM withdraws more quickly (24 

mm/s), RNaOH is comparable to RM; but, when velocity of EGaIn is much lower (3 mm/s) driven 

by a smaller current (10 μA), RM is significantly larger, approximately tenfold of RNaOH. This 

implies RM is first a function of the velocity of LM dictated by the biasing current but is slightly 

affected by the length of liquids in the LM system. Furthermore, as demonstrated in section 

3.3.2, the LM velocity is dictated by the biasing current, which implies RM is mostly a function 

of the biasing currents. 

Table 3-3 Resistance variance in the withdrawal process when NaOH electrolyte is elongated. 

Length of 
NaOH in mm RNaOH , 104 Ω RM , 104 Ω 

10  μA 50 μA 100 μA 
20 0.796 12.5 2.51 1.35 
25 0.995 12.5 2.63 1.50 
30 1.19 12.6 2.81 1.63 
35 1.39 12.6 2.84 1.77 
40 1.59 12.7 2.97 1.90 
45 1.79 12.7 3.09 2.09 
50 1.99 12.8 3.13 2.19 
55 2.19 12.8 3.28 2.22 
60 2.39 12.9 3.42 2.64 
65 2.59 12.9 3.62 2.77 
70 2.79 12.9 3.76 2.87 
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In this case, it’s challenging to build a function of RM based on the limited measurement 

data currently available. As discussed in this section, RM is dependent on two factors: the 

electrochemical reaction and the microfluidic behavior of LM. However, the theoretical 

constraints on describing these two factors limit the analysis of RM and thus developing an 

analytic model of the resistance. Yet, the discussion in this section gives some insight into an 

electrical model that conceptually illustrates the resistance for LM biasing conditions. A 

theoretical analysis of this model that relates the biasing conditions to the microfluidic behavior 

of LM deserves further investigation but is beyond the scope of this research. 

3.3.4 Programmable Frequency Control  

Previous investigations about the antenna characteristics and biasing conditions for the ECC 

LM involve a manual control of the biasing and tuning of ECC LM. The manual control 

possibly increases the risk of operation mistakes and conflicts with the increasing demands of 

fast response for reconfigurable antennas switching to different operation states in response to 

changes in ambient wireless communication or system requirements. Development of 

cognitive radio requires reconfigurable antennas being able to tune operation modes 

dynamically and quickly in a programmable manner. This necessitates a control network 

consisting of a control platform and states selection process capable of steering a 

reconfigurable antenna to an on-demand state. 

The state selection process selects the desired antenna state from various reconfiguration 

states based on a known antenna behavioral model or feedback control. This selection process, 

combined with some hardware platforms including Field Programmable Gate Arrays (FPGAs) 
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[31], Microcontrollers [32] or Arduino boards [40], transforms a reconfigurable antenna into a 

software-controlled antenna. The applications of this antenna type extend to remote and 

autonomous wireless communication or sensing. 

Most software control of reconfigurable antennas is achieved by using electrical switching, 

especially given dozens of switch components in the antenna system. The electrical switches 

have already-known behavior (impedance or capacitance) corresponding to different 

actuations (voltage or current). For example, adjusting the biasing voltage applied to a varactor 

tunes the capacitance to the desired value. This action of switching is attained instantly within 

nanoseconds, or a little slower in microseconds for MEMS switches. However, this is not the 

case for LM-based antennas. Tuning the LM to an on-demand state, such as a frequency in the 

ECC LM monopole, relies on the flow of LM over a distance. This always requires applying a 

biasing current (voltage) of LM to sustain the differential surface tension over the period of 

movement of LM. Actually, this tuning of LM is a result of the accumulation of the applied 

biasing over a period. Yet, the software control of LM-based antennas is lacking.  

For the ECC LM antenna developed in this dissertation, a software control of the antenna 

frequency is possible, which is enabled by electrically tuning LM. In this case, the applied 

potential on EGaIn can be controlled and adjusted through a software interface, though this 

software control is challenging to realize through the pneumatic actuation of EGaIn. The 

perfect method to automatically and electrically tune LM is based on a behavioral model; 

however, facing the theoretical challenge to construct such a model as discussed in section 

3.3.3, we use a feedback-based loop control to dynamically tune the applied potential and thus 

the operation frequency.  
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 This programmable frequency control of the LM monopole tunes the antenna to an on-

demand operation frequency by adjusting the biasing actuation based on a feedback 

measurement of the current frequency. In the implementation, LabVIEW is chosen as the 

software platform due to its user-friendly interface and high compatibility with hundreds of 

instruments. To facilitate the LabVIEW control of the antenna, the VNA (Agilent E5071C) 

monitors the antenna’s reflection coefficient over the band of interest and an NI analog output 

(NI 9263) provides a voltage between the upper and lower reservoir. A hardware 

implementation of this tunable system is shown in Figure 3.13. The DC current is combined 

with the RF signal through a bias tee within the VNA, and an inductor chokes off the RF signal 

from the bias lines at the upper reservoir. The control signals are transferred through General 

 
Figure 3.13 ECC LM monopole – automatic control 
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Purpose Interface Bus (GPIB) cable. The NI analog output here can achieve a 100 

kiloSamples/second/channel output data rate and responds quickly to the stimulation. 

Figure 3.14 displays the LabVIEW control algorithm. The algorithm is a closed feedback 

loop that monitors the difference between the desired (𝑓𝑓𝑑𝑑) and measured operating frequencies 

(𝑓𝑓m), i.e., 𝑓𝑓diff = 𝑓𝑓d − 𝑓𝑓m. The VNA provides a search function to track the minimum |𝑆𝑆11| value 

(𝑓𝑓m) in real time, and the search is restricted to the lower end of the expected frequency 

spectrum to avoid harmonics of the fundamental resonance (e.g., the third order harmonic at 

three times the fundamental). The loop is repeated approximately every 900 microseconds until 

the |𝑆𝑆11| minimum reaches the desired frequency 𝑓𝑓𝑑𝑑. In the control process, the voltage tuning 

greatly affects the switching speed of LM. 

A Proportion Integration Differentiation (PID) control of the voltage is chosen to calculate the 

voltage based on the frequency difference in the control process [74]. The PID controller 

adjusts the voltage automatically based on a calculation accounting for the past, present, and 

possible future trends of the frequency difference and corresponds to the stimulation quickly. 

NO

YES

NO

Apply holding voltage 
to stabilize EGaIn

Specify desired 
resonance frequency fd

fdiff = fd- fm

|fdiff| ≤ 0.05GHz
?

fdiff ＜ -0.05GHz
?

Apply 
positive bias   

Apply 
negative bias

REPEAT 
(900 msec interval)

Measure fm

YES

 

Figure 3.14 The LabVIEW algorithm for frequency control. 
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This ensures the desired frequency can be reached in a minimum time and generally is not 

overshot.  

In the control process, when the frequency difference is negative, 𝑓𝑓diff < −0.05 GHz, a 

longer length of the EGaIn is needed to lower the operating frequency. In this case, the analog 

output provides a large positive voltage to reduce the surface tension of the EGaIn and inject 

it into the capillary. When the measured frequency is too low, 𝑓𝑓diff > 0.05 GHz, polarity of the 

applied voltage is reversed and set to be a small range (0 to 1.5 V) to remove the oxide layer 

on the EGaIn. The removal of the oxide increases the surface tension and causes the EGaIn 

filament to withdraw to a shorter length. Finally, when |𝑓𝑓𝑑𝑑iff|≤0.05 GHz, the antenna’s 

operating frequency is close to the desired frequency, and a holding voltage (1.5 to 2.5 V) 

stabilizes the EGaIn in the channel by balancing the electrochemical oxidation caused by the 

applied voltage and the dissolution of the oxide caused by the NaOH. 

As a proof-of-concept, an antenna was set up with the hardware connection shown in Figure 

3.15 and sequentially tuned to several different frequencies shown in Figure 3.16. In the initial 

state, the antenna’s operating frequency was close to 800 MHz. First, a target frequency of 1.2 

GHz was set; the algorithm calculated a positive voltage to withdraw the EGaIn and iterated 

until converging to the goal. After being held stable for a few seconds, the program was 

instructed to tune the antenna to 1.7 GHz. After again reaching this goal and holding stable, it 

was set to 1.4 GHz. A negative injection voltage up to −8 V is demanded from the algorithm 

and EGaIn was injected into the capillarity as indicated by the measured frequency until 

reaching the length and exciting a 1.4 GHz resonance. Figure 3.16 shows the minimum |𝑆𝑆11| 

frequency tracked and applied voltage during the experiment. 
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Figure 3.15 Photograph of the actual instrumentation control. 
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Figure 3.16 Frequency marching versus applied voltage and time. 
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The EGaIn was first withdrawn, increasing the resonant frequency over time, and then when a 

lower operating frequency was programmed, the EGaIn was injected back into the channel to 

raise the frequency. The deviations between the target and converged frequencies were within 

50 MHz, the programmed tolerance of the current system. In this test, a frequency swing 

occurred after the goal 1.7 GHz and 1.4 GHz was reached, due to the imperfect holding 

function set within the control process. 

This feedback-based programmable frequency control indicates the potential application of 

ECC LM in remote and autonomous communications. However, using a bulky VNA to provide 

feedback impedance information makes the hardware implementation costly and thusly is not 

feasible in practical applications. An alternative method to avoid bulky VNA for feedback 

control can borrow the idea of closed loop aperture tuning to compensate for antenna resonance 

changes created by loading effects in commercial mobile phones in Figure 3.17 [75]. A 

compact ECC LM closed loop tuning of frequency response can be modified from an aperture 

tuned antenna. 

RF System
Front End

Dual Directional Coupler

Fixed Match

Tuner

❶ Antenna resonance changes 
triggered by an event or service

❷ Dual directional coupler is used to 
monitor the change in reflection coefficient

❸ Tuner is used to change 
the antenna resonant 

frequency back to where it 
should be for optimum 
frequency performance

 IN OUT

Forward
Reflected

Control signal

DC biasing

ECC LM antenna 
system

replace

 

Figure 3.17 Closed loop tuning block diagram using an Aperture Tuned Antenna [75]. 
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An antenna tuner dynamically transforms the impedance at an antenna port to a radio 

impedance (typically a 50 Ohms impedance) to maximize the RF output from the radio. The 

loading effects from hands or head and a triggering event might occur to change the antenna’s 

resonant frequency. The change in reflection coefficient is monitored by a dual directional 

coupler, triggering the tuner (comprised a network of capacitors or transformers) for presenting 

a reactance to compensate for the loading effects. This procedure of antenna tuning is iterated 

until a minimum reflection coefficient, up to the design limit of the tuner to convert the antenna 

impedance back to 50 Ohms, is reached at the desired resonance [75]. The four algorithms 

used for closed loop tuning involve monitoring only magnitude or both magnitude and phase 

of the reflection coefficient to tune the antenna resonance [75]. 

Borrowing the idea in [75], a scalar technique that monitors only the magnitude of reflected 

power can be used to tune the ECC LM monopole to the desired frequency. In Figure 3.17, the 

ECC LM antenna system with a DC biasing replaces the antenna system with tuner. A simple 

directional coupler isolates the reflected power from the forward power. Once a new resonance 

is triggered, the magnitude of the reflection power at this resonance is measured and monitored. 

The algorithm starts adjusting the DC biasing that alternately increases or decreases the biasing 

voltage or current, causing the LM to elongate or withdraw (depending on chosen polarity) in 

response to the change in DC biasing, resulting in a shifting reflection coefficient. A negative 

or positive slope of the reflection coefficient curve versus biasing is determined after several 

measurements. Then the algorithm tunes the DC biasing in the direction that lowers the 

reflected power and repeats measurements. This procedure ensures that the antenna is tuned 

always toward the lowest possible reflected power until the lowest reflection coefficient is 
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reached. Compared to the feedback control using VNA, this closed-loop control involves low-

profile devices, although a commercial directional coupler covering the frequency range of the 

ECC LM monopole still has a length of 20 cm [76].  

To reduce the hardware design cost and avoid a complex feedback control, an LM 

behavioral model is also useful to help construct a programmable control system. This type of 

behavioral model should predict the switching speed-current correlation during the 

withdrawal, injection and stationary states. Though an interesting area of investigation, this 

type of model is beyond the scope of this dissertation. 

In this section, we have developed an autonomous frequency control of the ECC LM 

monopole in principle. However, in this demonstration, the feedback control necessitates a 

fairly complex and expensive way to monitor the reflection coefficient and tune it to the desired 

state, which is economically and physically unrealistic. To transform this feedback control into 

a practically achievable control in a mobile device, compact and low-profile devices, rather 

than the VNA in this demonstration, should be chosen to monitor the reflection coefficient for 

feedback. Compared to the tuning speed of electrical or optical switches, the convergence of 

electrochemical tuning of LM is quite slow on the order of seconds. Tuning of the LM is 

inherently limited by the slower mechanical switching than electronic switching. In terms of 

the tuning speed, the ECC LM tuning is inferior to electrical switching but allows the antenna 

to tune its fundamental resonance frequency over an unusually wide range.  
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3.4 Discussion and Potential Application 

This chapter presents the first developed instance of using electrochemically controlled 

capillarity LM in the design of reconfigurable antennas. This novel approach for 

reconfiguration reshapes the EGaIn by reducing or depositing the oxide skin on the surface of 

the metal to tune the surface tension and induce motion without mechanical pumps. Because a 

continuous path for fluid flow is not necessary, this electrical actuation approach enables new 

topologies that are not possible with a pumped system, such as direct feeding of the radiating 

element. For EGaIn monopoles with lengths between 75 mm and 4 mm, the measured 

resonance frequency tunes from 0.66 GHz to 3.4 GHz for a tuning ratio to 5.2:1, which is 

beyond the ratio obtained by switch or varactor-based antennas. Furthermore, the measured 

total efficiency ranges from 41% to 70%, which, while lower than a conventional monopole, 

presents a tradeoff between efficiency and versatility that is evident in most tunable systems. 

The slow switching speed on the order of seconds represents an area requiring further 

improvement. 

A summary of the electrical properties for the ECC LM antenna compared with those of 

other common reconfiguration techniques is presented in Table 3-4. Among all kinds of DC-

biased reconfigurable antennas, the ECC LM antenna requires a moderate voltage of 1–7.5 V 

and a lesser DC power on the scale of μW. A total loss of 1–3 dB introduced from the lossy 

electrolyte is larger than other techniques. Inherently limited by the physical movement of LM 

the ECC LM monopole responds to the actuation on a scale at least six orders lower than 
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electrical switching. However, the ECC LM monopole has a prominent advantage in delivering 

a wide continuous frequency range of 5.2:1.  

In terms of the device reliability and repeatability, electrical switches can repeatedly work 

during millions of cycles, although solid state switches exhibit a longer lifetime than their RF 

MEMS counterparts. For ECC LM, the experiments reported here have not exhausted the LM 

under an electrical biasing to determine its repeatability, but multiple times of experiments are 

repeated in [59] that present same liquid metal behavior. We assume the ECC LM is expected 

to switch within at least of tens of cycles because the electrochemical reaction is reversible and 

does not bring in wear and tear to the devices under normal operating conditions.  

Table 3-4 Comparison of the electrical properties of reconfigurable antennas using different 

techniques [20]. 

Electrical 
Property ECC RF 

MEMS 
PIN 
Diode 

Optical 
Switch Varactor 

DC Voltage 
(V) 

1–7.5 20–100 3–5 1.8–1.9 0–20 

DC Current 
(mA) 

10–100 μA ~ 0 3–20 0–87 ~20 

Power 
Consumptiona 
 (mW) 

0.01–0.3 0.05–0.1 5–100 0–50 ~40 

Switching 
Speed 

seconds 1–200 μs 1–100 ns 3–9 ns ns 

Insertion loss 
(dB) 

1–3 (total loss) 0.05–0.2 0.3–1.2 0.5–1.5 0.3–1 

Tuning Type Wide continuous 
5.2:1 Discrete Discrete Discrete Narrow Continuous 

2.7:1 
a The DC power level required to actuate the reconfigurable elements at the switching instants 

[77]. 
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Compared with electrical switching, tuning of ECC LM is much slower (on the order of 

seconds) because of the electrochemical reaction used to actuate LM and the physical 

movement of LM for displacement. First, LM is actuated by electrochemical reaction, the rate 

of which depends on chemical reactions removing or depositing the surface metal oxide. The 

chemical reactions are affected by many limiting factors, including temperature, pressure, 

nature of reactants, etc. Secondly, displacement of LM relies on the physical movement of LM 

section over a distance of centimeters driven by a differential tension. The flow of LM in nature 

is limited by its liquid behavior (e.g., viscosity, density, and compressibility) [78], the speed 

of which is significantly lower than the movement of electrons in semiconductor channels of 

only tens of nanometers. 

Despite the above limitations, the ECC LM antenna provides a larger frequency tuning 

range from 0.66 GHz to 3.4 GHz. A potential application for this kind of antenna is in the 

communication of mobile or handheld devices. For example, current mobile phones work at 

multiple frequencies ranging from 700 MHz to 2400 MHz that cover different communication 

modes; this range can be achieved by our ECC LM monopole antenna. However, the current 

format of ECC LM monopole is difficult to fit into a mobile phone because of the limited space 

allocated to antennas in these devices and packaging difficulties resulting from integrating the 

liquid system into mobile phones.  

A typical mobile phone, such as iPhone 6 or Samsung galaxy G902T, has a dimension of 

approximately 140 mm (length) by 70 mm (width) by 7 mm (thickness), and these dimensions 

are decreasing with new generations of mobile phones. Our current ECC LM monopole 

occupies a space of 150 mm by 150 mm by 100 mm, which includes a copper ground of 150 
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mm by 150 mm and a vertical monopole with a height of approximately 100 mm. The space 

challenge can be overcome by folding the vertical monopole into a classical inverted L or F 

wire antenna as evolved in [79]. A more compact design that can be easily integrated with 

mobile phone circuit board is in Figure 3.18, where the radiating stubs are printed on a coplanar 

board with the ground. Replacing the radiating stubs in Figure 3.18 with ECC LM arm would 

allow the antenna to be tuned over a frequency range by electrically tuning length (Ltune) of the 

LM arm to deliver a tunable frequency. But, differing from the LM monopole, the operating 

frequency of PIFA is determined by more than just the radiating stub length. The distance 

between the feed and short-circuit (D) and length of a short circuit (L) also account for the 

electrical length at resonance. This implies tuning Ltune changes only a portion of the quarter 

wavelength. In this case, the attainable frequency tuning range is lesser than the range of 

vertical ECC LM monopole. 

EGaIn stub

Coplanar ground

Electrolyte

Substrate

Ltune

RF+DC

Short circuit
D

L

 

Figure 3.18 A possible inverted-F antenna using ECC LM. 
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Additionally, fitting the ECC LM antenna system into mobile or handheld devices faces several 

challenges from packaging and connection issues. First, EGaIn and the electrolyte must be 

packaged and sealed within closed microfluidic environments preventing liquids from leaking 

and thereby degrading the device’s performance. At the same time, the electrolyte needs 

periodic refilling for constructing a biasing loop. This requires a closed LM system that leaves 

a small opening for replenishing electrolyte. Second, the LM system cannot be vertically 

placed due to the potential for gravitational force inducing an uncontrollable motion of LM, 

restricting its utilization in movable and vertical devices. A third challenge comes from the 

connection between liquids and rigid electronic components. Limited by the liquid property, 

it’s impossible to solder or use screws to connect materials with different states, thus 

decreasing the device’s reliability. Overall, the liquids, mostly from the electrolyte, result in 

the above design constraints.   

3.5 Summary 

This chapter introduces the electrochemically controlled capillarity mechanism and its first 

application in reconfigurable antennas. Compared to conventional reconfiguration techniques, 

the ECC LM monopole delivers a larger frequency tuning range of 5.2:1 from 0.66 GHz to 3.4 

GHz that covers most frequency modes of mobile phones. The frequency response and biasing 

conditions for the ECC LM monopole are characterized and analyzed, revealing the tradeoff 

between biasing conditions (switching speed, DC power) and antenna efficiency associated 

with electrolyte concentration and biasing current. It’s shown that a larger biasing current 

induces a faster tuning of LM but consumes more power than a smaller current. Meanwhile, a 
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less concentrated electrolyte introduces fewer losses but necessitates a larger amount of power 

to drive a comparable speed of LM that is induced by a more concentrated electrolyte. This 

tradeoff investigation provides some insight into the factors that usually determine tuning and 

antenna performance of ECC LM antennas. Also, a conceptual electrical model describing the 

resistance in the withdrawal process of LM is discussed. The demonstration of a programmable 

frequency control for the ECC LM antenna indicates that this kind of electrically tuned antenna 

can be potentially used in remote and automatic communications. However, further, 

improvement is required to reduce the hardware involvement in the feedback system. 

Generally, the ECC LM antenna shows its potential in applications necessitating a wide tunable 

frequency band, but challenges from packaging and interconnection in practical situations 

discussed in section 3.4 must be solved first. 

Moreover, the reconfiguration techniques listed in Table 3-4 focus on active devices 

necessitating a DC biasing during the operation. Concern about linearity and power handling 

properties arise when semiconductor devices are applied. The nonlinear I-V characteristics of 

semiconductors would distort desired signals and deteriorate the SNR especially when the 

transmitted power is very high. The ECC LM antenna developed in this chapter can potentially 

handle a higher transmitted RF power in a linear manner, but no analyses or experiments that 

quantify these two capabilities have been performed yet. In the following chapter, the linearity 

and power property of an LM antenna will be characterized and compared with antenna using 

conventional reconfiguration techniques.  
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Electrochemically controlled capillarity are recent advances in controlling the flow of LM 

(LM) [52], as demonstrated in previous chapters. Its ability to control the shape of the 

conductor provides unique capabilities for reconfigurable electronic devices, including 

antennas, switches, frequency selective surfaces, and sensors [56, 57, 69, 80-83]. Particularly, 

the LM can be controlled pneumatical with pumps or syringes, electrochemically via 

continuous electrowetting [54] or with electrochemically controlled capillarity (ECC) [69, 82]. 

Compared to semiconductor-based reconfiguration, a reconfigurable device using LM as the 

variable element can produce a broader range of frequency or pattern configurations. But, the 

LM-based antennas are inferior to switching-based antennas in terms of the tuning speed and 

insertion loss.  

As discussed at the end of Chapter 3, there has not been an analysis of the linearity and RF 

power handling property for the newly developed ECC LM antennas. It is generally expected 

that LM-based devices are highly linear and capable of handling higher power because these 

devices rely on the large-scale motion of relatively linear conductive materials rather than 

electronic changes in a semiconductor. Demonstration of LM devices, such as reconfigurable 

Chapter 4 Linearity and Power 
Characterization for the 
Reconfigurable Antennas 
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frequency selective surface and monopole [57, 84], shows that these LM devices are capable 

to handle a power up to 15 W, much higher than semiconductor-based devices. 

  However, a detailed investigation of the linear performance and RF power handling 

property of ECC LM devices within the context of reconfigurable antennas is lacking [69]. 

Therefore, this chapter aims at determining the linearity and RF power handling property of 

the ECC LM antenna and compares it with passive and active antennas in terms of these two 

properties. Furthermore, this chapter investigates how changing the varactor location on the 

antenna can influence the antenna’s tuning range and linearity. 

4.1 Potential Sources of Nonlinearity 

Active antennas integrated with semiconductor devices can adjust the lumped loading 

impedance between different conducting segments, providing reconfigurable frequencies, 

radiation patterns, or polarizations [6]. However, antennas tuned by active devices produce 

significant intermodulation distortion (IMD) products due to the nonlinear I-V characteristics 

of the switching components [23, 24]. IMD product is the signal containing the mixing of two 

carrier frequencies (f1 and f2, f1 ≠ f2) caused by the nonlinear behavior of the system or device 

[85]. More specifically, the third-order intermodulation (IM3) (2f1 − f2, or 2f2 − f1) product is 

so close to the fundamental frequencies as illustrated in Figure 4.1 that it’s difficult to filter out 

and interferes with adjacent channel signals in multichannel communications. A mathematical 

view of the cause of IM3 is given below. Supposing that a two-tone signal, frequencies f1 and 

f2, with same magnitude Vi is input into a nonlinear device, the input signal is  
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The output of this nonlinear device can be expressed using a Taylor expansion below 

where 𝑎𝑎𝑖𝑖, i =1, 2, 3,…are the coefficients for this expansion. Substitute the input signal 𝑣𝑣𝑖𝑖(𝑡𝑡) 

into (4.2), the output signal is a sum of the DC component, fundamental tones, harmonics and 

intermodulation products [85]. The harmonics can be filtered out by bandpass or low pass 

filters. However, the IM3 products, f3=2 f1- f2 and f4=2 f2- f1, are within the passband if f1 and 

f2 are close. The output that contains the two fundamental tones and IM3 products is 

where the component for the fundamental tones and IM3 products are 

Then the power level of the IM3 tones is third power of the input fundamental tones. Reflected 

in a logarithmic scale, it’s expected that the IM3 increases with a slope of 3 dB/dB versus the 

power of input tones. 

𝑣𝑣𝑖𝑖(𝑡𝑡) =  𝑉𝑉𝑖𝑖 [cos(2𝜋𝜋𝑓𝑓1𝑡𝑡) + cos(2𝜋𝜋𝑓𝑓2𝑡𝑡)]   (4.1) 

𝑣𝑣o(𝑡𝑡) =  𝑎𝑎0 + 𝑎𝑎1𝑣𝑣𝑖𝑖(𝑡𝑡) + 𝑎𝑎2𝑣𝑣𝑖𝑖2(𝑡𝑡) + 𝑎𝑎3𝑣𝑣𝑖𝑖3(𝑡𝑡) + ⋯  (4.2) 

𝑣𝑣o(𝑡𝑡) = 𝑉𝑉o,1cos(2𝜋𝜋𝑓𝑓1𝑡𝑡) + 𝑉𝑉o,2cos(2𝜋𝜋𝑓𝑓2𝑡𝑡) + 𝑉𝑉o,3cos(2𝜋𝜋𝑓𝑓3𝑡𝑡) + 𝑉𝑉o,4cos(2𝜋𝜋𝑓𝑓4𝑡𝑡) (4.3) 

𝑉𝑉o,1 = 𝑉𝑉o,2 = 𝑎𝑎1𝑉𝑉𝑖𝑖 + 3
4
𝑎𝑎3𝑉𝑉𝑖𝑖3,𝑉𝑉o,3 =  𝑉𝑉o,4 = 3

4
𝑎𝑎3𝑉𝑉𝑖𝑖3    (4.4) 

f1 f2

f3 f4

frequency

am
pl

itu
de

 

Figure 4.1 Illustration of the output spectrum of a nonlinear device with a two-tone input. 
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As transmitted power levels increase, undesirable harmonics, particularly IM3, generate and 

obscure desirable signals within the passband. Many practical scenarios require non-linear 

distortion to be tightly controlled. For example, cellular base stations must be highly linear, 

and a common figure for passable IMD levels is −97 dBm, which is −140 dBc [86]. In general, 

antennas with active devices cannot meet these requirements and are therefore limited in their 

applicability to many transmission scenarios. 

Passive antennas can also generate non-linear distortion, and this phenomenon is called 

passive intermodulation distortion (PIM) [87]. Like many passive antennas, a passive antenna 

made from LM has no obvious nonlinear mechanism, such as a semiconductor junction. The 

origins of PIM have been studied for decades, and though a comprehensive theoretical 

understanding of all sources of PIM does not exist, some types of PIM are well understood. 

One source of PIM is attributed to electro-thermal effects in which large signals modulate the 

resistance of a conductor due to heating, and the time-varying thermal resistance produces 

intermodulation distortion [88]. PIM can also be caused by the hysteretic nature of ferrite 

materials and at junctions of dissimilar metals and metal-oxide-metal junctions [89]. Therefore, 

sensitive RF designs avoid some conductors, such as steel and aluminum due to their proclivity 

to oxidization. The interface geometry is also important; large contact area, rather than point 

contact, is preferred to reduce the concentration of current [89].  

The ECC LM antenna developed in this research is expected to be more linear than antennas 

tuned by semiconductor junctions. However, there are several potential mechanisms through 

which PIM can be generated: 
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• EGaIn has a conductivity of 3.4×106 S/m, which is one order lower than that of copper 

(58.5×106 S/m), and might lead to increased signal distortion from electro-thermal effects.  

• The surface of the EGaIn has an oxide skin (1 nm thickness [18]) that facilitates reshaping 

of the metal under different biasing conditions [18, 69] but may also introduce a junction 

effect.   

• The connection between EGaIn and solid conductors is floating, which introduces 

potential nonlinear distortion through small changes in the contact geometry over time.  

• In the case of the electrochemically reconfigurable EGaIn antenna, a DC bias is 

superimposed on the RF signal at the interface between the EGaIn and an electrolyte. 

While the DC bias is necessary to maintain the EGaIn at a prescribed physical length, the 

modulated RF signal superimposed on it may lead to a self-biasing effect that modulates 

the antenna’s length and impedance and causes distortion.  

To determine which of the above effects contribute to the potential distortion of the LM devices, 

three types of antennas will be compared, including a passive copper monopole, a passive LM 

monopole, and an ECC LM monopole. A copper monopole, as a baseline antenna, is welded 

and does not have a surface oxide. Comparison of the linearity between the copper monopole 

and passive LM monopole will determine whether the first three effects, listed above about 

LM, generate distortion, while the effect from self-biasing on distortion is defined by 

comparing the passive LM and ECC LM antennas. The ECC LM monopole delivers a larger 

frequency tuning range than varactor-based antennas as demonstrated in Chapter 3. Although 

it’s expected the ECC LM behaves more linearly than varactor antennas, there has not been 
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quantitative comparisons of these two continuously tuned antennas in terms of the linearity 

and RF power handling capability. The current research will conduct several experiments to 

quantify the relative linearity and power handling property of the EGaIn monopoles and 

compare these properties to three other monopoles made using the more conventional material. 

4.2 Measurement Setup and Results 

Device linearity is typically characterized by a two-tone transmission test in which small third-

order IMD must be measured in the presence of the two large excitation tones.  For example, 

IMD as small as 90 dB below the carrier signals can interrupt communications in carrier 

aggregation systems. Detecting such small signals is challenging and requires a specialized 

measurement system with high dynamic range.  This is particularly true for the characterization 

of the EGaIn antennas because their IMD levels are expected to be very low, approaching the 

levels of passive intermodulation distortion in conventional passive antennas made from 

copper. The following section details the measurement setup for characterization of the 

antennas and measured results. 

4.2.1 Setup 

Although a transmission test is often used in experiments to measure IM3 generated by a two-

port microwave device, measurements of the IM transmitted by an antenna are complicated by 

path loss, antenna directionality, multipath, and the linearity and frequency sensitivity of the 

receiving antenna. An alternative method for characterizing antenna PIM measures the 

reflected PIM using the system shown in Figure 4.2 where the device under test (DUT) is the 
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antenna. This measurement system uses a dual analog canceler to reduce the magnitude of the 

stimulus tones at the point of measurement, allowing it to measure a very low reflected IM3 

level [87, 90, 91]. 

To realize the canceler, each input signal is split into a stimulus path to the DUT and a 

feedforward path. The feedforward path generates an antiphase version of the original 

continuous wave (CW) signal with phase and magnitude shifted using vector modulators. This 

cancellation signal cancels the stimulus signal reflected from the DUT. The distorted signal 

with greatly suppressed stimulus tones generated by the DUT is transmitted to the spectrum 

analyzer for measurement. The overall intermodulation dynamic range of the PIM 

measurement system for reflection measurements is 120 dB for tone separation as little as 10 

Hz [90]. The directional coupler before the DUT adds 20 dB loss to the measured reflected 

powers and 8 dB losses from the cables and other devices on the reflection path. 
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Figure 4.2 The analog canceller system with two channels [90]. 
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As discussed in the beginning of this chapter, four kinds of monopoles are characterized: a 

passive copper monopole, a varactor-tuned copper monopole, an active ECC LM monopole, 

and a passive LM monopole. Geometries of the two active monopoles (varactor-tuned and 

ECC monopoles) are shown in Figure 4.3. The copper and passive EGaIn monopoles are not 

explicitly shown, but their geometries are a simpler derivative of those shown in Figure 4.3. 

The baseline sample is a copper monopole (70 mm length, 1 mm wire diameter) vertically 

mounted on a ground plane.  Next, a varactor-tuned monopole mechanically milled on a Rogers 

RO3035 board is constructed by placing a varactor diode (SMV2020, Skyworks) at a position 

10 mm (to leave a space for soldering) from the ground plane of the wire monopole. A conical 

inductor (BCL-802JL, Coilcraft) is placed at the end of the monopole to block the RF current. 

 

Figure 4.3 Geometry of the EGaIn monopole and varactor monopoles (not to scale). The 

inductor is an RF block. 
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The diodes have a tunable capacitance from 0.35 pF (biasing voltage Vb = 20 V) to 3.2 pF (Vb 

= 0 V). This particular varactor is chosen because it has a relatively large capacitance tuning 

ratio (9:1), a lower grading coefficient M and a higher quality factor Q of approximately 500. 

These features allow this varactor to maintain the low loss and produce a continuous tuning 

range that is as wide as possible for reasonable comparison to the ECC monopole. The active 

ECC EGaIn monopole is prepared as shown in Figure 4.3 [69] where injection/withdrawal of 

EGaIn in the capillary is controlled by the polarity and magnitude of an applied DC voltage, 

and a biasing network is used, similar to the varactor-tuned monopole. Finally, a passive EGaIn 

monopole with a fixed frequency is similar to the ECC monopole in Figure 4.3 but lacking the 

DC biasing network and electrolyte. 

4.2.2 Comparison and Analysis of the Nonlinearities of Different 
Monopoles  

For the reflected intermodulation distortion measurements, each antenna is tuned to 960 MHz 

as shown in Figure 4.4. Specifically, the varactor-tuned monopole is biased at 6.2 V, and the 

ECC monopole is held stable with 1.1 V applied.  Although the varactor-tuned antenna and the 

ECC LM monopole are both tunable by adjusting this bias, the ECC LM monopole has a much 

wider tuning range from 0.66 GHz to 3.4 GHz. The varactor-based monopole can only be 

matched from 0.80 GHz to 1.2 GHz. The copper and passive EGaIn monopoles are simple 

vertical monopoles without matching and indicated slightly higher mismatch than the tuned 

ECC LM and varactor-based monopole. The loss in the electrolyte and varactor adds 

resistance, which improves the impedance matching of the ECC LM monopole and varactor-
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tuned monopole. The small absolute difference in reflected power has a negligible impact on 

the distortion measured on reflection. 

The passive copper monopole is expected to exhibit the lowest distortion of the four samples, 

serving as a baseline for high linearity. Although no particular steps were taken to minimize 

passive intermodulation (e.g., use of silver-plated connectors and traces), the copper monopole 

is entirely passive and has high electrical and thermal conductivity. In contrast to the passive 

copper monopole, the varactor-tuned monopole is expected to generate significant distortion, 

serving as a measure of a highly nonlinear device. Many investigations have shown that 

incorporating semiconductors (e.g. varactor or PIN diodes) into antennas results in poor 

linearity [23, 24].  

The LM antennas are expected to exhibit IM3 levels falling between those of the passive 

copper monopole and varactor-tuned monopole, but their relative and absolute linearity are not 

known. Because the oxide skin is present in both the passive EGaIn monopole and the ECC 

 

Figure 4.4 Measured reflection coefficients of the four antenna configurations. 
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LM monopole, the relative IM3 levels between these two cases may indicate whether the oxide 

skin plays a significant role in IMD generation, or whether the electrolyte or self-biasing effects 

in the ECC EGaIn monopole result in higher levels of IM3 compared to the passive EGaIn 

monopole. 

Figure 4.5 shows the reflected power in the primary tones and the upper and lower IM3 (f1 

= 960 MHz, f2 = 961 MHz) of the four samples with input power swept from 0 dBm to 33 

dBm. These values represent the raw reflected power measurements, and the reflection path 

loss of 28 dB is not compensated. The two passive antennas (copper monopole and passive 

LM monopole) produce an asymmetry between upper and lower IM3 with a 10 dB and 6 dB 

difference respectively possibly due to multiple physical mechanisms currently unknown. For 

the two passive monopoles, the reflected IM3 is below the noise floor when the input power is 

lower than 20 dBm in Figure 4.5. When the input power is above 22 dBm, the IM3 products 

generated from the copper and LM monopoles begin to rise with input power. Their reflected 

IM3 is around 115 dB below the input tone power for the copper and passive LM monopoles 

at 33 dBm input power. The similar IM3 levels for the passive LM and copper monopoles 

indicates that using the EGaIn antenna in a passive configuration results in a linearity 

comparable to a conventional antenna made from copper, despite the oxide skin present on the 

LM surface, its lower metallic conductivity and unfixed connection between liquid and wire. 

For the two tunable monopoles, the IM3 level for the ECC LM monopole is significantly 

lower by at least 40 dB than that produced by a varactor-tuned monopole at a moderate input 

power level of 20 dBm. In fact, the varactor-tuned monopole produces measurable distortion 

when the input power is as low as 0 dBm. In contrast, the ECC LM monopole’s IM3 is only 
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measurable when the input power is above 20 dBm. The upper limit on the power handling of 

the varactor-tuned monopole is around 24 dBm, above which the varactor sustains physical 

damage. On the other hand, the active ECC LM monopole does generate slightly higher IM3 

than the passive LM monopole, indicating that self-biasing of the EGaIn-electrolyte interface 

may modulate the antenna’s length and impedance. 

 

Figure 4.5 Measured reflected IM3 level of the copper, varactor, ECC LM and passive LM 

monopoles at a frequency spacing Δf = 1 MHz, where f1 = 960 MHz and f2 = 961 MHz. (---) 

960 MHz reflected tone power, (──) 961 MHz reflected tone power, (  ) reflected lower 

IM3 power, ( ) reflected upper IM3 power, (─ ─) represents the noise floor. 
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The IM3 of the two passive monopoles rise with a slope range of 1─2 dB/dB, while the ECC 

LM monopole increases on a 2:1 dB/dB slope before its failure at 31 dBm. The regrowth rates 

of IM3 for the passive copper and LM monopoles are lower than an expected 3dB/dB slope 

for the IM3 product. The IM3 of varactor-tuned monopole increases on an approximate 2.7 

dB/dB slope before an input power of 11 dBm, while the slope of IM3 tends to rise with 

increasing input power beyond 13 dBm. Overall, the IM3 regrowth slope of the varactor 

monopole is approximately 3 dB/dB approaching the theoretical expectation. A similar 

phenomenon of this decreasing or increasing regrowth rate of IM3 has been explained through 

a simplified circuit model as shown in Figure 4.6. RNL and RL represent the nonlinear resistor 

and load resistor respectively in a system [92]. The IM3 product with a 3dB/dB slope is usually 

expected if RNL and RL are constant with increasing voltage or power. However, the slope of 

IM3 changes if RNL varies with increasing voltage. Physically, RNL might increase due to Joule 

heating at metal-metal contacts or decrease due to unsoldered metal contact [92]. The change 

of RNL/ RL results in an increase or drop in the proportion of total power over RNL. Therefore, 

the regrowth rate of the IM3 product versus input power increases or drops.  
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Figure 4.6 A simplified circuit model, consisting of a nonlinear resistor (the SMA connector) 

in series with a load resistor [92]. 
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Compared to the varactor-tuned monopole, the ECC LM monopole can handle a 7 dB higher 

input power up to at least 31 dBm before it fails. At RF input power above 31 dBm, gas bubbles 

are generated. The electrolyte is dyed to determine the cause of generation of bubbles shown 

in Figure 4.7. During the course of RF pulses, the bubbles form rapidly and then collapse 

quickly. It is believed that they may be water vapor produced from Joule heating of the 

electrolyte or hydrogen gas given off during the electrochemical reaction at the EGaIn/NaOH 

interface, although the specific cause from these two is currently unknown. Determining the 

origin of these gas bubbles may be important to understanding and improving the power 

handling of electrochemically controlled LM antennas. The bubbles momentarily break the 

DC bias loop, and in the absence of a bias, the EGaIn begins to withdraw from the channel 

which causes the antenna’s operating frequency to change. Thus, for the current configuration, 

the maximum operating point of the ECC LM monopole is estimated at 31 dB.  

Bubbles

 

Figure 4.7 A bubble generated in a dyed electrolyte under a high RF input power. 
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4.3 Tradeoff of varactor antennas associated with varactor locations  

Section 4.2 compared the linearity and power handling property of the ECC LM monopole and 

an active monopole with the varactor diode placed close to the maximum current. Placing the 

varactor closed to the maximum current creates the opportunity for exciting the largest 

frequency tuning range. However, in this arrangement, the varactor experiences a maximum 

amount of power passing through and generates a significant amount of signal distortion, as 

characterized by IM3 in section 4.2. In this case, the active antenna excites a maximum 

frequency tuning range from 0.8 GHz to 1.2 GHz at the cost of poor linearity. This implies a 

choice of location of varactors on an antenna relates to a tradeoff between the linearity and 

tuning range of an active antenna. We hypothesize that moving the diode away from the 

maximum current of the antenna will lower the frequency tuning range, but improve the 

linearity. When a diode is moved away from the maximum current, less power passes through 

Rogers 
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10 mm
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77 mm
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Figure 4.8 Different locations of varactor on a monopole antenna.  
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it, thereby generating less distortion. However, by moving the diode the range of tunable 

capacitance presented to the antenna feed port is smaller, reducing the frequency tuning range. 

In this context, the location of diodes on an antenna is critical in balancing the tuning range 

and linearity of an active antenna.  

This balance can be elucidated by two extreme scenarios, one when the varactor is placed 

on the bottom of the monopole, and another when the varactor is on top. The monopole with a 

bottom varactor is expected to generate a larger frequency tuning range but higher 

intermodulation distortion. A circuit level simulation of the nonlinearity products, particularly 

IM3, and frequency response can be achieved by a co-simulation between Advanced Design 

System (ADS) and HFSS. ADS provides the powerful tool of Harmonic Balance simulation to 

perform the nonlinear analysis, while HFSS calculates the S-parameter of the antenna with 

different varactors and transfers the S-parameter to ADS for matrix calculation.  

 LS
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Figure 4.9 Harmonic Balance co-simulation setup in ADS with a simplified circuit model. 
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The Harmonic Balance co-simulation setup in ADS is presented in Figure 4.9. The RF port 

feeds two frequencies, f1 and f2, with same power Pin to the antenna represented by an S3P 

parameter box. The three ports for the S3P parameter account for the feed port to the antenna, 

a port between the varactor diode and antenna, and the transmission between receiving and 

transmitting antennas. Using this S3P, the transmission matrix between these three ports are 

parameterized and the input impedance for the antenna loaded with a varied diode impedance 

is easily calculated. The 50 Ohm load in the reflective path represents the transmitting antenna 

that receives the reflected power, while the 50 Ohm load in the transmission path is the 

receiving antenna. For the two monopoles with different locations of varactors, the S-

parameter is generated in HFSS from a corresponding antenna configuration. The diode model 

is represented by a SPICE model provided by the manufacturer. At the resonance frequencies 

of antennas, most of the power is radiated out and the power received by a receiving antenna 

is denoted as Pt, while the reflected power (Pr) is separated from the input power (Pin) by a 

circulator. Pt and Pr contain fundamental tones, harmonics, and intermodulation products. 

Tuning the biasing voltage (Vdc) changes the diode capacitance and thus, the operation 

frequency. 

The frequency tuning range and linearity of the two scenarios in Figure 4.8 are simulated 

and compared, as illustrated in Figure 4.10. The frequency of the monopole with the varactor 

on top remains largely the same from 0.7 GHz to 0.75 GHz as the biasing voltage is tuned from 

0 V to 20 V. However, as the varactor moves to the bottom of the antenna, the frequency ranges 

from 0.81 GHz to 1 GHz with a reflection loss larger than 10 dB.  
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The transmission and reflection IM3 magnitude for the monopole with top varactor is 30 

dB lower than those of the monopole with bottom varactor in Figure 4.10 (b) and (c). The 

bottom varactor experiences more transmission power through and generates higher distortion 

to cause this difference. Although the situation when a varactor located in the middle of the 

monopole is not considered, such a monopole would likely excite a medium frequency tuning 

range and IM product between the two studied scenarios. 

 
 

(a) Tuning range of the monopole with top/bottom varactors 

 
(b) Varactor at the bottom of monopole  (c) Varactor at the top of monopole 

 

Figure 4.10 Illustrates tuning range and nonlinearity level of an active monopole with the 

bottom and top varactors. 
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Design of reconfigurable antennas employing active devices usually do not consider the 

nonlinearity effects; however, the linearity level largely imposes constraints on application 

scenarios of such active reconfigurable devices. The previous analysis provides some insight 

into the balance between the frequency tuning range and nonlinearity level regarding the choice 

of the varactors’ location on an antenna. A comprehensive model that includes a finite element 

model, descriptive of the current distribution on an antenna, and a SPICE model that accounts 

for physics of the active components, would aid in a comprehensive understanding the effects 

of location of active components on an antenna, while this deserves another long-term research. 

4.4 Summary 

In this chapter, we analyze potential nonlinearity sources for the ECC LM monopole first 

developed in this dissertation. Then, an experimental investigation of the linearity and power 

handling property of LM monopoles is undertaken and compared to that of varactor-tuned and 

passive copper monopoles. Measurements of the IM products of these antennas show that the 

ECC-based reconfigurable LM monopoles are significantly more linear than a varactor-tuned 

monopole while also providing a wider range of frequency reconfiguration. The data suggest 

that the ECC monopole may be well-suited for a variety of transmission applications in 

antennas and other reconfigurable RF electronics (e.g., filters, phase shifters) where high 

linearity and a large range of states are simultaneously required. In the comparison of linearity 

for different antennas, the active antenna excites a maximum frequency tuning range to its own 

degree but generates a significant distortion. This leads to a brief investigation on the effects 

of varactor location on an antenna, which indicates that a varactor placed closer to the 
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maximum current will produce a larger frequency tuning range capable of being excited, but 

will induce poor linearity. This discussion deserves further research detailing the tradeoff 

between these two properties for more effective application of varactors in reconfigurable 

antenna design. 
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As shown in Chapters 3 and 4, the ECC method is used in a frequency reconfigurable monopole 

where electrical bias shortens and lengthens EGaIn by controlling the LM surface tension in a 

capillary. The ECC-actuated monopole achieves a wide tuning ratio, covering frequencies from 

0.8 GHz to 3.4 GHz. In comparison to varactor based tunable antennas, this simple monopole 

has the advantages of a broader tunable bandwidth, higher RF power handling property, and 

high linearity. However, it has a fixed linear polarization and only moves the EGaIn in a single 

capillary.  

 This single capillary tuning of LM only replaces LM in one direction by manipulating the 

LM surface tension in a repeatable and reversible manner but can be further developed into a 

multi-directional capillarity tuning of LM on two dimensions (2D). An LM section moves in 

the direction of a differential surface tension controlled by an electrical biasing. Therefore, it’s 

capable to control the behavior of LM in different directions by independently tuning the 

surface tension of an LM droplet in each direction. This is physically realized by applying 

independent biasing in corresponding directions. Using this method, 1-D capillarity tuning of 

LM extends to an independent and multi-directional 2D capillarity control of LM. This multi-

directional reconfiguration of LM is hard to achieve through the pneumatic actuation of LM 

due to the difficulty of physically pinpointing a desired point or path of surface tension change 

Chapter 5 Multi-directional Control 
of ECC LM in a Crossed-Dipole 
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without affecting other points on the LM droplet. Electrically replacing the LM in multiple 

directions adds design flexibility and functionality of reconfigurable antennas. This enhanced 

LM control can reconfigure multiple characteristics of an antenna simultaneously. In this 

chapter, we will explore this multi-directional capillarity tuning of LM on 2D and demonstrate 

a reconfigurable LM antenna with compound frequency and polarization as an example of this 

control. 

5.1 Introduction 

Modern wireless devices must often support several bands while receiving power from 

arbitrary and varying angles and polarizations.  Multi-functional antennas with both frequency 

and polarization agility offer the ability to adapt the properties of the antenna to maximize 

power transfer in a changing electromagnetic environment.  

Other than the frequency agility demonstrated in previous chapters, antenna polarization 

provides an additional design characteristic for reconfigurable antennas. Polarization diversity 

is useful to improve the performance of communications systems in avoiding fading patch 

effects and enhancing the modulation schemes [93]. While the frequency spectrum is relatively 

broad, there are only three polarization states: linear, circular and elliptical polarizations. Of 

particular interest is circular polarization (CP), which can reduce multipath fading effects and 

signal degradation in inclement weathers. Previous designs have delivered either switchable 

polarization or compound frequency and polarization reconfigurations [16, 94-96], primarily 

using controllable switches and changeable materials.  
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Microstrip patch, slot ring antennas and crossed dipoles, including either switch controlled 

slots or stubs, are topologies commonly used to deliver reconfigurable polarizations [93, 94, 

97]. Balancing the impedances of different modes on patch antennas through electrical 

switching allows the antenna to be linearly or circularly polarized. Meanwhile, the frequency 

is diversified by varying the electrical lengths using loaded switches [94]. Slot ring antennas 

use a rotatable 90° phase shift to radiate a right hand or left-hand CP wave by switching PIN 

diodes on the orthogonal stubs [93].  

The crossed-dipole antenna is a well-established antenna topology of generating circularly 

polarized radiation. This design requires the two pairs of dipole arms to be out of phase by 90° 

but similar in length and equal in radiation magnitude [98]. If the lengths of the dipole pairs 

differ significantly, then the modal resonances separate in frequency and result in a linear 

polarization. Thus, a compound (frequency and polarization) reconfigurable crossed-dipole 

can be created by independently controlling the resonances of each pair of arms. Two linearly 

polarized modes can be tuned independently in frequency or combined to produce circular 

polarization in a single frequency band.  

This compound crossed-dipole can be developed without the need for mechanical pumps 

or semiconductor devices using electrically controlled multi-directional capillarity 

displacement of LM. The dipole arms are composed of LM that are shortened and lengthened 

within the capillaries by applying DC voltages independently to each arm. A detailed 

exploration of the multi-directional control of LM is shown below. 
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5.2 Implementation of an ECC LM Cross-dipole  

In this section, we use a similar ECC actuation method [69] to create an LM crossed dipole 

with electrically reconfigurable polarization and operating frequency. This compound 

reconfigurable antenna illustrates one of the key distinctions of the ECC approach – it allows 

the metal to spread independently in different directions without a complex system of pumps 

and valves.  Instead, the LM in the two pairs of dipole arms moves by applying four 

independent DC bias voltages to adjust the lengths of each individual arm. Two linearly 

polarized radiation modes can be independently tuned to give either separate resonances with 

linear polarization or a single matched bandwidth with either sense of circular polarization. 

The results discussed below demonstrate the ECC approach provides an easier means for 

selectively controlling the flow of EGaIn in orthogonal directions. 

 The configuration of the EGaIn crossed dipole is shown in Figure 5.1. Four capillaries 

filled with EGaIn comprise the crossed dipole. Two pairs of glass capillaries with lengths lX 

and lY are placed along the x-axis and y-axis, respectively.  Six cavities laser cut into an acrylic 

fixture form open reservoirs to contain the LM (two central reservoirs) or electrolyte (four 

outer reservoirs) and support both ends of the capillaries. A four-port analog output (NI 9263) 

generates DC potentials, which combine with the RF signal through a bias tee in the vector 

network analyzer (VNA). The four positive terminals of the DC outputs connect separately to 

each electrolyte reservoir at the end of the four capillaries, while the inner and outer conductors 

of the SMA connector contact a common negative DC terminal. In addition, a conical RF 
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inductor (Coilcraft BCL-531JL, Cary, IL) placed at the electrolyte reservoir chokes off the RF 

signal from the external bias lines.  

When the applied voltage in each arm is greater than or equal to zero (with respect to the 

polarity shown in Figure 5.1, the electrolyte (1M NaOH, conductivity 𝜎𝜎e ≈ 5 S/m) removes the 

Figure 5.1 Schematic of the reconfigurable crossed dipole, (top) Broadside layout of the 

crossed dipole, (top inset) photograph of feed detail, (bottom) side view showing feed and 

substrate (rotated 45° to show connector detail). 
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oxide skin and increases the surface tension at the EGaIn-electrolyte interface, causing the 

EGaIn to withdraw from the capillaries. Reversing the DC polarity oxidizes the interface and 

lowers the interfacial tension of the metal, injecting EGaIn into the capillaries. A small 

negative potential balances these two effects and stabilizes the EGaIn within the channel.  

Thus, the application of electrical potential can independently control EGaIn flow from each 

reservoir in either the x or y directions as required to create the desired antenna state. 

5.3 Circuit Model for the Cross-dipole 

The two crossed dipole pairs generate orthogonal linear polarizations with maximum radiation 

along the broadside direction (z-axis) in the far field: one x-polarized (“x mode”) and one y-

polarized (“y mode”). These modes can be tuned independently to support tunable linearly 

polarized radiation over a wide range of frequencies simply by adjusting the length of each 

pair of LM arms to resonate at the desired frequency. Alternatively, circular polarization (CP) 

can be obtained by combining the two linear polarizations with equal magnitude and 90° phase 

difference. To estimate the operating state that will generate CP from the continuous range of 

possible reconfiguration states, we developed an approximate circuit model to predict the 

required phase and amplitude of the two modes. The developed high pass circuit model predicts 

the broadband impedance of each dipole mode [99]. This model is capable to optimize the two 

fundamental resonances for the desired CP state and the physical lengths required to excite the 

two resonances are obtained quickly. This circuit model creates a faster optimization of the 

fundamental resonances than commercial EM tools, thereby reducing the simulation efforts. 
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The high pass circuits are combined in parallel as shown in Figure 5.2. With ZX and ZY 

representing the x-mode and y-mode input impedances, the parameters of the circuit model are 

The fundamental parameters associated with each mode are its resonant frequency (fx, fy), 

resonant resistance (R0), and quality factor (Q). In this model, the quality factors and resonant 

resistance of each mode are assumed equal but the resonant frequencies can be adjusted 

independently by varying the length of each arm. Theoretically, the resonant resistance of a 

half wavelength dipole is approximately 73 Ω, and this value is used in our circuit model.  

Importantly, because these resistances are assumed equal, they have little impact on the result 

𝑍𝑍𝑋𝑋 = 1/𝑗𝑗𝑗𝑗𝐶𝐶𝑋𝑋 + 𝑅𝑅𝑋𝑋||𝑗𝑗𝑗𝑗𝐿𝐿𝑋𝑋, 𝑍𝑍𝑌𝑌 = 1/𝑗𝑗𝑗𝑗𝐶𝐶𝑌𝑌 + 𝑅𝑅𝑌𝑌||𝑗𝑗𝑗𝑗𝐿𝐿𝑌𝑌 

𝑅𝑅𝑋𝑋,𝑖𝑖𝑖𝑖 = Re(𝑍𝑍𝑋𝑋), 𝑅𝑅𝑌𝑌,𝑖𝑖𝑖𝑖 = Re(𝑍𝑍𝑌𝑌) 

𝐶𝐶𝑋𝑋 =
1

2𝜋𝜋𝑓𝑓𝑋𝑋𝑄𝑄𝑅𝑅𝑜𝑜
, 𝐿𝐿𝑋𝑋 =

𝑄𝑄𝑅𝑅𝑜𝑜
2𝜋𝜋𝑓𝑓𝑋𝑋

,𝑅𝑅𝑋𝑋 = 𝑄𝑄2𝑅𝑅𝑋𝑋,𝑖𝑖𝑖𝑖 

𝐶𝐶𝑌𝑌 =
1

2𝜋𝜋𝑓𝑓𝑌𝑌𝑄𝑄𝑅𝑅𝑜𝑜
, 𝐿𝐿𝑌𝑌 =

𝑄𝑄𝑅𝑅𝑜𝑜
2𝜋𝜋𝑓𝑓𝑌𝑌

,𝑅𝑅𝑌𝑌 = 𝑄𝑄2𝑅𝑅𝑌𝑌,𝑖𝑖𝑖𝑖 

(5.1) 
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Figure 5.2 High-pass circuit model for the crossed dipole modal impedances 
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of the optimization. Instead, the modal quality factors Q are more critical in predicting the CP 

condition. HFSS simulations of the device indicated a total quality factor Q≈5 (as derived from 

the derivative of the input impedance [100]) at the resonance frequency for most lengths. 

Though the Q decreases as the metal length is shortened, a constant Q is assumed in the circuit 

model. To attain CP at the desired frequency fCP, the two linearly polarized modes must meet 

two conditions at fCP 

These conditions indicate that the input impedances of the two modes are in phase quadrature 

with equal radiated power. Utilizing the optimization tool in Keysight Advanced Design 

System, we obtained two resonant frequencies, fX and fY, that satisfy (5.2), resulting in two 

modes with slightly offset resonant frequencies. Opposite senses of circular polarization can 

be obtained by swapping fX and fY. 

To translate these results into a physical state, the measured x-mode and y-mode resonances 

are tuned to the optimal fX and fY by changing the applied DC voltage and adjusting the lengths 

lX and lY. The required physical lengths, lX and lY, are slightly less than 1/4 the resonant 

wavelength of the x- and y-modes, though these lengths are not measured directly during the 

tuning process.  Instead, the measured S-parameters provide information about the current state 

of the monopole. 

|∠𝑍𝑍𝑋𝑋 − ∠𝑍𝑍𝑌𝑌| = 90°,  𝑅𝑅𝑋𝑋,𝑖𝑖𝑖𝑖
|𝑍𝑍𝑋𝑋|2

= 𝑅𝑅𝑌𝑌,𝑖𝑖𝑖𝑖
|𝑍𝑍𝑌𝑌|2

      (5.2) 
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5.4 Experimental Results of the LM Cross-dipole 

As described in Section 5.2, the polarity and magnitude of the DC potential control the 

movement of the EGaIn. Therefore, applying a DC potential for several seconds will tune the 

antenna to the desired resonant frequencies.  Control schemes (e.g., PID control) can be applied 

to automate the tuning process as shown in section 3.3.4 [101]; here adjustment of the DC 

potentials was performed manually from a LabVIEW interface.  

In practice, the operating frequency of the antenna can be continuously tuned.  Figure 5.3 

presents a few discrete states to illustrate the tunability of the dipole. First, four 75 mm 

capillaries filled with EGaIn are put into the microchannel and the lengths of each arm are 

adjusted by changing the DC potential. A DC voltage of 0.5-1 V is applied at the ends of the 

capillaries to withdraw the EGaIn and a voltage between −1.5 V and −1 V DC is applied to 

hold the EGaIn stable. An Agilent E5071C VNA is used to measure the reflection coefficient 

of the antenna. 

Varying the length from 75 mm to 17 mm excites operating bands spanning from 0.8 GHz 

to 3 GHz, and a clear dual-band response is observed when the two arm pairs are different 

lengths. Figure 5.3 illustrates that changing lY moves the fundamental y-mode resonance lower 

or higher in frequency while the x-mode resonance stays nearly constant with lX fixed at 47 

mm. In the cases shown in Figure 5.3, linear polarization is prominent within the two separated 

bands with cross polarization levels of −14 dB or less. The tuning speed of the device and 

simulated antenna efficiency are similar to those reported in [69]. The simulated gain at 1GHz 

is 0.3 dBi, increasing to 1.7 dBi at 2.5 GHz. 
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Figure 5.3 Measured (solid line) and simulated (dashed line) dual band response of the 

crossed dipole while lX is held constant and lY is changed 
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Furthermore, we can combine these linear polarizations to generate circular polarization at 

broadside. Three circularly polarized states (measured CP at 0.89, 1.27, 1.63 GHz) were 

created by placing the x- and y-mode resonances nearby in frequency.  Figure 5.4 shows the 

measured axial ratio (AR) at broadside for these three states, and Figure 5.5 demonstrates the 

S-parameters associated with the three states.  

The tuning states were selected based on the circuit model presented in Section 5.2. For 

example, in State B of Figure 5.4, the circuit model predicts that CP will be generated at 1.4 

GHz when fX = 1.5 GHz and fY = 1.17 GHz. In measurement, two modes are generated at these 

frequencies by electrically tuning the LM length until the two 𝑆𝑆11 minima are located at the 

desired fX and fY.  In this state, the measured point of minimum axial ratio (AR) is 1.27 GHz, 

which is a 9% deviation from the approximate model. In each of the three states displayed, the 

 

 

Figure 5.4 Axial ratio of three different antenna states. States A, B and C correspond to the 

physical states in Figure 5.5 (a), (b) and (c), respectively. Measured results (solid lines), 

circuit model simulations (markers), and HFSS simulations (dashed lines) are shown. 
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Figure 5.5 Measured (solid line) and simulated (dashed line) frequency response of the 

crossed dipoles in circularly polarized (CP) states. The blue dot represents the frequency 

with minimum axial ratio, (a) 0.89 GHz, (b) 1.27 GHz, (3) 1.63 GHz.  



 

106 
 

circuit model offers a reasonable approximation of the actual polarization behavior, predicting 

the center frequency within 12% along with a similar axial ratio bandwidth. 

An axial ratio of less than 3 dB and a return loss greater than 10 dB is obtained in each 

case, and this matched, low AR bandwidth can be tuned continuously between 0.89 and 1.63 

GHz. Above 1.6 GHz, the Q of the two dipole modes begins to decrease, requiring very wide 

spacing between the modes for phase quadrature, which limits the generation of circular 

polarization. However, the lower end of the tuning range could be extended simply by using a 

longer capillary. 

5.5 Summary 

This chapter demonstrates a multi-directional control of ECC LM on 2D. Tuning the surface 

tension of LM in different directions achieves an independent control of LM in each direction. 

A reconfigurable crossed dipole with compound frequency and polarization tunability is 

designed to demonstrate the capability of this novel method to deliver a complex control of 

LM. This novel tuning mechanism based on ECC allows the physical length of each arm of 

the crossed dipole to be tuned independently using only a DC voltage instead of pumps. The 

ECC method allows LM to be selectively injected into or withdrawn from multiple capillaries 

simultaneously. These manipulations allow for the four-capillary crossed dipole configuration 

with a direct RF feed and independently-tuned dual linear polarizations or a tunable circular 

polarization. This physical reconfiguration mechanism requires a longer transition time than 

electronic switching but offers the ability to continuously change the properties of the antenna 

over a very large range of frequency and polarization states. Dual linear polarizations can be 
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tuned between 0.8 and 3.0 GHz, and the circularly polarized state can be tuned from 0.89 to 

1.63 GHz. An approximate circuit model predicts the circular polarization frequency within 

12% of the measured frequency by estimating the phase and amplitude of each linearly 

polarized mode. 

LM has a unique advantage over other reconfiguration techniques. The surface tension of 

an LM droplet can be tuned independently in different directions or points, providing multi-

directional control of LM on 2D applications. This enhanced control of LM achieves more 

reconfiguration states than a single 1-D displacement of LM, making more antenna and 

microwave devices geometries feasible by tuning LM on multiple dimensions if properly 

designed. Some complex microfluidic devices, not restricted to reconfigurable antennas, can 

be realized by 2D capillarity control of LM. These structures could include interdigital filters, 

antenna array feed network. The conductive path in these devices are usually thin wires or 

strips and could be implemented with capillarity tuning of LM.  
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In Chapter 3 and 5, electrically reconfiguring the LM in single or multiple directions of 

capillarity tuning achieves frequency or polarization agility of reconfigurable monopole and 

dipole. These antennas present a larger frequency tunable ratio and higher linearity compared 

with active antennas, although inherently limited by the slow switching of LM displacement. 

The monopole and dipole antennas represent typical wire antennas that can be easily 

implemented using LM-filled capillaries. However, the vast majority of RF devices and 

antennas are 2D planar structures, including microstrip antenna, planar arrays, and periodic 

surfaces (reflectarray, high impedance surface, and frequency selective surface) [97]. It would 

be challenging to achieve these planar topologies using capillarity tuning of LM, but recent 

results have shown that LM can also be controlled on open surfaces [18].  

The mechanism to electrically control LM on an open surface is same with the 

electrochemically controlled capillarity tuning of LM. Figure 6.1 demonstrates an example of 

controlling LM in a circular shape on the 2D surface. An LM droplet immersed in a NaOH 

electrolyte initially holds a symmetrical shape. After applying a voltage (beyond the oxidative 

voltage) as directed in Figure 6.1, the metal’s surface tension drops, causing LM to expand 

outwardly and increasing its area. Reversing the polarity or reducing the magnitude of the 

voltage below the oxidative potential removes the surface oxide. This returns the LM to a high 

Chapter 6 2D Control of LM for 
Planar Periodic Structure 
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surface tension and retracts the LM to a smaller area. This electrical tuning of LM on open 

surface enables a planar structure.  

Controlling LM on the open surface is able to achieve more complex topologies (shapes) on 

2D that are unattainable by using capillarity tuning, other than the symmetrical shape in Figure 

6.1. Independently tuning the surface tension of LM in different directions creates independent 

“stretch” of LM in different directions. This generates possibilities for various antenna and RF 

device topologies with more reconfiguration states using electrically controlled LM. 

Investigation of electrochemically controlled LM on open surface structures remains an 

open problem in the microwave regime. This chapter aims to demonstrate control of LM on 

2D and explore the feasibility and limitations of electrochemically controlled LM in surface 

structures. Here, we choose periodic structure as a conceptual design. Compared with other 

common planar devices, such as an array or microstrip antennas, periodic structures are 

intrinsically passive and do not require an RF signal feed port in implementation, therefore 

reducing the design complexity as a conceptual demonstration. We first design and measure a 

+ 

-

EGaIn
Electrolyte

expand

R1 R2

-

-
-

-

-

-
-

 

Figure 6.1 Illustration of controlling LM on the open surface in top view. + indicates the 

potential anode, and – indicates the potential cathode. 
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circular patch LM unit cell. However, the unit cell tunability loses after adding electrolyte into 

the LM unit cell system. Then, a simpler SRR unit cell using fewer liquids is implemented for 

troubleshooting the problems. Finally, the limitations to implementing LM into surface 

structures are analyzed. 

6.1 Periodic Structure  

A periodic structure consists of a periodic repetition of passive unit elements with identical or 

slightly different geometries. Some typical periodic structures include reflectarray[102], 

frequency selective surface (FSS) [103], and high impedance surface (HIS) [104]. These 

structures are capable of manipulating the EM wave, creating functionalities of filtering 

signals, phase control, or polarization control [103, 105]. These structures are used in 

reflectors, radomes, smart skins, e.g.  

On the other hand, reconfiguration of these structures is an emerging need due to their 

diversified application in reconfigurable antennas. A reconfigurable periodic structure could 

be dynamically adapted for beam scanning, or tunable spatial, polarization, or frequency 

filtering [105]. The various reconfiguration techniques reviewed in Chapter 2 apply to the 

design of reconfigurable periodic structures. For example, varactor and switching tuning are 

the most popular techniques for their ease of integration into a structure. A typical 

reconfigurable periodic structure, HIS and reflectarray, using varactor diodes is shown in 

Figure 6.2, although the element topologies might be different [106-109]. Tuning the varactor 

diodes change the capacitive coupling between adjacent elements and shifts the resonance 

frequencies. However, as discussed in Chapter 2, localized switching of semiconductor devices 
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can only provide a limited number of realizable reconfiguration states. The linearity and power 

handling property also deteriorate due to the non-linear characteristics of semiconductor 

components [57]. 

A periodic structure composed of LM might circumvent these limitations given by 

electronically tunable structures using semiconductor devices. Replacing the element with LM 

in Figure 6.2, the geometrical dimension of the elements in the periodic structure can be tuned 

by electrically controlling the LM. This geometrical variation generates an impedance change 

greater than a localized switching and thus, an enhanced frequency tuning. Inferring from the 

linearity characterization of ECC LM monopole in Chapter 4, a periodic structure using 

electrochemically controlled LM should have a high linearity due to the same underlying 

mechanism to control LM. To demonstrate 2D control of LM in periodic structures, we will 

investigate the design of reconfigurable HIS using LM. 

 

Localized 
switching

 Geometrical 
change of elements

 

Figure 6.2 Reconfigurable periodic structures implemented with switching techniques [108]. 
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6.1.1 High Impedance Surfaces (HIS) 

Here, we will briefly review HIS to prepare for implementing LM into the design of 

reconfigurable elements. A HIS is an array of extruded metal unit cells on a flat metal sheet 

[104, 110]. The metal unit cells are arranged on a 2D lattice, usually rectangular, triangular, or 

hexagonal. A hexagonally arranged HIS given in [104] is shown in Figure 6.3 with dots 

indicating the vertical vias. The metal element is connected to a ground though vertical 

metalized vias. Thus, a HIS looks similar to a mushroom or a thumbtack protruding from the 

metal sheet.  

The electromagnetic behavior of a HIS is equivalent to the combination of lumped capacitors 

and inductors in Figure 6.3 when the dimension of the metal unit cell is small compared to a 

wavelength. The adjacent metal elements generate the capacitance (C), and the flux through a 

current loop between neighboring elements provides the inductance (L). This equivalent circuit 

behaves as a parallel LC tank filter where signals of a certain bandwidth around the resonance 

(a) Top view

(b) Side view

(c) Equivalent circuit

Via
+ + + 

− 
− − 

C
L

 

Figure 6.3 HIS configurations, (a) Top view of a hexagonal HIS, (b) Side view of the HIS, + 

are positive charges and – are negative charges. (c) The equivalent circuit for the HIS [104]. 
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cannot be transmitted through. A HIS can be characterized by its surface impedance (ZS) in 

(6.1) [104], 

where L and C are equivalent inductance and capacitance, η is the free-space wave impedance, 

φ is the reflection phase. Here, ZS is inductive at low frequencies, and the HIS supports the TM 

wave, but at high frequencies, it is capacitive and supports the TE wave. Around the resonance 

1
√𝐿𝐿𝑍𝑍

, ZS is very high and the reflection phase φ is zero in (6.1), which means an EM wave 

impinged on an HIS is reflected in-phase with the incident wave. In contrast, a wave impinged 

on a flat metal sheet is reversed out-of-phase once reflected  [103]. Figure 6.4 depicts the 

reflection phase φ of an HIS vs frequency denoted by the reflection phase curves, where φ is 

zero at the resonance frequency, greater than zero below the resonance (inductive) and less 

than zero beyond the resonance (capacitive). 

𝑍𝑍𝑠𝑠 =
𝑗𝑗𝑗𝑗𝐿𝐿

1 − 𝑗𝑗2𝐿𝐿𝐶𝐶
 

𝜑𝜑 = Im �In �𝑍𝑍𝑠𝑠−𝜂𝜂
𝑍𝑍𝑠𝑠+𝜂𝜂

��     (6.1) 

 

Figure 6.4 Reflection phase of a HIS around the resonance frequency [104]. 
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A HIS acts as an artificial magnetic conductor due to the high surface impedance. When an 

antenna is placed just above HIS, the backward wave radiated from the antenna is reflected 

back in phase with the forward radiated wave [111, 112]. This in-phase reflection allows very 

thin antennas to be placed directly against conducting structures backed by HIS. Additionally, 

the high surface impedance suppresses the surface wave and improves the antenna pattern to a 

smoother form [104].  

HIS is intrinsically plagued by its narrow operational bandwidth limited by its highly 

resonant nature [104], therefore, developing reconfigurable HIS with tunable frequencies has 

been an ongoing effort to broaden its number of frequency bands. Piezoelectric actuators [113], 

MEMS [114], graphene [50] and varactor diodes [115, 116] techniques are integrated into HIS 

to reconfigure the resonance of HIS to the operation frequency of the antenna backed by HIS. 

However, these techniques are limited by either nonlinear property or high biasing voltage and 

deliver limited tunable states. 

As discussed in the beginning of this chapter, electrochemically controlling LM provides a 

method to create a 2D structure that also circumvents the limitations above. The following 

sections will demonstrate control of LM on 2D and explore the feasibility of implementing 

electrochemically controlled LM into tunable HIS. The most straightforward topology of an 

LM unit cell for reconfigurable HIS is a circular patch unit cell. As a conceptual design, a 

circular patch is chosen for its symmetrical shape in each direction that can be achieved by 

applying a simple uniform biasing. 
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6.2 LM Circular Patch Unit Cell 

The HIS configuration composed of LM circular patches is shown in Figure 6.5. Implementing 

the element using LM allows an electrical control of the diameter of the elements, such as from 

R1 to R2 in Figure 6.5 or vice versa. As described in section 6.1, the capacitance and inductance 

from the coupling and current loop between adjacent elements introduce a parallel LC 

resonance. The equivalent capacitance and inductance will change as the physical dimension 

of periodic elements vary, therefore leading to a shifting resonance frequency. In this case, the 

LM-based system creates a frequency reconfigurable HIS. 

6.2.1 Configuration and Simulation Results  

Theoretically, HIS is an infinite number of repeated elements on a 2D surface. Facing the 

challenge of simultaneously controlling multiple unit cells composed of LM, a single unit cell 

within a waveguide simulator is used to simulate the behavior of a whole HIS in Figure 6.6 

(a). The waveguide simulator with four E-walls (PEC boundaries) mirrors the currents on a 

…..

…..

…
..

…
.. R1

R2

Unit cell 
expansion 

 

Figure 6.5 HIS composed of LM circular patches [104]. 
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unit cell infinitely [117]. This allows for an accurate simulation of HIS and accounts for mutual 

coupling between elements.  

(a) 
 

(b) 

Waveport

Unit Cell

 

Silver paste

Sodium Hydroxide

EGaIn

RU

WR229 Waveguide

 58.166 mm  

29.083 mm  

DC

Inductor

 22 mm  

Biasing line

+ 
− 

 

Figure 6.6 LM circular patch unit cell, (a) simulation setup in HFSS, (b) configuration of the 

LM circular patch unit cell. 
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Based on experiments of tuning LM on 2D, an LM circular patch with a radius of 4−11 

mm can be easily created and controlled on an open surface. Radius dimensions outside this 

range are hard to control nor connect to wire. This chosen scale fits the aperture size of the 

rectangular waveguide WR229 with a dimension of 58.166 mm by 29.083 mm. 

Figure 6.6 (b) demonstrates the configuration of the LM circular patch unit cell. The LM 

sits in the center of a hollow, stepped, circular groove etched out of a Rogers TMM4 substrate 

which is made of ceramic thermoset polymer for water impermeability. The stepped reservoir 

has an inner radius of 11 mm and an outer radius of 13 mm. This step reduces the volume of 

lossy electrolyte and prevents a DC short out which could happen if the LM expands over the 

step and connects to the circular silver paste that enables a uniform biasing potential to LM. 

The LM patch is grounded to the bottom of the substrate by a copper wire through the substrate. 

The copper via also serves as an anode during the expansion of LM, while the silver paste 

serves as the cathode. A choke inductor connected to the silver paste prevents the RF signal 

into the DC path. Additionally, the biasing lines are perpendicular to the incident electric field 

that excites the unit cell; therefore, the effects of the biasing lines on the measurement are 

minimized. 

A simulation of circular LM patch unit cell is set up in HFSS with the identical 

configuration in Figure 6.6. Two major parameters, the circular patch radius (Ru) and the 

electrolyte conductivity (σe), are swept and optimized in the simulations. The patch dimension 

Ru changes the resultant capacitance and inductance, therefore shifting the resonance frequency 

of the circular patch unit cell and thus the reflection phase. The lossy electrolyte with a 
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thickness of 1 mm adds losses into the tunable unit cell and thus changing conductivity σe adds 

a varied parasitic resistance to the impedance of the system.  

First, to determine how the conductivity σe affects the reflection phase response, a sweep 

of electrolyte conductivity is implemented with the EGaIn patch radius fixed at 6 mm, as the 

conductivity σe varies from 0.5 S/m to 3 S/m. Simulation results of the phase curve response 

in Figure 6.7 indicate that the LM patch unit cell is resonant at approximately 3.8 GHz and the 

reflection phase from 90° to -90° ranges from 3.806 GHz to 3.873 GHz (considered as the high 

impedance bandwidth) when the electrolyte conductivity is 0.5 S/m. However, increasing the 

electrolyte conductivity to 0.8 S/m or beyond, the phase characteristic exhibits a distortion with 

two inflexion points at approximately 3.8 GHz. This phase distortion occurs in reconfigurable 

unit cells using lossy liquid crystal or varactors [116, 118].  

The Smith chart in Figure 6.8 illustrates the cause of this phase distortion. When σe = 0.5 S/m, 

no phase distortion occurs. Increasing σe to 0.8 S/m, the curve of reflection coefficient on Smith 

chart shrinks and moves away from the origin point; although there is still resonance with zero 

 

Figure 6.7 Simulated phase curve response of circular HIS unit cell under a varied NaOH 

electrolyte concentrations with a fixed radius of 6 mm. 
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phase shift, the reflection phase abruptly jumps from 180º to -180º but with two inflexion 

points. Actually, the high electrolyte concentration is making the HIS look more and more like 

a conductive surface and the surface impedance is smaller than the characteristic impedance 

of the guide at the resonance, losing the high surface impedance characteristic. This simulation 

demonstrates that the electrolyte conductivity is critical to achieving tunability of periodic 

structure and a much lower conductivity is preferred for successful tunability. 

A second simulation sweeps the circular LM patch dimension under two conductivities, σe = 

0.5 S/m and σe = 0.8 S/m; results of reflection phase are displayed in Figure 6.9. When σe = 

0.5 S/m, the resultant resonance frequency with 0° reflection phase decreases from 4.5 GHz to 

3.48 GHz as the circular patch increases from 4 mm to 8 mm. However, when the electrolyte 

conductivity is increased to 0.8 S/m, the circular patch loses its tunability. Figure 6.10 

illustrates the change of reflection coefficients on Smith chart as the LM patch radius increases 

 
Figure 6.8 Smith chart illustrating the shift of reflection coefficient as σe increases with fixed 

patch radium of 6 mm. 
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under the fixed σe = 0.8 S/m. It indicates that the LM unit cell with increasing volume of 

electrolyte (i.e., decreasing LM radius) presents a smaller surface impedance and loses the high 

surface impedance characteristic. These two simulations suggest that the LM tunable system 

is sensitive to the electrolyte concentration and even a small volume change in the diameter of 

the patch unit cell introduces a frequency shift. 

 

(a)      (b) 

Figure 6.9 Simulated phase curve shifts of the circular HIS unit cell with (a) NaOH 

electrolyte σe = 0.5 S/m, (b) NaOH electrolyte σe = 0.8 S/m. 

 

Figure 6.10 Smith chart illustrating the shift of reflection coefficient as patch radius increases 

with fixed NaOH electrolyte σe = 0.8 S/m.  
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6.2.2 Waveguide Implementation and Calibration 

To characterize the reflection properties of practical HIS unit cells, a waveguide has been used 

with the setup in Figure 6.11 [119]. One end of the waveguide simulator is terminated with 

unit cells and the other end is connected to the VNA through a coax-waveguide adapter.  

A conventional one-port Short-Open-Load calibration is used to move the calibration plane to 

the contact plane between the cable and the coax-waveguide adapter in Figure 6.11. The 

measured reflection phase of the unit cell is then calculated from a two-step measurement. In 

the first step, the waveguide is terminated with a short metal sheet instead of the device under 

test (DUT), and the measured reflection phase is the total phase delay from the adapter, the 

waveguide, and the short end. It can be expressed as 

VNA

Port 1 Port 2

Coax-waveguide 
adpater

Calibration plane

Waveguide simulator

Reference plane

 

Figure 6.11 Measurement setup with the waveguide simulator one end terminated with one 

unit cell and the other end connected to the coax-waveguide adapter [118]. 

∠𝑆𝑆11|1 = ∠𝑆𝑆11|adapter − 2𝛽𝛽𝑔𝑔𝑙𝑙 + ∠𝑆𝑆11|short    (6.2) 
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where  ∠𝑆𝑆11|1 is the reflection phase at the calibration plane when the waveguide is short 

terminated, ∠𝑆𝑆11|adapter is the phase delay introduced by the adapter, 𝛽𝛽𝑔𝑔 is the guided phase 

constant in the waveguide, 2𝛽𝛽𝑔𝑔𝑙𝑙  is the phase delay when the wave advances forward and 

backward along the waveguide, ∠𝑆𝑆11|short is the 180° reflection phase due to the short end.  

In the second step, a circular patch unit cell is placed at the aperture of the waveguide. The 

measured reflection phase at the calibration plane is expressed as 

Then the reflection phase for the unit cell under test is calculated by subtracting (6.2) from 

(6.4), 

This phase-comparison method eliminates the need for a waveguide calibration kit and the 

reflection phase of DUT can be mathematically obtained from two measurements.  

6.2.3 Measurement Results and Discussion 

The configuration in Figure 6.11 is set up for the measurement of LM unit cell. The rectangular 

substrate with an LM circular patch is placed horizontally at the aperture of a WR229 

waveguide. The LM patch is manipulated into a circular shape initially so that it expands as 

much as possible in a uniform shape. Figure 6.12 displays an example of the expansion and 

shrinkage of the LM controlled by a biasing voltage. In the absence of an applied potential, the 

LM patch slightly shrinks but maintains a circular shape with a diameter of 6 mm after 

interfacing with the electrolyte in Figure 6.12 (a). This shrink of LM is due to that removal of 

∠𝑆𝑆11|2 = ∠𝑆𝑆11|adapter − 2𝛽𝛽𝑔𝑔𝑙𝑙 + ∠𝑆𝑆11|DUT   (6.4) 

∠𝑆𝑆11|DUT = ∠𝑆𝑆11|2 − ∠𝑆𝑆11|1 + ∠𝑆𝑆11|short   (6.5) 
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the surface oxide through chemical reaction returns EGaIn to a state of high surface tension, 

retracting EGaIn in response, and thereby decreasing the area of the LM. Applying an oxidative 

voltage (e.g., 2 V) regenerates the oxide skin on the LM surface and lowers the surface tension. 

This reduction causes LM to expand outwardly towards the silver paste in Figure 6.12 (b). LM 

does not expand absolutely uniform in each direction because the biasing potential from the 

silver paste to different points on the LM surface has slight inconsistencies. This difference in 

biasing potential is further exaggerated by a positive feedback that the LM in a shorter biasing 

path always expands faster actuated by an increasingly stronger biasing potential. A maximum 

circular radius of approximately 10 mm is reached after applying 2 V for a short period. Then 

EGaIn expands in a finger-like distribution at a larger voltage (i.e., 3 V), as seen in Figure 6.12 

(c). A similar phenomenon has been observed in [18], in which EGaIn increases its area, but 

eventually breaks into an unstable state. Gradually decreasing the voltage below the oxidative 

voltage, EGaIn retracts into the original smaller shape. A sudden drop in voltage causes EGaIn 

to slide away from the center wire and the EGaIn droplet needs to be manually relocated back 

to the wire connection. Generally, tuning the magnitude of the voltage creates a reversible and 

controllable expansion of the LM on an open surface, achieving a tunable shape of the LM unit 

cell. 
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Figure 6.13 displays the measurement results for the reconfigurable LM unit cell with and 

without sodium hydroxide electrolyte. When there is no electrolyte added into the unit cell, 

manually changing the EGaIn patch radius from 7.5 mm to 10 mm shifts the resonance from 

4.861 GHz to 4.1 GHz. After the electrolyte is added to the LM unit cell, the expected shifting 

phase curves disappear in the band of interest. Phase distortions occur around the frequencies 

where the expected resonances should appear. 

 

No voltage

+ −
 

2 V

−
 +

 

(a)      (b)  

3 V      2 V

+
−
 

 

(c) 

Figure 6.12 Expansion of LM on a circular open surface under an applied potential. + indicates 

the anode and – for the cathode. 



 

125 
 

The reflection phase shift of the tunable LM system does not occur as expected, even when the 

electrolyte concentration is reduced to a much smaller conductivity comparable to that of 

distilled water. This is surprising given the simulation’s prediction that a usable electrolyte 

conductivity of around 0.5 S/m would enable tunability of the LM circular patch. Several 

factors may have played a role in the experimental failure to replicate the simulation. One such 

possibility is that unpredictable electrolyte behavior, including the electrolyte 

thickness/volume. The thickness and volume of electrolyte on open surfaces are more difficult 

 

Figure 6.13 Measured phase curve responses corresponding to a varying EGaIn patch radius 

(top) without 0.1 M NaOH electrolyte and (bottom) with the electrolyte for the HIS.  
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to control than in a closed capillary, and thus, the simulation cannot exactly replicate or predict 

how the electrolyte will act. Moreover, on open surfaces, the LM will be immersed in the 

electrolyte, which may leak into the vertical via, further reducing the simulation’s accuracy. 

Also as seen from the simulation results, the reflection phase of the unit cell is sensitive to the 

conductivity of the electrolyte. As noted during the simulation study, even a small disturbance 

in the electrolyte conductivity from 0.5 S/m to 0.8 S/m results in the LM system losing its 

tunability of shifting reflection phase and induces phase distortions. 

To further explore the reasons that cause failure of this electrochemically controlled LM 

unit cell, an SRR unit cell that employs LM only as part of the element is investigated. In the 

SRR unit cell, the volume of the electrolyte is reduced to lower the parasitic loss from the 

electrolyte and difficulty for control of LM.  

6.3 LM Split Ring Resonator Unit Cell 

SRR was first raised as a structure intended for use in artificial metamaterials by Pendry [120]. 

SRR unit cells may be circular or rectangular rings with splits on the opposite sides in Figure 

6.14 [121]. These splits introduce large capacitances, which lower the resonance frequency of 

the unit cell and produce resonance in a small structure compared with the wavelength in free 

space. SRR has been used to create a negative index of refraction, negative values of dielectric 

constant, left-hand materials that do not exist in natural materials [122, 123].  
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In this research, the SRR is adapted for generating a shifting reflection phase curve as the 

dimension of unit cells varies. Similar to a HIS, the SRR unit cell can be equivalent to an LC 

oscillating circuit around the fundamental resonance with a magnetic coil inductance, L, and 

the gap capacitance, C, between the arms of the SRR. From [121], L and C are dependent on 

dimensions of SRR. Here, we choose a rectangular SRR as the basic element to explore the 

feasibility of a reconfigurable LM SRR system. Rectangular SRR is chosen because tuning 

straight arms in a rectangular SRR is easier to accomplish than tuning curved arms in a circular 

SRR. The folded arms in the rectangular SRR behave more as electric dipoles, and its area 

capacitance and inductance are approximately [121] 

where ε, μ0 w, h are the substrate absolute permittivity and permeability, microstrip width, 

substrate thickness, δ is the distance between two arms, l is the length of each arm in Figure 

Cg

δ
w lCg

 

Figure 6.14 Circular and rectangular split-ring resonators. 
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6.14. It’s clear that changing the physical dimensions l and w of the SRR unit cell tunes L and 

C, resulting in a shift of the resonance frequency.  

6.3.1 Configuration and Simulation Results 

A reconfigurable LM SRR unit cell based on rectangular rings is presented in Figure 6.15. This 

rectangular LM SRR consists of a solid copper ring terminated with two length-tunable LM 

arms. These LM arms fill the rectangular notches cut from the substrate. Differing from the 

configuration in Figure 6.14, the open-ended arms are folded into a U-shape to decrease the 

distance between two arms and increase the tuning range of capacitance. The biasing condition 

to tune the LM arms is similar to that of the circular HIS except that two inductors are 

separately connected to each LM arm. Theoretically, electrochemically tuning length, lP, of 

each LM arm varies the effective capacitance and inductance area, changing the resonance 

frequency, and ultimately shifting the reflection phase curve. 

Sodium Hydroxide

EGaIn

DCDC

Lp

16mm

24mm

10.75mm

10mm

2mm

Copper

Inductor

Biasing lines

 

Figure 6.15 Rectangular split ring resonator. 
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The LM SRR unit cell is set up in HFSS with the same dimensions as shown in Figure 6.15. 

Using the optimized electrolyte conductivity σe = 0.5 S/m from the circular patch simulation, 

the only swept parameter in the SRR element is the length of LM in each arm. Changing the 

length of EGaIn in the arm from 0.4 mm to 6 mm, the simulated phase curves in Figure 6.16 

indicates a shifting resonance frequency from 4.325 GHz to 4.025 GHz. 

6.3.2 Measurement Results and Discussion 

The procedures to test the LM SRR element within a waveguide simulator is similar to that of 

the circular patch unit cell. Tuning the applied voltage withdraws and injects the LM to a 

shorter or longer length. The measured phase curve response corresponding to a varied EGaIn 

length without NaOH in the SRR is shown in Figure 6.17. Physically changing the length of 

LM from 0 mm (no LM) to 9 mm tunes the resonance of SRR element from 4.58 GHz to 4.1 

GHz. However, after the sodium hydroxide is added to the system, the resonance frequency 

 

Figure 6.16 Simulated phase curve response of the SRR with NaOH electrolyte σe = 0.5 S/m. 
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disappears and similar phase distortions occur around the points where resonances are 

expected. In this implementation of LM SRR, the LM is not directly connected to vertical vias 

so the concern of leakage does not exist. However, the LM is instantly immersed in the 

electrolyte as soon as the electrolyte is added to the system. This leads to an uncontrollable and 

lossy layer of electrolyte that fills the whole notch, making the unit cell more lossy than 

predicted by the simulation. Therefore, phase distortions occur due to the increased parasitic 

effects. 

The demonstrations of electrically controlling LM in the circular patch and SRR unit cells 

reveal the difficulty of controlling the LM system on open surfaces and limitation of the lossy 

electrolyte. Although the attempt here to achieve a tunable reconfigurable element using 

electrically controlled LM fails due to the lossy and uncontrollable electrolyte, tuning the LM 

element on open surfaces provides a method to deliver some reconfigurable shapes. This 2D 

control of LM can be developed into programmable LM for switching electric circuits. 

 

Figure 6.17 Measured phase curve response corresponding to varied EGaIn length without 

NaOH electrolyte for the SRR. 
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6.4 Summary 

This chapter demonstrates control of electrochemically controlled LM on open surfaces and 

investigates construct of a reconfigurable LM element for periodic structures, particularly HIS. 

Two types of element topologies, circular patch, and SRR use the reconfigurable LM as the 

conductor of the whole or subsection of the element to deliver a shifting reflection phase 

(resonance frequency). The concept of controlling LM on 2D planar surfaces successfully 

actuate the LM as intended. Although physically changing dimension of the LM element 

generates a varying reflection phase, this tunability is lost after adding the electrolyte into the 

LM system. The reasons for this failure are proposed and analyzed. These demonstrations of 

the reconfigurable LM unit cells on the open surface indicate that the 2D electrically controlled 

LM devices are inherently plagued by the uncontrollable and lossy electrolyte. This issue might 

be relieved by making the electrolyte thinner, although practically challenging. Modifying the 

structure such that the electrolyte is restricted to a smaller volume for easy control is a possible 

direction to achieve electrically tunable 2D LM devices. 
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Increasing wireless communication requirements necessitates demands for adding 

functionalities to antenna systems. These multi-functionalities, such as channel sensing, 

signals distinguishing, beam steering to name a few, requires an antenna system to dynamically 

tune the frequency, polarization or pattern characteristics. This spurs enormous research 

interest in the dynamic reconfiguration of antenna and microwave systems in recent years.  The 

reconfiguration enables a reconfigurable device to adapt to the changing communication 

environment. In addition to functional benefits, these devices are also more compact, not 

requiring housing multiple devices or components that have a limited or single capability. 

To this end, antenna and microwave engineers are interested in achieving specific design 

tasks by integrating various reconfiguration techniques and materials into antenna or 

microwave systems. Some prevalent reconfiguration techniques include switching and 

structural or material change. These techniques reconfigure the current (direction of current 

flow or current distribution) on antennas to deliver the desired frequency, polarization, or 

pattern characteristics. However, these methods introduce extra design costs and restrictions 

to the system. For example, semiconductor components represent the most popular 

reconfiguration techniques, but varactor diodes limit antennas’ power handling and harm the 

linearity property. Furthermore, PIN and RF-MEMS switches are only able to deliver a limited 

Chapter 7 Conclusion and Future 
Work 
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number of tunable states. Other techniques add design complexity to the antenna system and 

have limited potential for reconfigurability. In fact, no technique currently exists that can 

satisfy all design needs. Novel reconfiguration technologies and materials are constantly under 

development to expand the existing limitations to the reconfigurability of antennas and 

microwave structures.  

LM, as a promising reconfigurable conductor has been used in the design of reconfigurable 

antennas, resonators, filters and surface structures to deliver many tunable device topologies. 

Previously, physical or pneumatical actuations were used to replace or reshape LM to create 

various devices. Unfortunately, most of these cases require a bulky micro-pump, which adds 

weight and complexity to the system integration. One type of LM, EGaIn, can be 

electrochemically reshaped in a reversible and repeatable manner. This method can control the 

manipulation of LM surface tension by electrically reducing or enhancing the surface oxide 

skin. This method avoids bulky hardware implementation that is unavoidable in pneumatic 

actuation of LM. 

Driven by the potential advantage of electrochemically controlled LM to deliver a larger 

number of reconfiguration states, this dissertation investigates the integration of 

electrochemically controlled LM into the design of reconfigurable antennas and surface 

structures, a method previously unstudied in reconfigurable devices. This research explores 

tuning LM in single and multiple directions on 1D and 2D to achieve various device topologies, 

including reconfigurable monopole, dipole, and periodic elements. The benefits and limitations 

of these reconfigurable LM devices are analyzed. Overall, the LM antennas display advantages 

of a larger frequency tuning range and higher linearity compared to antennas using common 
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techniques but are inherently limited by the low mechanical switching of LM and a relatively 

higher loss from the lossy electrolyte, as discussed in Chapter 3. Finally, we also consider the 

restrictions imposed by the LM system when integrating the LM system into a practical 

antenna system in this chapter. 

7.1 Contributions 

This work offers several key contributions in the field of reconfigurable antennas.   

• Developed an electrochemical controlled capillarity (ECC) LM monopole antenna 

with a larger frequency tuning range 5:1. 

This monopole antenna, developed from the recently discovered electrochemical actuation of 

LM, exhibits a continuous and large frequency tuning range from 0.66 GHz to 3.4 GHz. This 

technique results in a frequency tuning ratio of 5:1, which was not reported for reconfigurable 

antennas using varactor or PIN diodes. The electrical actuation of LM enables a repeatable and 

reversible control of LM motion over a large physical length by only changing the applied 

potential. However, this control process is practically unrealizable through pneumatic 

actuation of LM. Characterization of the linearity and power handling properties reveals that 

the ECC LM monopole handles an RF power up to 31 dBm while maintaining a very high 

linearity level comparable to a passive LM monopole or copper monopole. These 

characteristics of the ECC LM antenna imply that it offers an approach for applications 

requiring a large frequency tuning range and a high linearity level.  
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• Demonstrated a feedback-based frequency programmable control of the ECC LM 

monopole indicating the potential for automatic control of LM antennas. 

The electrical actuation of LM allows us to construct a programmable and automatic frequency 

control of the LM monopole. This software-controlled LM system tunes the monopole 

frequency to specific goal frequencies by adjusting the applied potential. The hardware 

platform combines a VNA, which provides frequency feedback information and an analog 

output, which adjusts the applied potential. This is the first demonstration implies that the ECC 

LM antenna can be used automatically in a programmable manner. However, such a software-

controlled LM system cannot be realized by a pneumatic actuation of liquid metal. 

• Studied the effects of the tuning speed, DC power and antenna efficiency associated 

with biasing current and electrolyte concentration and revealed the limitations of the 

LM system. 

Biasing current has been identified as the key factor in dominating the behavior of LM in 

microchannels. This work experimentally investigates the linear dependence of LM switching 

speed on an applied current, revealing that a faster switching speed consumes more biasing 

power. Characterization of the antenna efficiency indicates that a lower antenna loss is 

introduced from a less concentrated electrolyte due to the resistance loss. Although a less 

concentrated electrolyte is preferred for antenna efficiency, a higher biasing power is 

consumed to induce the same speed that can be achieved with a more concentrated electrolyte. 

This tradeoff among antenna efficiency, biasing power and switching speed associated with 

the electrolyte concentration and biasing current is described in Chapter 3. Additionally, the 
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limitations and practical issues arising from electrolyte, packaging, and connection are 

discussed in detail.  

• Developed a method for a multi-directional control of LM in capillaries using electrical 

control and realized a cross dipole with compound reconfigurations. 

This research demonstrates for the first time that a separate and independent tuning of LM in 

different directions by electrically changing the interfacial tension of LM in each direction, a 

task that is difficult to achieve using pneumatic control. This multi-directional control of LM 

enables its reconfiguration in multiple microchannels to deliver a higher degree of 

reconfigurability to an antenna system. This control facilitated the development of a cross 

dipole consisting of four LM arms, where each arm is tuned electrically and separately to 

deliver a compound frequency and polarization agility. Multiple directional tuning of LM in 

capillaries is discussed in Chapter 5. 

• Demonstrated a 2D geometrical tuning of electrochemically controlled LM as an 

element of periodic surface structures and analyzed the feasibility of tunability. 

Electrical actuation of LM enables expansion and withdrawal of LM in specific directions on 

a 2D surface. Tuning the surface tension at different points of the LM creates the ability to 

control the shape of an expanded LM droplet. This research was the first to demonstrate 

controlling an LM circular patch and SRR element on periodic structures, particularly a high 

impedance surface. However, tunability of the LM is lost after adding the electrolyte into the 

system. Potential reasons for this failure are proposed in Chapter 6. 
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7.2 Limitations and Practical Issues for Implementing LM Devices 

The prototypes of an electronically controlled LM monopole and dipole are presented in 

previous chapters. These LM antennas are capable of larger tunable frequency ranges, high 

linearity, and greater power handling. However, the attempt to achieve a tunable periodic LM 

element on open surfaces fails because of the lossy and uncontrollable electrolyte. Based on 

this research, integrating the electrochemical LM system into a practical antenna system are 

limited by several key challenges. The following limitations arise from using an electrolyte, 

packaging LM devices, and connecting materials in different states.  

• The electrolyte is required in the electrochemical LM system to construct a DC biasing 

loop. However, using electrolyte in the system contributes to several restrictions. First, as 

demonstrated in Chapter 3, the lossy electrolyte generates parasitic losses, reducing the 

antenna’s efficiency. Second, the pH non-neutral electrolyte is hazardous to the 

environment and may erode the device. Third, both the LM and electrolyte must be 

oriented horizontally to avoid the uncontrollable influence of gravity in making the liquids 

flow downward. This will induce uncontrollable movement of the liquids. Last, when 

beyond a threshold voltage, electrolysis reactions may generate bubbles. These bubbles 

are difficult to remove once generated and this accumulation of insulated bubbles can 

cause the breakdown of the biasing loop. 

• Packaging the LM devices presents another challenge. The liquid system requires a sealed 

packaging to prevent leakage and evaporation of the electrolyte or LM. Meanwhile, a 
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small opening is required to refill the electrolyte to maintain a biasing path, which 

complicates the packaging. 

•  Maintaining the connection between materials of different states is another limitation 

caused by working with this set of materials. The biasing network has discrete components 

(i.e., inductor and wire) and the liquids are connected to a solid wire or strip to transmit 

signals. This connection cannot be fixed through welding or screws, leaving it vulnerable 

to shifting and reducing the robustness and durability of the system.  

In addition to the limitations inherent to the liquids system, there are also practical issues 

regarding the trade-offs of device performance, fabrication, and control complexity. As 

discussed in Chapter 3, a faster LM switching speed necessitates a larger biasing current and 

greater power consumption, which shortens battery life. Moreover, a more diluted electrolyte 

consumes more DC power to actuate the same tuning speed of LM as a less diluted electrolyte 

but causes less harm to the device’s efficiency. These tradeoffs require making compromises 

in balancing these performance. Filling the liquids into devices needs additional processing 

procedures, such as etching channels on board. Adjusting the LM to the desired state relies on 

a feedback loop tuning which requires power detecting or monitoring components.  

Nevertheless, the ability to electrochemically control the shape of LM in capillaries and on 

surfaces becomes an enabling technology to create novel reconfigurable conductor states. This 

research focuses on reconfigurable antennas and periodic elements using electrochemically 

controlled LM. Yet, this method of using reconfigured LM can also be applied to designing 

other reconfigurable microwave devices and components, such as filters, resonators, sensors, 
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and switches. Importantly, characterization of LM and tradeoffs discussed in this dissertation 

apply to other kinds of application scenarios. 

7.3 Future Work 

Several future research topics can be derived from this work: 

• LM behavioral model 

Up to now, most of the LM research has focused on the design and realization of various 

reconfigurable antennas and microwave components, presenting advantages on structure 

flexibility and performance agility. However, there has not been a comprehensive and 

behavioral model to describe the behavior of LM, particularly the withdrawal and injection 

phenomenon in a capillary. Developing this model would require understanding the complex 

underlying mechanism behind the electrochemistry and microfluidic behavior of LM. The 

simple conceptual model presented here acts as a starting point from which to simulate the LM 

behavior, based on experimental work.  

Establishing a behavioral model is beneficial to control LM in various devices. Software-

defined and cognitive radios may be able to tune LM to the desired state using this model that 

can circumvent costly hardware using a feedback control. Moreover, using a behavioral 

model’s prediction is especially useful when controlling a large and complex microfluidic LM 

network (e.g., complex array feeding networks). 

• Microfluidic LM networks 
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We have presented the application of ECC LM in the design of reconfigurable microfluidic 

monopoles and dipoles. The multi-directional tuning of LM can be extended into more 

complex microfluidic networks. Such a network could be an antenna array feeding network 

with different array elements chosen to radiate by controlling the feeding path. This network 

could also be designed to conform to auto, skin, wall, or other platforms. We believe the 

microfluidic network can be used in many applications for sensing and wireless 

communications. 

• Platform integration of the LM system into an actual antenna system 

The reconfigurable antennas demonstrated in this research are all conceptual designs. Still, 

limitations and practical concerns plague the attempts to integrate the LM system into a 

practical antenna system in a mobile or handheld device. Challenges of device packaging and 

maintaining liquids’ connections can be overcome by carefully sealing the LM system into the 

devices. However, the lossy electrolyte is unavoidable in this electrochemically controlled LM 

system. Despite these limitations, integrating this LM system into a reconfigurable antenna or 

microwave system has the potential to deliver a larger number of tunable states, maintaining a 

high linearity level and a high power handling property. These aims, though difficult to achieve 

using conventional reconfiguration techniques, are possible with a further in-depth exploration 

of LM systems. 
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Appendix A The LabVIEW program to tune the antenna frequency 

The LabVIEW program that autonomously controls the frequency of the ECC LM monopole 

contains three blocks: the frequency monitoring block, voltage regulation block, and data 

collection block.  

1. The frequency monitoring block 

In this block, the measured frequency with minimum reflection coefficient, fm, is compared 

with the desired resonance frequency fd. When | fm − fd |≤ 0.5 GHz, the voltage regulation stage 

is 1. If ( fm − fd) < −0.5 GHz, the voltage regulation switches to stage 2, else the voltage 

regulation stage is 3. 

2. Voltage regulation block 

Stage 1: hold EGaIn stable, V (voltage) = 0.8 fd (in GHz)+0.95;  

Stage 2: withdraw EGaIn; Stage 3: inject EGaIn. 

3. Data collection block 

This block collects the information of frequency marching and applied the voltage as time 
elapses. 
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