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Abstract 

 

Microfluidically reconfigurable radio-frequency (RF) devices, in general, are found 

attractive for low-loss, wide-frequency tunability, low hardware complexity, and high-power-

handling capabilities. More recently, microfluidic actuation has also been proposed as an 

alternative to semiconductors and micro-electromechanical systems-based approaches to realize 

new and compact reconfigurable devices operating in mm-Wave bands. This research expands the 

knowledge base on low-loss and compact mm-Wave reconfigurable devices. The reconfiguration 

approach relies on utilizing a microfluidically actuated selectively metalized plate (SMP) within 

proximity of the RF device to alleviate the practical issues arising from the traditional usage of 

liquid metals in microfluidically reconfigurable devices. 

The first novel concept is a microfluidically actuated spatially adaptive antenna array 

(MRSA) that can be used to achieve control of the mm-Wave wireless communication channel. 

MRSA concept is realized with a new compact RF feed network so that spatial adaptation on the 

order of several wavelengths can be accomplished without unnecessarily increasing the 

microfluidic system's size that enables this spatial adaptation. MRSA allows the improvement of 

the link-level performance of a wireless channel by 24%, from 8.5 bps/Hz to 10.5 bps/Hz. 100% 

improved system-level average spectral efficiency, and a 5 dB improvement in the average signal-

to-interference ratio was achieved without additional antenna elements.  

The second concept is a novel frequency reconfigurable antenna with integrated 

microfluidic actuation for the 28 GHz or 38 GHz mm-Wave bands. The device's novelty resides 

in a new multilayer integrated microfluidic actuator that can reposition multiple metalized plates 
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simultaneously within the microfluidic channel performing complex mechanical reconfigurations 

with reduced hardware complexity to achieve the desired functionality. It exhibits a realized gain 

of 5.6 dBi and 4.9 dBi at 28 GHz and 38 GHz, respectively, with improved loss compared to 

alternatives such as liquid metals, which exhibit challenges associated with actuation and liquid 

metal oxidization within channels that require lossy solutions for encapsulation.  

The integrated actuation approach is subsequently utilized in a novel microfluidically 

reconfigurable mm-wave slow-wave phase shifter. The phase shifter achieves better loss and 

compactness when compared to other microfluidic technologies such as liquid metals and 

dielectric liquid loadings by utilizing a selectively metalized plate (SMP) repositionable within a 

microfluidic channel placed in close proximity to a microstrip line, creating a variable capacitive 

loading that alters the speed of its propagating wave. The device achieves total reconfiguration in 

approximately 50 ms, which is 39× higher than its predecessor.  

Finally, by combining multiple phase shifters through a new design approach a mm-wave 

beamforming network is introduced to achieve beam steering antenna arrays. The beam steering 

is performed with a single microfluidic actuator and a circuit model is introduced to facilitate the 

design of the beamforming network. The design example presented is for a four-element antenna 

array operating at 28 GHz exhibiting continuous beam steering capability within ±30∘ when its 

SMP is actuated within its -100 to 100 μm displacement range. Unlike beaming steering antennas 

using beamforming ICs, they do not require active amplification to compensate for high loss and 

have reduced hardware complexity associated with control bits and bias lines. Compared to 

previously investigated microfluidically actuated beam steering antennas, it offers the advantage 

of not relying on switched beam techniques and bulky lenses. 
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Chapter 1: Introduction 

 

The combined effect of near future hyper-connected devices (IoT), new application-

specific requirements, and the sub-6 GHz frequency spectrum reaching saturation have triggered 

an increased need for wireless systems operating at mm-Wave frequencies. However, mm-Wave 

communications suffer from high path propagation and blockage losses. Consequently, mm-Wave 

wireless networks are created to be densely deployed [1] while employing high-gain 

reconfigurable antenna arrays with electronic beam-steering capabilities [2, 3]. Moreover, 

implementing mm-Wave reconfigurable antennas increases hardware complexity with low power 

handling due to dense inter-element spacing, higher antenna element count, many active 

components, macro electromechanical motorized positioning systems, and the need for routing 

many RF bias and control signals. Unlike at lower frequency bands, the cost and power 

consumption of analog-to-digital and digital-to-analog (ADC/DAC) and macro electromechanical 

components prohibit realizing mm-Wave multiple-input–multiple-output (MIMO) architectures 

entirely in the baseband [4]. 

The most traditional technologies utilized in the design of mm-Wave reconfigurable 

antennas rely on silicon-based integrated circuits. IC technology, with GaAs such as RFIC, RF-

SOI, or MMIC, has the advantage of high mass production. However, these technologies suffer 

from non-linear effects, increased losses, and low power handling at mm-Wave bands [5]. 

Contrary to IC technology, Micro Electromechanical Systems (MEMS) technology has been 

proposed to overcome IC's challenges at mm-Wave frequencies because of its low loss, high 

efficiency, and linearity. MEMS exhibits low loss and high-power handling but suffers from low 
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reliability and slower reconfiguration than IC performance [6]. Another technology implemented 

in reconfigurable antennas is macro mechanical repositioning. In mechanically actuated 

reconfigurable antennas, the actuation mechanism alters the antenna's resonating frequency, beam 

scanning angle, or spatial position of the elements. The method does not include switching 

mechanisms or optical fiber/laser diode integration. However, this technique depends on the 

device's physical limitations and results in heavy structures that increase power consumption and 

slow reconfiguration.  

A more recent reconfiguration technology for antenna arrays utilizes microfluidics as the 

actuation mechanism. In microfluidically reconfigurable actuated devices, the reconfiguration is 

achieved by repositioning either a liquid metal [7] [8] or a dielectric material [9] inside a 

microfluidic channel by circulating a low-loss liquid dielectric. Subsequently, the liquid metal or 

dielectric relocation inside the microfluidic channel loads the RF device and modifies its geometry 

or RF performance. Due to the physically small size of the mm-Wave devices employed on 5G, 

reconfiguration of RF devices through microfluidic has proved promising in modern research for 

applications where high efficiency and low loss are required [10].   

1.1 Research Goals and Contributions 

This research aims to enhance the current knowledge on microfluidically reconfigurable 

antennas using selectively metallized plate (SMP) repositioning as the actuation principle. This 

technology's implementation is motivated by work that demonstrated highly reconfigurable RF 

devices in [11], [12], [13], [14], [15]. For this, four concepts were explored, and the outline, as 

well as specific contributions discovered, are as follows: 

• Implementing microfluidic actuation based on SMP repositioning to introduce a novel 

Microfluidically Actuated Spatially Adaptive Antenna Arrays (MRSA) for Mm-Wave 
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Wireless Channel Control. This contribution is supported by introducing a novel RF feed 

that simplifies the MRSA's hardware complexity by reducing the SMP/Channel utilization. 

• Demonstrating the first experimental verification of frequency reconfiguration based on 

microfluidic technology. This contribution is supported by introducing a novel frequency 

reconfigurable antenna with integrated microfluidic actuation for the 28 GHz or 38 GHz 

mm-Wave bands and presenting a multilayer microfluidic actuator that can reposition 

multiple metalized plates simultaneously within the microfluidic channel to achieve 

frequency reconfiguration.  

• Introducing a novel mm-Wave microfluidically reconfigurable phase shifter (MRPS) with 

reduced hardware complexity using SMP-based microfluidically reconfiguration 

techniques. This contribution is supported by introducing a novel microfluidic actuated RF 

loading technique based on variable capacitive coupling generated by SMP repositioning 

within the microfluidic channel, thus altering the propagating wave's speed.  

• Detailing a novel mm-Wave microfluidically reconfigurable phased antenna array 

(MRPAA) with beam steering capabilities and reduced hardware complexity. This 

contribution is supported by introducing a beamforming network built on multiple MRPS 

with zero IC count and spatial reconfiguration in the micron range. It is also supported by 

introducing a circuit representation describing the capacitive loading nature of the 

MRPAA.  

1.2 Dissertation Outline 

This dissertation is comprised of seven chapters. Chapter 2 provides a literature review of 

different reconfiguration technologies implemented for mm-Wave antennas. Chapter 3 presents a 

comprehensive study of microfluidically reconfigurable spatially adaptive antenna arrays (MRSA) 
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for mm-Wave wireless channel control. Chapter 4 introduces a microfluidically reconfigurable 

dual-frequency antenna (MRDA). Chapter 5 details an mm-Wave microfluidically reconfigurable 

phase shifter (MRPS) with reduced hardware complexity using SMP-based microfluidically 

reconfiguration techniques. Chapter 6 expands on the concept introduced in chapter 5 to study a 

microfluidically reconfigurable phased antenna array (MRPAA). Finally, Chapter 7 summarizes 

the dissertation and includes recommendations for future work. 
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Chapter 2: Background and Literature Review 

 

The traditional wireless communications spectrum below 6 GHz is reaching a saturation 

point. Therefore, it is crucial to discover novel techniques and resources to provide higher capacity 

and data rates, reduced costs, as well as a consistent quality of experience. The efforts made on the 

resources side point toward utilization of higher frequency bands within the mm-Wave spectrum. 

However, the mm-Wave band has always been considered undesirable for wireless transmission 

due to several physical constrains such as high path loss, shadowing, high phase noise, and the 

increased cost of equipment necessary for its operation.  

Reconfigurable antennas are a crescent topic among the RF/microwave research groups 

worldwide because of their promising potential to overcome some of the challenges presented by 

the mm-Wave band usage. A typical reconfigurable antenna employs adaptive characteristics to 

modify its frequency, polarization characteristics, radiation pattern, or a combination of the above 

to provide additional resources in wireless communications and/or reduce the hardware complexity 

and cost. Depending on the reconfiguration mechanisms, reconfigurable antennas can be classified 

into four main groups: those using electrical actuation principles such as IC, RF-MEMS systems, 

mechanical actuators, and those taking advantage of changes in the material properties of its 

components. This chapter explores different antenna reconfiguration principles and their 

applications in mm-Wave bands such as frequency reconfiguration, polarization reconfiguration, 

beamforming reconfiguration and spatial adaptation. It also highlights the current state-of-the-art 

RF/microwave reconfigurable antennas and a review of recent research on microfluidically 

actuated reconfigurable devices.  
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2.1 Mm-Wave Antenna Reconfiguration 

The increasing trend of data-demanding applications requires an unprecedented increase 

in the volume of information traffic. These new applications satisfy users' requirements and draw 

new horizons for wireless operators to increase their revenue. 

2.1.1 Challenges of Existing Mobile Networks 

A quick look into recent statistics regarding wireless networks worldwide reveals that more 

than five billion devices demand wireless connections to run voice, data, and other applications. 

Mobile subscriptions have been growing around 2 percent year after year. In addition, LTE 

subscriptions have reached 4.6 billion, while WCDMA/HSPA reached 1510 million subscriptions 

(according to the Ericsson Mobility Report of November 2021). Over the long term, traffic growth 

is motivated by both the increasing number of smartphone subscriptions and the  rising volume of 

data per subscription as burgeoning video content beckons more views. 

2.1.2 The Mm-Wave Spectrum and 5G 

The combined effect of near future hyper-connected devices (IoT), new application-

specific requirements, and the fact that the actual frequency spectrum is reaching saturation have 

been the inspiration for advancing the so-called next-generation of wireless networks or 5G. It is 

usually presumed that 5G communication should address six goals that are not adequately 

addressed by 4G, higher capacities, higher data rates, lower latency, massive device connectivity, 

reduced costs, and consistent quality of experience provisioning [16]. As a result, the wireless 

industries as well as academic and research organizations, have all started collaborating on 

different aspects of 5G wireless systems. 

Among the solutions proposed to reach the 5G goals, cellular networks are now aiming to 

explore the available, high-frequency mm-Wave band (ranging from 20 GHz to 300 GHz). As 
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compared to previous technologies, there is an abundance of frequency resources within the      

mm-Wave band. The U.S. Federal Communications Commission has approved and made available 

an additional 1.7 GHz of mm-Wave spectrum for use in 24 GHz and 48 GHz wireless bands [17]. 

This support also increases the already available mm-Wave spectrum in the 28 GHz, 37 GHz, 39 

GHz, and 64-71 GHz bands - making a total of 13 GHz of probable spectrum for 5G networks.   

Despite all the merits of mm-Wave technology, the mm-Wave band has traditionally been 

considered unsuitable for wireless transmission. In fact, the mm-Wave bands are characterized by 

too many challenges in physical, routing, and MAC layers for mm-Wave communications to be 

useful for 5G networks. 

2.1.3 Understanding the Mm-Wave Wireless Channel 

The physical layer in mm-Wave bands presents a challenge regarding communication 

performance. Among the characteristics that define the behavior of the physical layer in mm-Wave 

bands, the high propagation loss and its scattering characteristics play an important role. 

Additionally, wireless mobile communication is characterized by the random nature of the relative 

motion between users and access points. In fact, according to [18], [19]  and [20], a proper wireless 

channel characterization can be defined by analyzing its propagation, shadowing, Doppler effect, 

and multipath loss performance. 

2.1.3.1 Propagation Loss 

The free space signal loss is stated by the Friis equation. The Friis equation formulates that 

the free space omnidirectional path loss increases proportionally to the square of the distance. This 

translates into high propagation loss due to ultra-small wavelengths. However, the use of a shorter 

wavelength allows not only for the miniaturization of the antennas but also for the formation of 

multiple narrow beams by using antenna arrays. The use of multiple antenna systems has recently 
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been proven to increase gain and reduce interference [21] by increasing spatial multiplexing 

capabilities.  

2.1.3.2 Penetration and Shadowing 

For effective system design, there is a need to understand mm-Wave propagation in diverse 

environments. There is a critical concern regarding obstacle obstruction because mm-Wave signals 

are incredibly susceptible to shadowing. Because of this, it is essential to understand the 

comportment of mm-Wave signals when propagating in the presence of ordinary objects.  

The attenuation of mm-Wave for different materials has been previously investigated in 

[4], and materials such as concrete can attenuate signals by as much as 170 dB at 40GHz. Such 

behavior confines mm-Wave signals to small-cell environments. Propagation in a small cell 

environment looks promising for mm-Wave communications and automatically requires 

investigation into  Non-Line of Sight (NLOS) propagation. 

2.1.3.3 Multipath and NLOS 

In wireless communications, multipath is the effect of receiving a signal in an antenna from 

several paths at a time and inflicting random variations of the received signal [18]. In simulations, 

[22] shows the difference in the propagation performance at two frequencies (i.e., 15 GHz and 28 

GHz) and also remarks on the impact of diffuse scattering at 28 GHz. The above-mentioned 

phenomenon has been conventionally accepted as uncontrollable since it is assumed that the 

environment and the propagation scenario are random.  

However, understanding multipath behavior might enable NLOS problem mitigation 

because there is a vast capacity inherent in multipath random fields, which can then be utilized to 

improve wireless channel performance [23]. 
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2.1.3.4 Doppler Effect on Mm-Wave 

The Doppler Effect represents the alteration in the received signal frequency due to the 

relative motion concerning the receiver and the emitter. The Doppler Effect is an important 

variable when designing mm-Wave wireless communication systems. According to [4], the 

Doppler shift on a 3GHz to 60GHz system with relative mobility between 3-350 km/h causes a 

frequency shift between 10Hz to 20kHz. However, the frequency shift due to multipath signals in 

mm-Wave scattering scenarios results in a phenomenon called Doppler spread. Doppler shift can 

be effectively controlled by adapting the receiver beamwidth, packet sizing, and proper coding 

over the coherence time of the channel. 

2.1.4 Mm-Wave Antenna Reconfiguration to Improve Signal to Interference Ratio 

Cell densification has been envisioned as the future scheme for the next-generation 

wireless network [24], resulting in the usage of ultra-small cells (i.e. microcells, picocells, and 

femtocells). Since small cells need to be deployed in a decentralized way, an increase in 

interference between each other and between users is expected. Regardless of the type of 

interference (inter-symbol interference, inter-user interference, and inter-antenna interference), all 

share the same mechanism of generation at mm-Wave in which multiple symbols, users, or data 

streams compete for the use of the same resource. Such interference behavior sequentially 

degrades the signal-to-interference ratio (SIR) and the error performance of the network while 

modifying the channel capacity [25]. In this sense, advanced interference mitigation techniques 

need to be deployed to combat interference and improve spectral efficiency. 

According to [26], the new wireless communication systems are required to be cognitive 

and adjustable in order to overcome the inherent challenges associated with mm-Wave bands. As 

such, the evidence holds reconfigurable antennas as a promising solution for mm-Wave 
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applications. Moreover, reconfigurable antennas are not only for frequency reconfiguration but 

also for radiation pattern reconfiguration and polarization reconfiguration [27]. Their ability to be 

adaptive allows the reconfigurable antennas to provide multiple wireless applications. One of the 

main applications regarding reconfigurable antennas is cognitive radio. Cognitive radio systems 

are based on monitoring the transmission channels and searching for unused frequencies in the 

spectrum. Therefore, a cognitive radio requires an antenna that can efficiently identify changes in 

the communications channels and react accordingly [26]. 

2.2 State of the Art Reconfigurable Antennas 

The deployment of 5G will require the design of both compact and efficient antennas. 

Lately, there has been a collective interest in developing an efficient antenna for mm-Wave to 

operate in the 28 GHz band and 38 GHz band. They will have the intelligence and capacity to 

adopt the most appropriate communications strategy based on feedback from channel sensing 

activities and signal quality assessment (i.e. the operating frequency, beam pattern and 

polarization). 

Reconfigurable antennas facilitate the use of mm-Wave devices to deal with extendable 

and reconfigurable multiservice as well as for multiband operations with efficient spectrum usage 

and power utilization. These new strategies can be efficiently applied to reduce the number of 

components, hardware complexity, and cost compared to current radio technology. A typical 

reconfigurable antenna employs adaptive characteristics to modify either its frequency, 

polarization characteristics, radiation pattern, or a combination of the above. Depending on the 

reconfiguration mechanisms, reconfigurable antennas can be classified into three main groups: 

those using electrical actuation principles (i.e. PIN diodes, varactor diodes, and radio frequency 
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microelectromechanical systems [RF-MEMS]), those using mechanical drivers and those taking 

advantage on changes in the properties of the material. 

2.2.1 Frequency Reconfigurability 

A frequency reconfigurable antenna has the capability to cover a number of frequency 

bands for wireless communications. Currently, it is common for a single device to multitask 

services over a wide frequency range and to be operational at multiple frequency bands. Compared 

to multiband and wideband antennas, one of the merits of frequency reconfigurable antennas is 

that the antenna provides noise rejection in bands that are not in use, and as such, the filter 

requirements of the front-end circuits are significantly reduced. Frequency reconfigurable antennas 

can modify its operating frequency band - both in a continuous or discrete manner while keeping 

the polarization and radiation pattern stable. 

2.2.1.1 Electrically Induced Reconfigurability 

A frequency reconfigurable slot antenna with three tunable frequencies is presented [28]. 

The investigation presents a method that combines two approaches to reduce patch antenna 

dimensions. The addition of a slot in the ground plane shifts the frequency of the patch from 7.273 

GHz to 4.267 GHz while keeping the dimensions of the antenna the same. Additionally, by altering 

the varactor, a series of successive bands could be obtained. The system frequency ranged from 

4.65 GHz to 6.18 GHz. Similarly, a concept of frequency reconfigurable antenna based on S-PIN 

diodes has been investigated in [29]. The study shows the use of a reconfigurable aperture to 

replace the narrow wall of a rectangular waveguide. The aperture contains a silicon device covered 

with a conductor layer comprising four reconfigurable slots. S-PIN diodes are embedded under 

each slot and silicon technology allows for selected slots to be closed electronically. 
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Similarly, RF-MEMS actuated frequency reconfigurable antennas have been investigated 

in several studies. For instance, in [30], the authors propose the use of MEMS cantilevers to alter 

the height of a suspended patch antenna. The antenna uses voltage to modify the distance between 

the antenna and the ground plane, hence changing the fringing fields of the patch edges while 

increasing the resonance frequency.  

According to the results, the resonant frequency of the antenna is 189.2GHz with an 18.7dB 

return loss. However, as a dc voltage is applied, the resonant frequency shifts to 191GHz at 42V 

dc voltage. Similarly, Luo et al. in [31] offer a cantilever approach for phase modulation. It is 

formed as a periodic structure that modifies the phase velocity of the wave propagating in the 

device. Each unit cell contains the antennas, and therefore beamforming is achieved by creating a 

progressive phase shift between the unit cells.  The device achieves a ±15° beam steering range as 

the J-units are sequentially actuated.  

Another implementation of MEMS technology as reconfiguration mechanism is the work 

by Ibrahim et al. in [32]; the work explores a reconfigurable monopole UWB antenna that operates 

at a frequency band from 3.2 GHz to 12 GHz. The reconfiguration is achieved by using an RF 

MEMS switch in a series configuration. The structure has two modes controlled by the RF MEMS 

switch. Similar to the previous study, the paper presented in [33] explores the use of an RF-MEMS 

switch while using a coplanar waveguide transmission line for signal transmission. The MEMS 

switch controls the two branches of the antenna which can work in four different frequency bands 

and achieve frequency reconfigurability.  

2.2.1.2 Material Properties Reconfiguration 

Antenna reconfigurability can also be achieved by changing the substrate characteristics 

with the use of materials such as liquid crystals and ferrites. The material change is obtained by 
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modifying the relative electric permittivity or magnetic permeability of a material. As an example, 

liquid crystals are used as reconfigurable materials due to their ability for continuous tuning, along 

with low power consumption and high integration capability. A study on this subject has been 

presented in [34], where a ferrite of relative permittivity 4.3 was used.  

The antenna design was based on a waveguide cavity and a ferrite slab to accomplish 

frequency reconfigurability. Similarly, in [35], a slotted-waveguide antenna array was used in 

conjunction with two photoconductive switches to adjust the electrical length of the slot. The 

concept makes use of a photonics-based reconfigurable strategy to provide frequency tunability 

within the 28GHz and 38GHz frequency bands. 

2.2.1.3 Mechanically Induced Reconfigurability 

In mechanically actuated reconfigurable antennas, the actuation mechanism is obtained by 

the structural alteration of the radiating elements of the antenna. This method does not include 

switching mechanisms or optical fiber/laser diode integration. However, this technique is highly 

dependent on the physical limitations of the device.  

In [36], a mechanically controlled frequency agile antenna was successfully designed, 

fabricated, and verified for its applications in wireless communication from 0.5GHz to 3GHz. The 

reconfigurability was achieved by adjusting the ground plane dimensions under the patch using an 

actuation mechanism based on liquid metal.  

Another mechanical technique to achieve frequency reconfiguration involves the 

superposition of a metamaterial on top of the antenna, similar to the study proposed in [37]. The 

antenna is formed by a patch radiator covered in a metasurface in which several elliptical unit cells 

are arranged periodically. The frequency reconfiguration capabilities of the device can be impulsed 

by mechanically rotating the metasurface.  
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2.2.2 Radiation Pattern Reconfigurability 

Pattern reconfigurable antennas allow for beam steering capabilities on RF devices. These 

reconfigurable antennas have become relevant for several applications in telecommunications and 

radar. The radiation pattern reconfigurable antennas mitigate interference by channeling the 

antenna's radiation in the direction of interest. This turns out to be an essential characteristic in 

mm-Wave applications where high path loss, shadowing, and Doppler Effect are relevant.  

2.2.2.1 Electrically Induced Reconfigurability 

The electrically induced antenna pattern reconfigurability has been investigated in [38]. 

The investigation presents a radiation pattern reconfigurable antenna with an operating band from 

36GHz to 40GHz. The design possesses multiple antennas and comprises a tunable power divider.  

The power divider feeds one or multiple antennas according to the system's directives and 

subsequently provides various radiation patterns. Similarly, another technique utilizes the 

activation of individual antenna elements to radiate and cover a specific region. This principle is 

utilized in [39], in which a beam-steering antenna based on lens antenna subarrays (LAS) is 

presented, and an mm-Wave beam-steering antenna consisting of L lens antenna subarrays (LASs) 

is introduced. Each LAS hosts an M-element feed antenna array at its focal plane. The desired 

single antenna on each LAS is fed through an SPMT, with each LAS connected to their respective 

phase shifters (PS). The switch and PS states can be used to steer the beam. According to the results 

of the study, the antenna performs with 8.5% |S 11 | <; -10 dB bandwidth, 15.7 dBi Gain, 5.2° H-

plane half-power beamwidth, and 75° field of view.  

2.2.2.2 Material Properties Reconfiguration 

Material properties reconfiguration antennas have been investigated in [40]. The study 

presents the design and construction of a relatively large Fresnel lens (>18λ) using a  true-time-
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delay (TTD) metamaterial structure for low-profile applications (F/D<0.36) that provides the 

antenna with multiple-beam capabilities. According to the authors, multiple beams can be 

produced from a single lens antenna using multiple feed horns at the proper spacing. 

2.2.2.3 Mechanically Induced Reconfigurability 

An example of a radiation pattern reconfigurable antenna is reported in [41]. The antenna 

comprises a monopole with a couple of V-shaped parasitic elements (VPE) in which the motion 

of the VPE is controlled by a dielectric elastomer mechanical actuator. A prototype was used to 

validate the simulations as well as the relationship between VPE displacements and the voltage 

applied to the actuator. It was shown that the pattern changes are sufficient for diverse applications 

and the impedance match is reasonably maintained over a 20% bandwidth. 

2.3 Current Research in Mm-Wave Microfluidically Reconfigurable Antennas 

Due to the physically small size of the mm-Wave devices employed on 5G, fluidic 

reconfiguration of RF devices has proved to be a promising topic in modern research. As an 

alternative to MMICs or MEMS technology, microfluidics present favorable outcomes where high 

efficiency, high power handling and low loss are required. The microfluidic actuation as a 

reconfiguration mechanism for RF devices utilizes the recirculation of a dielectric liquid to alter 

the RF properties of the device. This chapter explores important research on microfluidic 

reconfigurable antennas that utilize either the electrical properties of the fluid to achieve 

reconfiguration, liquid metal actuation to modify its performance, and finally, antennas utilizing 

the novel approach of selectively metalized (SMP) to achieve reconfigurability.   

Microfluidically actuated frequency reconfigurable antennas using dielectric properties of 

the liquid to achieve reconfiguration have been explored in [42], where a planar mm-Wave antenna 

with two microfluidic channels pipes located below the radiating edges of the antenna is 
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introduced. The flow of different dielectric liquid materials on the microfluidic channels allowed 

an operating frequency reconfiguration from 16.8GHz to 28.4GHz. The prototype in the 

investigation has a wide frequency tuning range (51% of the center frequency) with a 1.78 dB gain, 

and 27% radiation efficiency is calculated using numerical models. Similarly, a radiation pattern 

reconfigurable microfluidic antenna has been investigated in [43]. The study presents a 

microfluidic reactive impedance loading mechanism based on a colloidal fluid under the ground 

plane. Changes in the concentration of the fluid alter the impedance-loading factor, thereby 

facilitating a phase change in the radiated signal. The mechanism allows low loss and phase control 

over the microstrip patch element and explores the implementation of the technique for beam 

steering reflectarrays. Another interesting implementation of liquid dielectric properties to antenna 

reconfiguration is presented in [44], where a microstrip patch antenna with quartwer wave long 

stubs at each corner in a multilayered substrate achieves frequency and polarization 

reconfigurability by modifying the loading of the stubs. Each stub can be individually loaded by 

filing or withdrawing distilled water into a series of microfluidic channels under the stubs. The 

antenna achieves 7.85% frequency tuning in the 2400 MHz band with linear polarization when 

loading is symmetric and 5.76% frequency tuning with circular polarization when the loading is 

asymmetric. In an asymmetric loading configuration, the antenna can switch the sense of 

polarization between LHCP and RHCP by alternating the loading along the diagonals of the 

antenna. Another important aspect of this work is the use of 3D printed molds to cast PDMS 

structures instead of the traditional SU8 molding process.  

Another popular method to achieve reconfigurable microfluidic devices is utilizing liquid 

metals to generate electrical contacts in the devices. Even though using liquid metals to achieve 

antenna reconfiguration comes with a set of drawbacks, such as the utilization of mercury which 
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is hazardous for humans and the environment, and the oxidation of the metal droplet inside the 

channel with the consequent reduction of conductivity, this technique presents several devices 

demonstrating its functionality [45] [46] [47]. Recent works on reconfigurable antennas utilizing 

liquid metal as a reconfiguration mechanism include the work done by Bharambe et al. in [48] 

demonstrating a planar antenna with the capability of achieving H-plane and E-plane beam 

scanning. The antenna utilizes the repositioning of liquid metal droplets inside five microfluidic 

channels acting as directors, reflectors and driven elements to form a reconfigurable quasi-Yagi 

array. Repositioning the liquid metal inside the 3D printed structures allow for ±48° steering in the 

H-plane and ±54° steering in the E-plane, covering as much as 23% of the spherical area with at 

least 5 dBi of realized. Similarly, Carrasco et al. in [49] introduced two concepts for reflectarray 

reconfiguration utilizing Galinstan instead of mercury. The first topology is based on the aperture-

coupled patch antenna that is hexagonal and can be reconfigured by introducing Galinstan into two 

cavities that extends the patch. As the cavities fill, the antenna achieves dynamic frequency tuning 

due to the variation of its physical length. The antenna achieves a wide frequency tuning range 

from 34.45 GHz to 25.85 GHz as the cavities get filled. The investigation also explores the 

possibility of implementing phase reconfiguration by utilizing Galistan to alter the physical length 

of the delay line in a reflectarray configuration. The concepts were demonstrated using CST 

simulations showing a 360° phase range from 24 GHz to 32 GHz. In addition, the investigation 

explores the use of capillary burst valves to control the length of the delay line filling utilizing the 

sudden expansion at the interconnecting microchannel. The concept was experimentally verified 

to control the length of the delay line filling upon the application of external pressure.  

Relevant and most cited references in this field include the investigation performed by Dey 

et al. in [11]. Dey investigated a frequency reconfigurable liquid metal antenna whose operation 
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principle relies on the movement of the liquid metal volume over a microstrip line feed network. 

The liquid metal antenna is capacitive coupled to the microstrip line while the liquid metal volume 

is actuated with a micro pump unit. To maximize the capacitive coupling between the metal 

volume and the microstrip line, the metal is enclosed within a PDMS structure bonded to the 

substrate. The concept was demonstrated by the design and experimental verification of a 

frequency-tunable monopole antenna operating from 1.29 GHz to 5.17 GHz. Similarly, a 

switchable liquid metal based slot is presented in [50]. The antenna operation principle was based 

on the continuous movement of a liquid metal volume over a 3D printed channel while superposing 

to the antenna slots. Simulation results prove that repositioning the liquid metal on top of the slots 

causes a frequency tuning bandwidth of 70%. A prototype was fabricated, and the tests show good 

agreement between simulations and measurements. The work performed by Arbelaez et al. in [51] 

introduces a microstrip circular patch antenna with frequency and polarization reconfigurability 

using liquid metal. The antenna contains a C-shaped slot at its center and its reconfigurability is 

achieved utilizing two putty containers and liquid metal to switch between four different states. 

The antenna exhibits linear polarization at 5.83 GHz with a gain of 2.68 dB, circular polarization 

(CP) at 6 GHz with a gain of, right-hand CP (RHCP), and LHCP observed at 6.15 GHz with a gain 

of 2.44 dB. 

More recently, there has been an increased interest in repositionable metalized plate 

reconfigurable microfluidic devices. The technique consists of recirculating a fluid to generate the 

repositioning of a selectively metalized plate (SMP) inside a microfluidic channel [52] [53] [54] 

[55] [56] [57] [58] [59]. This technique has shown to be a practical approach to achieving low-

cost, high-power capable, and compact devices while reducing the power consumption associated 

with a traditional mechanical actuation.  
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Among the most relevant research on this microfluidic technology using metalized plates 

reconfiguration, the study by Dey et al. in [60] used a meandered dipole antenna where the 

frequency tunability was accomplished by repositioning an SMP within the microfluidic, thereby 

acting as a parasitic short circuit to electrically connect different sections of the dipole.  The device 

utilized external micropumps to circulate the fluid flow and achieve repositioning of the metalized 

plate inside the microfluidic channel and over the antenna gaps. The closing of such gaps with the 

metalized plate modifies the electrical length of the meandered dipole and reconfigures the 

antenna’s resonance frequency. A fabricated prototype was experimentally verified and showed a 

tuning range between 0.88 GHz and 1.39 GHz. On a similar note, Dey et al. elaborated on the 

concept introduced in [11] of frequency reconfigurable microfluidic antennas by utilizing 

metalized plates in [55] as an alternative to the liquid metal reconfiguration approach. The 

monopole antenna showed a high RF power-handling capability utilizing a movable metalized 

plate located within a microfluidic channel to extend the electrical length of the monopole. The 

antenna was coupled to the feed mechanism through capacitive coupling. The monopole showed 

frequency reconfigurability from 1.7GHz to 3.5GHz. The evolution of the technology was scaled 

by exploring radiation pattern reconfigurability utilizing selectively metalized plates (SMP) inside 

a microfluidic channel. The concept explored by Gheethan et al. in [54] paves the way for reliable 

liquid-metal-free microfluidic reconfigurable devices with higher efficiency and improved power-

handling capabilities. The study investigated microfluidic focal plane arrays (MFPAs) to obtain 

compact and high-gain beam steering antennas. The patch element had the ability to be 

repositioned at the focal plane of the microwave lens. The side lobe level was proven reduced with 

the novel non-resonant feed line and the performance improvements were experimentally verified 

through an eight-element extended hemispherical dielectric lens-based microfluidic focal plane 
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array prototype. The concept was then further explored by Gonzalez et al. in [61]. The study 

utilized SMPs as switching mechanism to activate individual antennas at different positions under 

the lens. This principle reduced the motion range required for complete actuation, therefore 

improving the performance of the microfluidic focal plane arrays. The prototype utilizes a 

repositionable SMP on top of a sectioned microstrip line. Depending on the position of the 

selectively metalized plate on the microfluidic channel, the plate acts as an ON/OFF switch aided 

by a strong capacitive coupling created between the plate and the feed line. The switches showed 

less than 0.1 dB insertion loss resulting in a wide band low loss feed network. The feed network 

was utilized in an 8 element 30 GHz MFPA with a measured gain value (>22 dB). Additionally, 

the concept was extended with the design of a 2D beam-steering an 8×8 array design. Another 

important reference for the work in this dissertation was performed by Yilmaz et al. in [58]. The 

work introduces a microfluidically repositionable (i.e., spatially adaptive) beam steering array 

concept (via EM modeling and simulations) to increase the capacity of mm-Wave communication 

systems by exploiting the spatial resource in random fields. The array was capable of repositioning 

itself within a 4.5 λ spatial range inside a 9λ microfluidic channel for a microfluidic channel 

utilization of 50%. In a multipath environment, this configuration was shown to increase the 

wireless channel gain beyond what could be achieved by a stationary antenna array. Unfortunately, 

the research did not address whether it is possible to increase the microfluidic channel utilization 

of the antenna array design. On the other hand, the device was not fabricated therefore, fabrication-

related issues were not successfully addressed. The fabrication-related issues of the antenna are 

related to material softness and dimensions of the microfluidic channel (showed a high aspect ratio 

of "0.0062"). According to [62], the fabrication of low (<0.2) aspect ratio PDMS channels were 

shown to collapse, thus exhorting a complexity escalation during the fabrication process. 
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These challenges motivated further investigations on this topic and are addressed in 

Chapter 3 of this dissertation. Similarly, the work introduced by Qaroot et al. in [13] sets an 

important precedent on SMP actuated reconfigurable microfluidic devices that can be utilized to 

design phased antenna arrays. In this case, [13] explored a reflection phase shifter based on a 

quadrature hybrid coupler with reflective line terminations. The SMP can be repositioned along 

the microfluidic channel to modify the electrical length of the reflect lines utilizing the capacitive 

coupling mechanism due to the close proximity between the PCB and the SMP metallizations. The 

concept was demonstrated with a 9.5 GHz X-band phase shifter design that is 24 mm × 15 mm 

and operates with <0.95 dB insertion loss. The device could achieve 360° shift with a total 

reconfiguration of 9.5 mm of the SMP in 1.95 s. The actuation was carried with external 

micropumps. On this topic of actuation by external pumps, a more recent work by Gonzalez et al. 

in [14], aside from introducing a low loss switch at 30 GHz with wide bandwidth (18 GHz) that 

motivated part of the work in Chapter 4, the work is also relevant to this dissertation due to the 

introduction of a novel actuation mechanism utilizing an integrated approach based on 

piezoelectric disk actuation. The piezo disk deformation as a function of the applied voltage creates 

recirculation of the fluid inside the channel and therefore modifies the location of the SMP. The 

concept of integrated reservoirs motivates further development of compact actuations mechanisms 

such as vertically stacked reservoirs for microfluidic actuation.   

  



 

22 

 

 

 

 

 

 

Chapter 3: Spatially Adaptive Antenna Array for Mm-Wave Wireless Channel Control  

 

with Microfluidics Based Reconfiguration 

 
1Mm-Wave communications suffer from a high path, propagation, and blockage losses. 

Consequently, mm-Wave wireless networks are planned to be densely deployed [1] while 

employing high-gain antenna arrays with electronic beam-steering capabilities [3, 23]. Phased 

antenna arrays (PAAs) are an attractive solution. However, mm-Wave PAAs exhibit high 

hardware complexity due to dense inter-element spacing, many antenna elements, many active 

components, and the need for routing of many RF, bias, and control signals. These challenges 

motivate novel approaches to hardware integration, packaging, and antenna array architectures. 

Silicon integrated circuits (ICs) have been demonstrated to support the beam-steering 

functionalities with high output power and excellent linearity. An example of this can be found in 

[63] where SiGe technology is employed to realize a 44 GHz transceiver architecture with 

integrated beam-steering capability for a 4×4 antenna array. Similarly, reference [64] reports a 

PAA IC for 5G communications based on SiGe BiCMOS technology. Reference [65] addresses 

the packaging of ICs and antenna arrays by resorting to a hybrid integration approach with multiple 

printed circuit board (PCB) layers. Other notable techniques being pursued in the packaging of 

PAAs are on-wafer integration [66], heterogeneous integration [67], and additive manufacturing 

[68, 69]. At the architecture level, subarrays [70] [71] [72], lens antenna subarrays [39], 

 
1 This chapter was published in IEEE as reference [120]. Permission is included in Appendix B 
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beamforming networks [73], and traditional lens antennas [74] are being investigated to reduce the 

complexity of PAAs. 

Different from these approaches, we have recently demonstrated that providing a new 

spatial adaptation (i.e., changing the physical location) capability for mm-Wave PAAs increases 

the wireless channel capacity and system signal to interference ratio (SIR) [58]. Figure 3.1(a) 

shows a potential scenario where a spatially adaptive antenna array (SAA) is at the access point of 

a system. SAA maintains electronic beam-steering capability. Therefore, spatial adaptation adds a 

degree of freedom. By changing its position, SAA at the access point may alter/control the 

reflections/scattering in the environment to improve channel link capacity and system SIR (i.e., 

controlling/tailoring of multipath fading [75, 76]). A successful SAA design should consider the 

following:  

• Spatial Adaptation Range: [77] shows that small-scale wireless channel changes with 

antenna location. Changing antenna location by λ0/2 (λ0 denotes free space wavelength) 

causes the received signal to be uncorrelated by 50% with the signal received in the 

previous location – implying a different multipath fading environment. The capability to 

vary position in many multiples of λ0/2 is expected to maximize the possibility of finding 

a favorable multipath environment for maximizing link capacity and system SIR. 

• Physical Size: Array assembly size should be kept close to its spatial adaptation range. A 

basic approach of connectorization of the antenna elements and cables for connecting to 

the printed circuit board (PCB) hosting the beam-steering electronics will be bulky, slow, 

and perhaps unsuitable for mm-Wave frequencies due to the antenna element spacing. 

• Frequency: Since displacements of multiple wavelengths are desired, SAA becomes 

practical in mm-Wave bands and applications where multipath fading is still essential. 
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• Speed of Spatial Adaptation: Coherence time defines the time duration where the wireless 

channel is stable in each antenna location. One of the promising applications of mm-Wave 

systems is in indoor communication [78]. Studies on mm-Wave indoor communication 

channel characteristics show the coherence time of the channel can be up to 30 ms [79] 

[80]. Therefore, performing λ0/2 motion in less than 30 ms may allow the system to employ 

better wireless channel conditions.  

To satisfy the physical size and speed demands, we propose strategically designed antenna 

feed networks that allow moving only the antenna metallizations (e.g., patches) while keeping 

other parts of the array assembly (e.g., active ICs, beamforming ICs, and other frontends/backend 

electronics) fixed. The earlier work in [58] focused on the wireless system modeling and 

performance while utilizing simulation-only antenna gain data from a smaller (5 element) SAA 

that did not satisfy the physical size requirement well. In [58], spatial adaptation range is 4.2 λ0, 

but the physical assembly length is significantly larger as 9.8λ0. Actuation of antenna 

metallizations was planned to be carried out with microfluidics, hence making it a microfluidically 

reconfigurable SAA (MRSA) motivated by our work that demonstrated highly reconfigurable RF 

devices [11-14, 81, 82]. In addition, the proposed assembly in [58] is not practically implementable 

for large arrays due to the flexibility of the polymer housing of microfluidic channels, necessitating 

modifications in assembly and manufacturing. Hence, the main goal of this manuscript is to design 

and experimentally characterize an MRSA for the first time by also satisfying the SAA design 

needs.  

This is accomplished with the following contributions: 

• A novel feed network that provides a spatial adaptation range of 4.2 λ0 with a minimum 

physical assembly length of 5.69 λ0 (Section III). This is enabled by using metallizations 
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on both sides of the selectively metalized plate (SMP) repositioning within the microfluidic 

channel. As compared to literature [11-14, 81, 82], this is the first time SMP is metalized 

in both sides and for different RF functionality (impedance matching vs. antenna radiation), 

suggesting new possibilities for future microfluidically reconfigurable RF devices. 

• The design of an 8-element MRSA (Section IV) with a new substrate stack-up (Section II) 

and its fabrication (Section V). Hard materials are used due to the failure of flexible 

materials of [58] and reliable actuation with high radiation efficiency (>80%) is 

accomplished (Section VI). 

• Demonstrating improvement in wireless channel link-level performance by 24%, system-

level spectral efficiency by 100%, and average  SIR by 5 dB using measured antenna gain 

vs. physical location data (Section VII). Since these improvements are achieved without 

boosting antenna array gain (i.e., 5 dB gain implies 3.2× more antenna elements), SAA 

offers significant savings in antenna numbers and supporting ICs. 

3.1 Operation Principle 

Figure 3.1(b) depicts the 3D view. Antenna elements are formed over a selectively 

metalized plate (SMP) inside a microfluidic channel. The channel is bonded over a PCB that carries 

the static section of the RF feed network consisting of 50 Ω microstrip lines. For experimental 

verification, the lines are extended to mount RF connectors. More PCB layers can be added under 

the microfluidic channel to keep the size compact in a full-scale implementation with beam-

steering electronics. The patch antennas on the top surface of the SMP are electrically connected 

to the metallization layer on SMP's bottom surface. The bottom layer transfers RF signals 

efficiently between the microstrip lines of the PCB and antenna elements, while SMP may take 

any spatial location within the channel. As compared to the design of [58], this is a significant 
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difference. By realizing a new feed transition on the bottom surface of the SMP (but not in the 

form of a large number of resonators on PCB), the assembly size is significantly reduced.  

Figure 3.1: Spatially adaptive antenna array (SAA) concept. (a) Example application scenario; 

(b) 3D view of the microfluidically reconfigurable spatially adaptive antenna array (MRSA). 

(a) 

(b) 
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The spatial adaptation of the SMP is achieved by circulating a low-loss dielectric liquid 

FC40 (ϵ𝑟 = 1.9, tanδ = 0.0005). Although PDMS has been attractive for microfluidically 

reconfigurable RF devices, the high aspect ratio channels needed by the MRSA make PDMS 

impossible to use due to flexibility collapse [62]. The substrate stack-up is therefore formed from 

hard materials. As shown in Figure 3.2, 0.203 mm thick RO4003C laminates (ϵ𝑟 = 3.55 and tanδ 

= 0.0027) are utilized for realizing both the PCB and SMP. The sidewalls of the channel are 

implemented from photoresist SU8 (ϵ𝑟 = 3.25 and tanδ = 0.0270).  

The top wall of the channel is formed with a 1 mm thick fused silica (ϵ𝑟 = 3.81 and tanδ = 

0.0002 [83]). The bottom surface of the SMP is coated with a 5 µm thick Parylene-N (ϵ𝑟 = 2.40 

and tanδ = 0.0006). This coating enforces a minimum constant gap between the SMP and PCB 

metallizations and potentially lowers friction. Microfluidic channel walls are 264 µm in total 

height to accommodate 203 µm thick SMP, 2×17 µm thick SMP metallizations, 5 µm Parylene-

Ng, 17 µm thick PCB metallization, and 5 µm FC-40. FC-40 thickness is due to channel height 

non-uniformity in the fabrication process. 

 
Figure 3.2: Substrate stack-up. (all dimensions are in µm). 
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3.2 Design 

Figure 3.3(a) shows the top view of the antenna element that is used to form the MRSA. 

Keysight Advanced Design System (ADS) Momentum suite is employed for the feed network 

designs. The design is carried out in the following steps:  

 

3.2.1 Static RF Feed Network 

The static RF feed network consists of a microstrip line over the PCB. It is partially under 

the microfluidic channel and sidewalls. The ML is designed to exhibit 50 Ω characteristic 

impedance under these substrate stack-ups. Line sections displaying different widths are connected 

as shown in Figure 3.4. The line section referred to as TL1 is only over the PCB and exhibits 0.42 

mm width. TL2 section lies under the sidewall of the microfluidic channel (SU8 + fused silica). It 

is in 0.36 mm width and designed using the approach reported in [54]. Its length is 4.5 mm and 

Figure 3.3: Single antenna element layout. (a) Top view; (b) 3D view of the SMP when the patch 

antenna is replaced with port #3. (all dimensions are in mm). 
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matches the sidewall width. TL3 section is inside the microfluidic channel filled with FC-40. It is 

0.4 mm wide and 61 mm long. TL3 is followed by 4.5 mm long TL2 and 7.44 mm long TL1 

sections. The feed network is open-ended. Hence, the transition of the RF signal from the feed 

network to the antenna on SMP must prevent signal loss and resonances associated with this type 

of termination. 

3.2.2 SMP 

SMP has top and bottom surface metallization layers and a metalized via that electrically 

connects them. First, the top layer is designed as a patch antenna without the presence of the bottom 

layer (see Figure 3.5(a)). The metalized via is replaced with a port referred to as reference plane 

and port #3. Figure 3.3(b) shows all reference planes and ports. Dimensions are tuned to achieve 

a resistive input impedance of 30 Ω. Replacing the port with a 0.3 mm diameter metalized via-hole 

creates a capacitive coupling between the SMP bottom metallization layer, transforming this 

impedance to 50 Ω at the reference plane #1. Figure 3.5(b) depicts the bottom layer. A pad overlaps 

Figure 3.4: Layout of the microstrip feed line. Dimensions are in mm. 
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with the 0.4 mm wide microstrip line on the PCB to pick up the RF signal through capacitive 

coupling. The stubs periodically load the microstrip line on the PCB. 

These stubs act as an RF block mechanism to prevent resonances of the open-ended 

microstrip line on the PCB. The design is based on an S-parameter analysis of a three-port network 

where the patch antenna is represented with 30 Ω port #3. The design goal is to maximize |𝑆31| 

while minimizing |𝑆11| and |𝑆21|. The length of the pad is designed when no stubs are present. 

Figure 3.6(a) presents |𝑆31|, |𝑆21| and |𝑆11| at 28 GHz for various pad lengths. Reflected power is 

minimized for 1.74 mm pad length. However,  |𝑆31| is only -3.6 dB, implying considerable RF 

signal leakage from reference plane #1 to #2. |𝑆21| of the network confirms this by being -3.8 dB. 

To minimize the leakage, stub #1 is included. It is 1.39 mm in length, which represents a ~0.25 λ𝑔 

Figure 3.5: SMP layouts. (a) Top; (b) Bottom. Dimensions are in mm. 
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guided wavelength at 28 GHz. The stub approximates a short circuit condition on the microstrip 

line of the PCB. The initial stub width is 0.36 mm, corresponding to a 50 Ω impedance.  

A parametric study on stub #1 position depicted in Figure 3.6(b) shows that reflected power 

is minimized when stub #1 is 1.25 mm separated from the pad. This is close to a quarter-

wavelength and transforms the short-circuit condition realized by stub #1 to an open-circuit 

condition at the pad location. Figure 3.7(a) presents |𝑆31| performance for varying stub widths. 1.2 

mm wide stub maximizes the |𝑆31|. Stub #1 improves |𝑆31| from -3.6 dB to -1.38 dB at 28 GHz. 

Inclusion of other stubs that are separated from each other by 5.8 mm (i.e. λ𝑔) further improves 

|𝑆31|. Figure 3.7(b) depicts the |𝑆31| when the number of stubs is varied from one to four. The 

addition of the fourth stub affects the |𝑆31| minimally. Consequently, the layout of the SMP is 

finalized with three stubs. Figure 3.8(a) presents the |𝑆21|, |𝑆11|, and |𝑆31| for the finalized SMP 

layouts. 

Figure 3.6: S-parameters at 28 GHz. (a) As a function of pad length; (b) As a function of  stub 

#1 position relative to the pad. 



 

32 

 

 

The insertion loss between reference planes #1 and #3 is less than 0.4 dB at 28 GHz, with 

return losses exceeding 20 dB. Figure 3.8(b) depicts the insertion loss of the feed network at 28 

GHz as a function of 𝑚𝑥 between reference planes #0 and #1. Loss linearly increases with 𝑚𝑥 as 

expected from a well-matched transmission line. Insertion loss remains below 1.1 dB, and SMP 

can take any position. 

 

Figure 3.7: |𝑆31| Simulations. (a) as a function of stub #1 width; (b) As a function of the 

frequency 

Figure 3.8: Simulated performance with finalized SMP layout. (a) S-parameters; (b) Feed 

network insertion loss vs mx at 28 GHz. 
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3.3 MRSA 

MRSA design is shown in Figure 3.9. PCB and SMP widths are enlarged to accommodate 

replicas of the microstrip feed lines and SMP metallizations to include eight antenna elements. 

Antenna elements are evenly spaced at 5.4 mm (λ0/2). The Microfluidic channel is enlarged to 

host the 16 × 45 𝑚𝑚2 SMP. The overall size is 80 × 50 𝑚𝑚2, excluding the extension lines that 

are connectorized for experimental purposes. The radiation performance of the MRSA is simulated 

using Ansys HFSS. Each microstrip feed line is excited by a 50 Ω lumped port. Figure 3.10 

demonstrates |𝑆11| of an antenna element as the array is repositioned across the microfluidic 

channel from 𝑚𝑥 = 0 mm to 𝑚𝑥 = 45 mm. |𝑆11| is < -12 dB within the 27 GHz – 29 GHz frequency 

band. Simulated radiation efficiency is 84% at 28 GHz when the SMP is located closest to the feed 

ports, i.e., 𝑚𝑥 = 0 mm. The radiation efficiency is due to the dielectric loss of the materials (3.6%), 

conductor losses (3.6%), and the 0.4 dB insertion loss of the feed network to antenna transition 

(8.8%). Uniformly excited MRSA exhibits 14.86 dBi realized  gain at 28 GHz with 12°  half power 

beam width (HPBW) in the H-plane and less than -5 dBi back radiation gain. The E-plane HPBW 

Figure 3.9: Eight element MRSA layout. 
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is 48°. Figure 3.11(a) depicts the beam-steering in 12° increments in H-plane when 𝑚𝑥 = 0 mm. 

H-plane realized gain pattern could be scanned from -48° to 48° with a gain loss below 2.35 dB. 

The side lobe level is less than -12 dB.  Figure 3.11(b) depicts the broadside gain of the MRSA for 

0°, 24°, and 48° scan directions at 28 GHz as the SMP is repositioned within the microfluidic 

channel. The simulated realized broadside gain is worst for the 48° direction and remains > 9 dBi 

for all scan directions, including those not shown. The realized gain of the 48° scan is primarily 

associated with the expected scan loss.  

The broadside gain varies by ±1 dB of an average level. This is associated with the 

electrically large ground plane size of the array. As shown in Figure 3.11(c), the E-plane radiation 

pattern of the antenna exhibits ripples similar to the cases reported in previous literature [84, 85], 

implying contributions of scattered fields. As the array is repositioned, these contributions vary. 

Electromagnetic band gap structures (EBG) can improve the E-plane radiation pattern affected by 

surface wave refraction [86-88]. As shown in Figure 3.12(a), EBG can be placed within the side 

walls of the microfluidic channel. EBG unit cell is modeled in Ansys HFSS with the eigenmode 

solver. It is 2×2 𝑚𝑚2 and consists of a 0.3 mm diameter metalized via. The unit cell height is 

Figure 3.10: |𝑆11| of a single element of the array for different mx. 



 

35 

 

1.467 mm and covers the entirety of the substrate stack-up. The dispersion diagram in Figure 

3.12(b) shows that the design exhibits a band gap between 25 GHz and 40 GHz. With EBGs, the 

gain ripples can be eliminated, as seen in Figure 3.11(c). Broadside gain also gets stabilized for 

𝑚𝑥, as shown in Figure 3.11(b). Figure 3.11(d) presents the simulated radiation efficiencies for 

both approaches. Inclusion of EBGs causes only a 1% reduction in radiation efficiency. The drop 

in the radiation efficiency with 𝑚𝑥 is associated with increasing feed network loss. Fabrication of 

metalized vias through fused silica substrate is out of the current capabilities of our laboratory.  

Figure 3.11: Comparison between simulation and measurements. (a) Realized gain pattern at 28 

GHz for eight different steering angles in the H-plane (y-z) plane for mx = 0 mm; (b) Broadside 

realized gain vs SMP displacement for 0°, 24°, and 48° beam steering at 28 GHz with and without 

EBG; (c) Realized gain pattern in the E-plane at mx = 0mm; (d) Radiation efficiency for different 

mx positions. 
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Hence, the experimental characterization is carried out without the EBGs. Nevertheless, 

the wireless communication system evaluation based on measured antenna performance still shows 

significant benefits arising due to the proposed spatial adaptation capability. This improvement is 

expected since the wireless channel gain observed in different 𝑚𝑥 positions exhibits statistically 

distributed fading (i.e., channel gain fluctuations). Hence, the multiplication of antenna gain and 

wireless channel gain that governs the overall system performance consistently exhibits 

statistically distributed ripples even if the MRSA gain is smoothed out with the EBGs. Therefore, 

at the system level, small ±1 dB gain ripples related to the surface wave scattering are not critical 

for the overall performance. 

 

3.4 Fabrication 

Microfluidically reconfigurable RF devices with rigid channel walls are not commonly 

pursued as compared to flexible material-based approaches such as PDMS [89]. Among the limited 

work, reference [90] uses laser machined Poly Methyl Methacrylate (PMMA) and bonds it with 

Figure 3.12: Implementing EBG structures for surface waves suppression. (a) MRSA with EBGs 

in microfluidic channel walls; (b) Dispersion diagram for the EBG. 
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an inkjet-printed photo-paper substrate. The bonding is performed by using inkjet-printed SU8 as 

a glue agent. Similarly, [91] uses a silica-based superhydrophobic coated PMMA as microfluidic 

channel material on a liquid metal-based reconfigurable antenna. The bonding is performed by 

using a Norland Optical Adhesive-63 glue. Likewise, [92] proposes a frequency reconfigurable 

slot antenna enabled by liquid metal actuation inside an S-glass microfluidic channel. These are 

different from the substrate stack-up utilized in this work. Most recently, in [14], we used a 

substrate stack-up that is similar to the one in this paper. Due to the brevity of [14], fabrication 

details were not given. In addition, the size and aspect ratios of the channels for MRSA are 

considerable, making its manufacturing details critical for repeatability.    

The PCB and SMP are patterned using photolithography. The RO4003C substrate is spin-

coated with a thin layer of AZ® 12XT negative photoresist at 2000 rpm. This is followed by a soft 

bake for 120 s at 110°C. The coated substrate is exposed to 110 mJ/𝑐𝑚2 dosage through the 

lithography mask. The mask includes the patterns for the pads, patches, via holes, microstrip lines, 

and alignment marks. The exposed substrate is soft baked for 60 s at 90 °C. Subsequently, the 

photoresist is developed with AZ 300MIF. The PCB and SMP patterns are completed using a 

copper etchant and rinsing. A dicing saw is used to cut the PCB and SMP to desired dimensions. 

LPKF Protomat S63 milling machine is used to drill the via holes and perform plating using the 

LPKF ProConduct paste.  The 0.203 mm thick PCB is first bonded with a 1.5 mm thick RO4003C 

substrate to reduce its flexibility. Subsequently, it is spin-coated with a 254 µm thick layer of SU8 

in two spin-coating steps. First, the SU8 layer is spin-coated at 1500 rpm for 45 s and soft baked 

for 25 minutes at 95 °C. The second SU8 layer is spin-coated at 2200 rpm for 45 s and then soft 

baked for 45 min at 95 °C. The spin coating process is followed by a 400 mJ/𝑐𝑚2 UV exposure 

and three steps of post-exposure baking profile. The first section of the baking profile keeps the 
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PCB at 60 °C for 7 min. The second step ramps the temperature up to 90 °C in 20 min. The final 

step cools down the PCB to room temperature. The application of multiple SU8 coatings and the 

utilized temperature profile reduces deformation and planarizes the SU8 walls. Profilometer 

characterizations demonstrate a ±10 µm height variation across the SU8 layer. The final step in 

the preparation of microfluidic channel walls is the development of the SU8 layer and rinsing of 

the PCB substrate. 

The channel sidewalls are bonded with the fused silica using the adhesive bonding 

technique described in [93]. First, a 20 µm thick SU8 layer is spin-coated on a polyamide surface. 

Subsequently, the spin-coated polyimide surface is brought in contact with the sidewalls of the 

microfluidic channel to transfer uncured SU8 from the polyamide surface to the top surface of the 

sidewalls (i.e., contact imprinting).  

 
Figure 3.13: Experiment setup for the MRSA. 
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Next, the PCB with the thin SU8 bonding layer is kept at 60 °C for 10 minutes to minimize 

the SU8 viscosity and leak into the channel during contact bonding with the fused silica. The fused 

silica substrate is then pressed against the microfluidic channel and kept at 90 °C for 2 min. Figure 

3.13 shows the MRSA prototype. The liquid FC40 is actuated by a TCS M100 pump through the 

fluid in/out holes at the back of the PCB structure. 3 mm internal diameter Teflon pipes and valves 

connect the pump to the microfluidic channel. The entry points to the microfluidic channel are 

fitted with PDMS-based adapters as used in our previous work [94]. 

3.5 Experimental Verification 

The reconfiguration speed of the prototype is characterized as 14.3 λ0/s (154 mm/s) which 

implies 35 ms per λ0/2 displacement. The speed is achieved with 2 V DC voltage. It is possible to 

attain λ0/2 displacement in 15 ms with the maximum pump capacity achieved at 3 V DC voltage. 

However, increased speed has caused unreliability in PDMS/tube adapters for our set-up. Future 

prototypes can utilize larger peripheral pipes and liquid in/out ports to improve reliability at the 

PDMS/tube adapters. As explained in the introduction, these actuation times are suitable for indoor 

communications. Figure 3.14(a) and (b) present |𝑆11| elements #3 and #1 since they are connected 

to their own RF edge connectors with the shortest and longest transmission lines. The difference 

between the simulated and measured |𝑆11| primarily due to the TL1, TL2 and RF edge connectors 

not being included in the simulations. In addition, fabrication tolerances/errors may contribute to 

the differences. Nevertheless, all antenna elements in the MRSA prototype (including the elements 

whose |𝑆11| are not shown for brevity) are well-matched with |𝑆11| below -10 dB. Figure 3.15(a) 

depicts the measured realized gain of the MRSA at 28 GHz for different beam-steering angles in 

the 𝑚𝑥 = 0 positions. The radiation pattern of each antenna element is measured while other 

elements are terminated with 50 Ω loads.  
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The measured radiated fields of the antenna elements are summed in software with phase 

shifts to generate beam-steering in H-plane with 12° increments. The phase delay and insertion 

loss of the microstrip extension lines used to connect with the edge connectors are calculated with 

Keysight ADS and compensated for in the radiated field summation. Edge connectors exhibit 0.5 

dB insertion loss in this frequency range, which is accounted for in the radiation pattern 

summation. As shown in Figure 3.15(a), simulated and measured realized gain values are in good 

agreement. MSRA exhibits 14 dBi measured realized broadside gain at 28 GHz for 𝑚𝑥 = 0 and 

12° HPBW in the H-plane. Figure 3.15(b) compares simulated and measured 28 GHz broadside 

realized gains of the MSRA for 0°, 24° and 48° beam-steering angles at different 𝑚𝑥. The array 

shows a realized gain higher than 9 dBi for all beam-steering angles, including those not shown 

here. The average variation between the measured and simulated realized gain is 1.08 dBi. This 

difference can be related to slight misalignments in fabrication and anechoic chamber 

measurements. In addition, the ground plane size for the prototype is larger than the simulated 

model (see Figure 3.1(b) vs. Figure 3.9) due to the inclusion of connectors. 

Figure 3.14: |𝑆11| Measurements. (a) Element #3; (b) Element #1. 
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3.6 System Evaluation 

To demonstrate the advantages of MRSA, wireless system and link-level performance 

simulations are carried out based on the measured H-plane gain patterns obtained from the MRSA 

prototype at varying 𝑚𝑥 positions. Measured H-plane gain patterns include all the nonidealities 

stemming from the feed network losses and realized gain variations as a function of 𝑚𝑥. Hence, 

the presented system evaluation provides insight into performance under realistic/practical 

situations. Simulations follow a similar approach to [58]. Path loss model is assumed as PL(dB) = 

72 + 29.2log10(d) based on [95], where d is the distance between transmitter and transmitter. First, 

link-level simulations are performed in a scattering environment. Up to 4 scatterers are randomly 

placed with Poisson distribution to generate a multipath channel in 800 λ0  × 800 λ0 area between 

the transmitter and receiver. Only the transmitter is assumed to be equipped with the MRSA, 

whereas the receiver antenna is omnidirectional. The transmitter beam and location are selected to 

maximize the received signal strength. Assuming a noise floor of -174 dBm, the spectral efficiency 

of the wireless channel link is calculated. Figure 3.16(a) presents the link-level spectral efficiency 

when the transmitter is equipped with omni directional antenna, a traditional 8-element beam-

Figure 3.15: Realized gain measurements. (a) Realized gain pattern for mx = 0mm; (b) Broadside 

realized gain vs mx for multiple beam steering directions. 
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steering array (i.e., MRSA prototype in its best position closest to the feed points), and the 8-

element MRSA prototype with spatial adaptation capability. MRSA increases spectral efficiency 

with its spatial adaptation range. For 4.2 λ0 spatial adaption range, MRSA achieves 24% more 

spectral efficiency. In the wireless system simulation, 50 base stations with their attached users are 

spread in 200 𝑚2 × 200 𝑚2 area. The channel and path loss is generated based on models given 

in [95] while the transmit power of the base stations is considered as 30 dBm. Each base station is 

assumed to be selfish and maximizes the spectral efficiency of its users. The maximization 

algorithm calculates the spectral efficiency based on signal to interference rates (SIR) of the 

Figure 3.16: Link level simulations and spectral efficiency. (a) Link level spectral efficiency vs. 

spatial adaptation range; (b) Cumulative distribution of spectral efficiency in wireless network 

for users; (c) Instantaneous SIR values of the user in the network while MRSA (‘Spatial and 

Beam-Steering’ arrays) exhibit maximum 4.2 $\lambda_0$ spatial adaptation. 
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available beam and spatial displacement options and selects the maximum. Thus, the algorithm 

does not only aim to increase the received power but also minimize interference.  

Figure 3.16(b) shows the cumulative distribution of spectral efficiency for the users in the 

system. Equipping the base stations with the MRSAs provides a 100% gain in average spectral 

efficiency. The gain in system-level simulation is significantly higher than the link-level gain since 

MRSA provides an additional diversity for interference management. At the same time, link-level 

evaluation assumes no interference in the environment. Figure 3.16(c) gives instantaneous SIR 

values of the users, and it is seen that the proposed approach provides an average 5 dB SIR gain 

in the system.  

A conventional approach to increasing signal level by 5 dB would be to increase the gain 

of the antenna array by 5 dB. From effective aperture area consideration, this would require 

employing 3.2× area and antenna elements. Therefore, in a full-scale implementation that will 

include beam-steering electronics, 3.2× antenna elements will need to be supported by 

corresponding electronics such as beamforming integrated circuits, RF feed networks, and 

bias/control lines – significantly increasing the implementation complexity. On the other hand, we 

show that spatial adaptation provides this improvement without increasing antenna numbers and 

corresponding electronics. Table 3.1 presents a comparison between the presented MRSA and the 

simulation only one reported in earlier work [58]. In addition, the table includes performance 

comparison with several conventional PAAs reported in literature [58] [96] [97] [98] [99-102]. It 

is observed that presented MRSA is significantly improved in assembly size and experimentally 

verified as compared to [58]. It is also seen that the radiation efficiency and realized gain of the 

MRSA is comparable to other antenna arrays. This verifies that spatial adaptation can be used as 

an additional degree of freedom in wireless systems.  
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Table 3.1: MRSA performance comparison. 

 

Ref. Efficiency [%] 
Max. Realized 

Gain [dBi] 

Spatial Adaptation 

Range 

Assembly 

Length 
Ant. Count Avg. SIR gain 

This work 84 
14 

Measured 
4.2 λ0 61 mm 1×8 5dB 

[58] 80 
11.1               

~Simulated 
4.2 λ0 105 mm 1×5 3dB 

[96] 83 14.0 - - 1×8 - 

[97] 72 14.5 - - - - 

[98] 76.8 14.96 - - 1×8 - 

[99] ~65 21 - - 4×8 - 

[100] 50 28.4 - - [4×6]  ×8 - 

[101] 72 12.2 - - 1×4 - 

[102] 80 12.5 - - 1×8 - 
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3.7 Chapter Summary 

A spatially adaptive antenna array (SAA) is an electronically scanned antenna array 

capable of changing its physical location. This new capability allows SAA to control the wireless 

channel environment to increase link capacity without employing an increased number of antenna 

elements. Compact and cost-effective implementation of SAA requires a strategically designed RF 

feed network that can allow the radiating antenna elements to be repositioned. At the same time, 

other RF and digital electronics remain stationary. This manuscript introduces a novel RF feed 

network and demonstrates the first experimental verification of SAA by using microfluidic-based 

reconfiguration. The presented microfluidically reconfigurable SAA (MRSA) exhibits the best 

possible compact form - a total footprint that is approximately equal to the spatial adaptation range. 

MRSA operates at 28 GHz with 45 mm (4.2 λ0) spatial adaptation capability. Evaluating MRSA 

in communication systems using its measured realized gain patterns shows that the wireless 

channel's link-level performance is improved by 24% from 8.5 bps/Hz to 10.5 bps/Hz. 

Additionally, spectral efficiency is improved by 100%, with a 5 dB improvement in the average 

signal-to-interference ratio. 
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Chapter 4: Mm-Wave Frequency Reconfigurable Antenna with Multilayer Integrated 

 

Microfluidic Actuation 

 
2Microfluidically reconfigurable RF devices are attractive for their compact size, low 

insertion loss, high radiation efficiency, and high-power handling capability. Several research 

groups applied microfluidics for reconfigurable antennas and RF devices. For mm-Wave 

applications, liquid-metal-based device realizations like the ones in [11] and [103] can potentially 

suffer from high conductive losses in addition to challenges associated with their packaging and 

long-time operation. Replacing liquid metal volumes with metalized plates that are repositionable 

within microfluidic channels can significantly enhance the efficiency of the devices with improved 

reliability.  

Recent work has successfully demonstrated an mm-Wave microfluidically reconfigurable 

single-pole single-throw (SPST) switch with low insertion loss (0.42 dB) and wide bandwidth 

(>18 GHz) performance [14]. The switch is realized by constructing a microfluidic channel over 

a printed circuit board (PCB) that carries the stationary metallization patterns (i.e., microstrip line 

exhibiting gap discontinuity). A selectively metalized plate within the microfluidic channel is 

repositioned over the PCB layer. The vertical spacing between the selectively metalized plate and 

fixed metallization pattern is less than 10 µm.Consequently, overlapping the metalized plate with 

the metallization patterns of the PCB leads to strong capacitive coupling that can be utilized to 

achieve the desired SPST functionality. The switch employs a piezoelectric disk as its integrated 

 
2 This chapter was published in IEEE as reference  [118]. Permission is included in Appendix B 
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actuator. Therefore, the switch achieves a high reconfiguration speed (1.12 ms) from a compact 

size.  

 

This paper aims to advance this recently introduced integrated actuation of the microfluidic 

device concept to mm-Wave frequency tunable antennas. In addition, another goal is to introduce 

a novel actuator that can reposition multiple metalized plates simultaneously within the 

microfluidic channel to achieve the desired functionality. Specifically, a microfluidically 

reconfigurable patch antenna that can switch its operation between 28 GHz and 38 GHz bands is 

presented. 

4.1 Operation Principle and Design 

Figure 4.1} shows the layout of the patch antenna in its two radiation states (a) and (b). 

Figure 4.2} shows the substrate stack up. The structure consists of two rectangular traces marked 

as trace #1 (1.67 × 2.15 𝑚𝑚2) and trace #2 (1.2 × 3.35 𝑚𝑚2). These traces are stationary and 

realized on the 406 µm thick Rogers RO4003C PCB (ϵ𝑟 = 3.55,  tanδ = 0.0027). Traces are 

Figure 4.1: Layout view at different operating states. (a) 38 GHz: (b) 28 GHz. (all dimensions 

are in mm). 

(a) (b) 
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separated from each with 0.43 mm in the y-direction. Trace #1 is modified with 0.15 × 0.5 𝑚𝑚2 

slots to realize an inset feed mechanism from a 0.9 mm wide 50 Ω microstrip line.  

A microfluidic channel is overlapped with these traces, as shown in Figure 4.1. The 

microfluidic channel contains three metalized plates, marked as MP#1, #2,  and #3. The remaining 

volume of the channel is filled with low-loss dielectric liquid FC-40 (ϵ𝑟 = 1.9, tanδ = 0.0005) As 

shown in Figure 4.2}, the microfluidic channel is constructed from rigid materials as in [14] with 

a thickness of 170 µm. MPs are realized from 0.127 mm thick RO5880 (ϵ𝑟 = 3.55, tanδ = 0.0027). 

The MPs have 17 um metal thickness and are coated with 2 um Parylene-N (ϵ𝑟 = 2.40 and tanδ = 

0.0006). The fabrication tolerances, as explained in [14], cause the MP and PCB and metallizations 

to be ~10 µm apart. Nevertheless, this spacing allows the creation of an effective RF short between 

the MP and PCB traces with very small overlap areas (> 0.35 𝑚𝑚2).  

The design uses this principle to realize a frequency reconfigurable patch antenna. As 

shown in Figure 4.1(a), when the antenna operates at 38 GHz, MP#1 is fully overlapped with trace 

#2, and the remaining MPs are fully overlapped with trace #1. Consequently, trace #1 radiates like 

a traditional rectangular inset-fed patch antenna. To lower its radiation frequency to 28 GHz, MP#1 

needs to be repositioned to capacitively load and connect traces #1 and #2 through RF shorting 

Figure 4.2: Substrate stack-up. Dimensions are in µm. All conductors are 17 µm thick. 
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principle. However, the antenna loses its impedance matching due to the extreme spacing between 

the 28 GHz and 38 GHz frequencies (i.e., 50 Ω to 70 Ω). Consequently, MP#2 and MP#3 need to 

be repositioned to extend the antenna width to improve impedance matching. Figure 4.1(b) 

demonstrates the position of the MPs at the 28 GHz operation state.  

It is essential to operate the antenna with a single actuator to achieve compact size and low 

cost. A piezoelectric actuator with stacked reservoirs is proposed, as shown in Figure 4.3. The 

reservoirs are placed at the backside of the PCB and constructed from flexible PDMS polymer. As 

shown in Figure 4.3(a), actuating the piezoelectric disk with proper DC voltage compresses the 

bottom reservoir marked as RS#1, pushing the dielectric liquid from the horizontal channels 

marked as  RS#1 in Figure 4.1(a). Simultaneously, the top reservoir marked as RS#2 is expanded, 

and this causes the dielectric liquid to be pulled from vertical channels marked as RS#2 in Figure 

4.1(a). The channel shapes must be appropriately selected to actuate MP#1 before letting the liquid 

flow out from the opposite channel end. Reversing the actuation voltage's polarity flips the 

reservoirs' state, as shown in Figure 4.3(b). The MPs are repositioned as shown in Figure 4.1(b). 

The antenna design is carried out with Ansys Electronics desktop R2 2019 with the selected 

substrate stack up. The total lateral dimensions of the substrates and ground plane were chosen as 

Figure 4.3: Stacked PDMS actuation sequence.  Swing FC40 flow for (a) OFF state and (b) ON 

state. 

(b) (a) 
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25 × 30 𝑚𝑚2 to be able to fit the reservoirs. The size of the MPs is adjusted based on a parametric 

study for the overlap area and layout simplification. In simulations, the antenna operates with 7% 

and 9% |𝑆11| < -10 dB impedance matching bandwidth in its 28 GHz and 38 GHz states, 

respectively. 

4.2 Performance 

The antenna prototype is shown in Figure 4.4(a). Figure 4.4(b) depicts the |𝑆11| 

performance. The antenna is well matched for both states, with measured bandwidths of 7% and 

9% at 28 and 38 GHz, respectively. Figure 4.4(c) shows the realized gain patterns of the antenna 

Figure 4.4: Experimental verification. (a) Prototype; (b) |𝑆11|; (c) Realized gain pattern. 
 

(a) 

(b) 

Fig. 4. (a) Prototype; (b) |S11|; (c) Realized gain pattern 

|S11| (dB) (dBi)

28GHz - Measured
28GHz - Simulated
38GHz - Measured
38GHz - Simulated

(c) 

RF connector

Piezoelectric disk 

connections

Patch in 28 GHz state
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in the H-plane at 28 and 38 GHz operation. It exhibits a realized gain of 5.6 dBi and 4.9 dBi at 28 

GHz and 38 GHz, respectively. This corresponds to > 90% radiation efficiency. The H-plane half-

power beam width of the antenna is136° at 38 GHz and 96° at 28 GHz.  

A minimum actuation voltage of 70 V is needed to switch between the operation states. 

The actuation speed is estimated as approximately 100 ms based on initial experiments. 

4.3 Chapter Summary 

A microfluidically reconfigurable frequency tunable mm-Wave patch antenna is presented. 

Unlike the previously reported work on microfluidically reconfigurable RF devices, the actuation 

of the multiple metalized plates reconfiguring the antenna is carried out using a piezoelectric disk 

within a multilayered fluid reservoir stack. The antenna operates with 7% and 9% |𝑆11| < -10 dB 

impedance matching bandwidth in its 28 GHz and 38 GHz states, respectively. Additionally, it 

exhibits a simulated realized gain of 5.66 dBi and 4.9 dBi at 28 GHz and 38 GHz. 
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Chapter 5: Microfluidically Reconfigurable Mm-Wave Slow Wave Phase Shifter  

 

with Integrated Actuation 

 
3Phase shifters (PSs) are key components of mm-Wave phased antenna arrays [104]. Low-

loss PSs are essential for efficiency, whereas PSs with high power handling capability can be 

critical for applications such as backhauling [105]. Mm-Wave PSs in the literature are often based 

on CMOS [106], GaAs [107], and SiGe [108] technologies. However, their insertion losses (ILs) 

are high [109] with typical power handling on the order of 10 dBm. MEMS-based PSs have been 

reported with lower ILs (1-5 dB) [110] [111] [112] with a power handling capability ∼30 dBm.  

More recently, microfluidics-based device reconfiguration has attracted interest due to 

large frequency tuning and power handling. In these devices, liquid metals [7] [8, 113] and 

dielectrics [9] have been introduced to the vicinity of the device to reconfigure its RF response. A 

microfluidics based PS [114] has relied on circulating fluids with different dielectric constants and 

achieved a “phase shift”/ “IL” figure of merit (FoM) of ∼ 9.36°/dB at 60 GHz. A recent PS [90] 

has also utilized dielectric property of the circulating liquid to archive 9.28 °/dB FoM at 0.9 GHz. 

On the other hand, utilization of liquid metals has remained much below the mm-Wave band due 

to the challenges associated with actuation [81] and liquid metal oxidization [9] within channels 

that require lossy solutions for encapsulation [115].  

In contrast to liquid metals, [14, 15] have utilized an integrated actuation mechanism and 

selectively metallized plates (SMP) repositionable within microfluidic channels to demonstrate 

mm-Wave switches and tunable filters. SMP has also been used in [73] to demonstrate a    

 
3 The content of this chapter is “partially” submitted in a manuscript to IEEE and is still under review at the time. 
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reflection type X-band PS; but, actuation was external and actuation distance/time was large (9.5 

mm / 1.95 s).  

This chapter introduces a novel SMP based microfluidically reconfigurable phase shifter 

(MRPS) that operates at 28 GHz with integrated actuation and significantly reduced actuation time. 

As depicted in Figure 5.1, SMP is encapsulated inside a photolithographically manufactured 

microfluidic channel made of SU8 (ϵ𝑟 = 3.25 and tanδ = 0.0270) and sealed with fused silica to 

capacitively and periodically load a microstrip line patterned over a printed circuit board (PCB). 

The separation between SMP and PCB is kept constant by coating the PCB traces with a 6 µm 

thick Benzocyclobutene (BCB, Cyclotene 3022-46, ϵ𝑟 = 2.65 and tanδ = 0.002). SMP and PCB 

metallization overlap areas are reconfigured by repositioning the SMP using liquid FC40 (ϵ𝑟 = 

1.9, tanδ = 0.0005), which has also been used in numerous prior work due to its low viscosity and 

dielectric loss [116] [117]. Compression and decompression of the fluid reservoirs under the 

device ground plane by a piezoelectric disk is used to actuate FC40 and reconfigure the SMP. The 

reservoir structure is inspired by [118] actuation. The channel shape constraints SMP displacement 

to 100 μm, while different piezoelectric disk actuation voltages can be used to generate a 

continuous phase difference. Section II covers the design of the MRPS. Section III presents the 

prototype and measured response. Specifically, MRSP exhibits <2 dB IL at 28 GHz with a >10 

dB return loss (RL). It achieves reconfiguration within 50 ms.  

The device is characterized to handle 1 W of continuous RF power and is expected to 

handle up to 6.2 W. It operates with small deviations when subject to different orientations and 

vibrations. A prototype is actuated 5 million cycles without damage.  
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5.1 MRPS Design 

The substrate stack-up is from hard materials as shown in Figure 5.1(b). 0.203 mm thick 

RO4003C substrates (ϵ𝑟 = 3.55 and tanδ = 0.0027) are utilized for both the PCB and SMP. The 

sidewalls of the microfluidic channel are grown over the PCB using SU8 photoresist. Additionally, 

Figure 5.1: MRPS structure and operation principle. (a) Exploded view; (b) Top view of SMP 

and PCB metallizations; (c) Substrate stack-up and vertically stacked liquid reservoirs loaded 

with piezoelectric disk. 



 

55 

 

the top seal of the channel is a 1 mm thick fused silica substrate (ϵ𝑟 = 3.28 and tanδ = 0.0005). 

The microfluidic channel walls are 242 μm tall. The design is initially carried out using Keysight 

Advanced Design System (ADS) Momentum suite with a 2D material approximation and validated 

in 3D by using Ansys HFSS. 

The first design step is the microstrip line width. Similar to [119], the line impedance is 

taken high since capacitive loading will reduce its impedance. ADS's controlled impedance line 

tool is employed to determine the width of the line (𝑤) as 0.12 mm for 78 Ω impedance. This 

implies a worst-case reflection of ≈ -10 dB when the line is terminated with 50 Ω. The line exhibits 

𝐿′ and 𝐶′ (unit length inductance and capacitance) of 486.72 nH/m and 79.21 pF/m, respectively.  

A conductive pad that is 0.5 mm wide (0.2mm larger than the diameter of the vias) and a 

length as long as the device is placed near the microstrip line and grounded using vias. The distance 

between the pad and the line is reduced (0.35 mm) in a way to avoid changes in |𝑆11| of the stand-

alone line at 28 GHz. PCB also includes metallizations for edge connectors and interconnect lines 

for measurement (50 Ω with 𝑤 = 0.42 mm). 

The next design step is concerned with the unit cell (UC). As shown in Figure 5.2, the UC 

consists of a microstrip line section (on PCB), a grounding pad section (on PCB), and a 

metallization trace (on SMP). The UC length is selected as 0.3813 mm, which is 1/15th  of a guided 

wavelength and suggests a per unit cell line capacitance and inductance of 𝐶 =  0.0302 pF and 

𝐿 =  0.1856 nH. The section of the SMP trace that overlaps with the microstrip line (as SMP is 

repositioned along the y-axis with a displacement of my) creates capacitive loading per UC 𝐶𝑎𝑑𝑑𝑒𝑑. 

Similarly, the section of the SMP trace that overlaps with the grounding pad creates another 

capacitive loading per UC 𝐶𝑔𝑟𝑛𝑑.  
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Using parallel plate capacitance approximation, the dimensions for the overlapping areas 

over the grounded traces of the PCB and the separation between PCB and SMP of 6 μm, 𝐶𝑔𝑟𝑛𝑑 

becomes 0.6257 pF. Additionally, taking into consideration that the total displacement of the SMP 

is limited to 0.12 mm (i.e. line width), and the width of the overlapping area is limited by 0.3 mm 

(to avoid mutual coupling among UCs), the maximum value of 𝐶𝑎𝑑𝑑𝑒𝑑 is 0.1408 pF. The series 

connection of the two capacitors is the total loading, and it is therefore approximately equal to 

𝐶𝑎𝑑𝑑𝑒𝑑. The capacitance and inductance per UC of the MRPS becomes 𝐶𝑢𝑐 ≈ 𝐶𝑎𝑑𝑑𝑒𝑑 + 𝐶𝑙𝑖𝑛𝑒𝑢𝑐
′   

and 𝐿𝑢𝑐 = 𝐿𝑙𝑖𝑛𝑒𝑢𝑐
′ , respectively. Note that 𝐶𝑎𝑑𝑑𝑒𝑑 ≠ 0 for 𝑚𝑦 =  0 due to the parasitic coupling. 

Fitting the 𝐿𝐶 circuit model to S-parameters of the UC simulated with ADS for my = 0 mm position 

shows that 𝐶𝑢𝑐 = 0.0363 pF, which implies 𝐶𝑎𝑑𝑑𝑒𝑑𝑚𝑖𝑛
= 0.0061 pF. Equation (5.1) can be used 

to calculate maximum 𝐶𝑢𝑐 for the desired Bragg frequency. For this design, 𝑓𝐵𝑟𝑎𝑔𝑔 = 84 GHz (i.e. 

3 × 28 GHz) that gives 𝐶𝑢𝑐𝑚𝑎𝑥
 as 0.0774 pF and 𝐶𝑎𝑑𝑑𝑒𝑑𝑚𝑎𝑥

 as 0.0472 pF. 

 

𝐶𝑢𝑐𝑚𝑎𝑥
=

1

((𝑓𝐵𝑟𝑎𝑔𝑔)
2
(π)2)(𝐿𝑢𝑐)

      (5.1) 

   

Figure 5.2: Unit cell details for different SMP positions. From left to right: 0 µm, 50 µm and 100 

µm. (all dimensions are in mm). 
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The following design step utilizes 𝐶𝑎𝑑𝑑𝑒𝑑𝑚𝑎𝑥
 and 𝐶𝑎𝑑𝑑𝑒𝑑𝑚𝑖𝑛

 in (5.2) to calculate the 

maximum overlapping area 𝐴 as 0.01 𝑚𝑚2. Assuming a square-shaped overlapping area for 

𝐶𝑎𝑑𝑑𝑒𝑑𝑚𝑎𝑥
 state, the width of the overlap area and the maximum 𝑚𝑦 value become 0.1 mm as 

depicted in Figure 5.2.   

𝐴 = 𝑚𝑦(𝑚𝑎𝑥)
2 =

(𝐶𝑎𝑑𝑑𝑒𝑑(𝑀𝑎𝑥)
′ −𝐶𝑎𝑑𝑑𝑒𝑑(𝑀𝑖𝑛)

′ )(𝑑)

(𝜖0𝜖𝑟)
     (5.2) 

The final design step is to determine the number of UCs required to attain 360° phase shift. 

By using comparison (such as a cascade of 15 and 14 unit cells), the phase shift per UC is estimated 

as 15.2° when my is changed from 0 to 0.1 mm. Therefore, the minimum number of UCs required 

to achieve 360∘ is 24 and results in a total MRPS length 𝑙𝑐 of 8.88 mm. The final dimensions are 

shown in Figure 5.1 and Figure 5.2.  

5.2 MRPS Performance 

The device is simulated with Ansys HFSS by including details pertaining to its 3D nature 

(SU8 walls, finite substrate size). Although the gap d between the SMP and PCB traces is 

deterministic in design as 6 µm, the fabrication tolerances place uncertainty. Therefore, parametric 

sweeps are also performed on 𝑑 to correlate the simulated with the measured performance. The 

fabrication of the MRPS utilizes the process detailed in [120]. The functional footprint of the 

MRPS is 3 × 8.8 𝑚𝑚2 while the total footprint including connectors and piezo actuation is 40 × 

45 𝑚𝑚2. The piezodisk utilized is a T216-A4NO-05 with a rated drive voltage of ±180 V. The 

actuation use vertically stacked reservoirs for achieving compact size. The reservoirs are placed at 

the backside of the PCB and constructed from ANYCUBIC 3D printing UV sensitive resin using 

a Stereolithography (SLA) printer. The details of the reservoirs is documented in Appendix A. The 

larger size of the 3D printed holder allows to achieve stability in test, which may be compromised 

due to cable weights on connectors. The device also exhibits an internal cavity represented as the 
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absence of resin in  Figure 5.1(c) to allow for unrestricted movement of the 3D printed inner 

membrane. 

Figure 5.3(a) shows the |𝑆11| at 28 GHz. Simulated and measured |𝑆11| are well matched 

to 50 Ω as my is varied from 0 to 0.1 mm. Figure 5.3(b) presents |𝑆21| at 28 GHz. The IL remains 

< 2 dB in simulated scenarios and measurements. Since simulations account for the MRPS 

operational area, the experimental results are compensated for connector and interconnect line 

losses. Figure 5.3(c) depicts phase shift performance which is sensitive to d. 

The measured maximum phase shift is 305° and it is well predicted with d = 7 µm, which 

is very close to the design value of 6 µm. This fabrication accuracy issue can be resolved by adding 

∼5 unit cells in future prototypes. Figure 5.3(d) shows the prototype used in experimental 

verification, while Figure 5.3(e) shows the wideband measured response for 𝑚𝑦 = 0.1 mm. 

Additionally, the phase profile vs actuation voltage with repeatability error bars is shown in Figure 

5.3(f) for 20 subsequent measurements. SMP position seems to be reset with a 0 V bias. However, 

a negative voltage is applied in tests to ensure my = 0 mm is achieved. 

An initial prototype was also tested for reliability. The device remained functional after 

continuous operation of 6 days with an actuation of 2×0.1 mm per cycle at a frequency of 10 Hz, 

for a total of 5 million cycles. The device speed was measured using an AmScope Microscope 

Digital Camera Model MU300 which has a limited resolution of 25ms between frames. The 

experimental setup shows total displacement in 2 frames which translates in a reconfiguration time 

less than 50 ms. This represents an improvement of 39× when compared against previous work in 

[13]. Actuation times in the order of ms could be attractive for applications requiring high power 

handling with low loss. Actuation time may be potentially decreased with SMP cross section and 

design variations. 
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The effects of gravity on the device performance were studied with |𝑆21|, |𝑆11|, and phase 

measurements when the MRPS was facing up, down, and sideways. These resulted in 0.16 dB, 

3.02 dB, and 7.73° average deviations, respectively. The results are shown in Figure 5.4  To asses 

power handling capabilities of the MRPS, the full-wave electromagnetic model of the phase shifter 

Figure 5.3: MRPS experimental verification. (a) |𝑆21|, (b) |𝑆11|, and (c) Phase shift at 28 GHz; 

(d) Prototype; (e) Wideband response; (f) Voltage vs Phase shift. 



 

60 

 

is imported into a Mechanical (Thermal) module on the same Ansys Electronics Desktop 2021 R1 

project. The software configuration process is shown in Figure 5.5. The thermal properties of the 

materials utilized in the HFSS model are updated according to the values shown in Table 5.1. 

Table 5.1: Thermal conductivity of MRPS materials 

Material Thermal conductivity (W/m°C) 

RO4003 0.71 

BCB 0.29 

FC-40 0.065 

Copper 401 

SU8 0.2 

Fused Silica 1.38 

 

The initial temperature was set to room temperature of 20°C. The surface of the PCB, SU8 

and Fused silica exposed to the air were initially set as a convection boundary with a film 

coefficient of 7.4 W/m2K as in [121] . The simulation predicts a temperature of 31.05 °C at the 

surface of the glass and 32.81 °C internal temperature when energized with 0.5 W of input power. 

Similarly, the simulation was performed at 1 W input power resulting in 41.51 °C of surface 

temperature and 46.6 °C internal temperature when energized with 1 W input power. The initial 

assumption in film coefficient (laminar air flow) predicts a max power handling of 5.2 W where 

Figure 5.4: Stability for different device orientations. (Solid black = face up), (Dotted Blue = 

Face down), (Dashed red = vertical) - (a) |𝑆11|; (b) |𝑆21|; (c) Phase. 

(a) (b) (c) 
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the temperature of the FC40 liquid reaches the boiling point detailed by the manufacturer of 155 

°C. Experimental verifications of the temperature in the device are carried out using keysight 

thermal camera (U5855A), which has a spectral range from 8 to 14 µm and an emissivity value of 

0.95. The experimental verification was performed at 0.5 W of input power and detected a surface 

temperature of 28.3 °C. Similarly, a temperature of 37.9 °C was detected at the surface of the glass 

when energized with 1 W of input power. The measurements better match simulations with a film 

coefficient of 10 W/m2K. Under these circumstances, the simulations predict 29.16 °C at the 

surface of the glass with an internal temperature of 30.31 °C under the SMP with 0.5 W of input 

power and 38.32 °C at the surface of the glass with an internal temperature of 40.62 °C when using 

1 W input power. The expected maximum temperature the device can handle under the same test 

setup occurs when simulations utilize 6.2 W of input power. The resulting measurements in Figure 

5.6 show a 0.6 °C error (1.7 %) when compared to simulations using 10 W/m2K and validate the 

expected power handling capability of the device.  

Finally, Table 5.2 compares the MRPS presented in this document against recent state-of-

the-art phase shifters. The presented PS has good performance with the lowest IL and highest 

power handling capability and best [PS]/[IL] at mm-Wave bands. 

5.3 Chapter Summary 

A microfluidically reconfigurable phase shifter (MRPS) with integrated actuation is 

presented. The presented MRPS uses a 100 µm reconfiguration distance to provide 305∘ of phase 

range at 28 GHz band. Future work will consider alternative fabrication techniques to increase the 

speed of MRPS and support multiple simultaneous PS actuation for application in phased antenna 

arrays. 
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Figure 5.5: Simulation setup for power handling capability analysis.  



 

63 

 

 

 

 

 

 

 

Table 5.2: MRPS performance comparison. 

 

Ref. Tecnology 
Frequency 

[GHz] 

Insertion Loss 

[dB] 

Pashe Shift 

[ ∘] 
FOM 

[ ∘/𝑑𝐵 ] 
𝑃𝑖𝑛 

[mW] 

Size 

[𝑚𝑚2] 

[106] CMOS 11 8.3 360 32.72 6.5 2.06×0.58 

[122] MEMS 28 5.95 120 20.16 - 4×2.6 

[123] MEMS 25 2.34 360 153 - - 

[124] SiGe 25 4.5 180 40 - 0.45 

[125] GaN 9 14 180 12.85 3000 5×4.7 

[13] µfl 9.5 0.95 360 379 5000 24×15 

[90] µfl 0.9 5.6 52 9.28 - 30×68 

This work µfl 28 1.8 305 170 5200-6200 8.8×3 

 

 

   

   

   

    



 

64 

 

 

 

  

Figure 5.6: Power handling capability analysis. (a) Temperature measurement at 0.5 W; (b) 

Temperature measurement at 1 W 

(b) (c) 
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Chapter 6: Mm-Wave Beam Steering Antenna Arrays Using Microfluidically 

 

Reconfigurable Beamforming Networks 

 

Phased antenna arrays (PAA) are essential for mm-Wave communications [104] due to 

their high directivity and beam steering capability. Low-loss beamforming networks with high 

power handling capability become critical for applications such as backhauling [105], high-speed 

train-ground communication [126], and satellite communication systems [127]. Feed networks of 

PAAs typically employ phase shifters (PSs) that are often based on CMOS [106], GaAs [107], and 

SiGe [108] technologies. However, the losses in these technologies are high [109] with typical 

power handling being on the order of 10 dBm. Different approaches such as MEMS-based PSs 

have been reported with lower ILs (1-5 dB) [110] [111] [112] with power handling capability ∼30 

dBm.  

More recently, beam steering has also been demonstrated with beamforming ICs [128] 

[129] [130] which typically support multiple antennas with active amplification and phase shifting 

capabilities. The output power is typically around 10 to 15 dBm. Aside from power handling and 

losses, PSs are also challenging to employ due to the significant increase in hardware complexity 

associated with their control bits and bias lines. Therefore, alternative beam steering approaches 

have also been proposed to reduce complexity. For example, beamforming networks such as butler 

matrices can perform beam steering with only switches, but at the expense of a large device 

footprint and by sacrificing the precision in the scan direction. Combinations of such switched 

beamforming concepts (butler matrices [131] [132] and lens antenna subarrays [39, 133] with PSs 
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have also been considered to reduce complexity, but usually at the expense of sidelobe level 

performance. 

Power handling capability, loss, and control complexity concerns motivated the 

investigation of microfluidics-based device reconfiguration as an alternative technique. In 

microfluidics based reconfiguration, liquid metals [7] [8] and dielectrics [9] are typically 

introduced to the vicinity of the device to reconfigure the RF response. However, utilization of 

liquid metals has challenges associated with actuation [81] and liquid metal oxidization [9]. 

In[115], the lossy solution of NaOH alleviates the oxidation problem but degrades the RF 

performance. [14, 15] have utilized an integrated actuation mechanism and selectively metallized 

plates (SMP) to improve actuation utilizing integrated piezo disks. SMPs have also been used in 

[13] to demonstrate a reflection type X-band PS; but, actuation was implemented with external 

and costly pumps, while reconfiguration distance/time was large (9.5 mm / 1.95 s). In [134], we 

have introduced a microfluidically reconfigurable slow-wave PS (MRPS) that is much more 

compact in size and operates at 28 GHz in mm-Wave band with integrated actuation. As compared 

to the reported dielectric liquid based phased shifters [9, 135], MRPS has been shown to provide 

a large phase shift with small IL (a figure of merit of 170°/dB as opposed to ∼10°/dB), high power 

handling (up to 5W) and improved reconfiguration speed (50ms). However, MRPS have never 

been shown in operation of mm-Wave beam steering antenna arrays. To date, use of microfluidics 

based reconfiguration for beam steering of antenna arrays have been limited to the SMP technique 

and it has been solely based on switched beam techniques. [54] [82] [81] has demonstrated mm-

Wave beam steering by repositioning an SMP based antenna element at the focal plane of a 

dielectric lens and achieved a beam scanning range of ±30∘. Later on, [14] has significantly 

increased the reconfiguration speed by using SMP as a multi-throw switch. 
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This manuscript builds on the MRPS concept introduced recently in [134] to achieve beam 

steering in mm-Wave band with microfluidics reconfiguration. As in traditional PAAs, a 

microfluidically reconfigurable PAA (MRPAA) can be constructed by connecting each antenna 

element to an individual MRPS. However, the integrated actuation size of MRPS and the MRPS 

device structure (which includes the sidewalls of the microfluidic channel) make such a classical 

implementation very complex to achieve. Therefore, a beamforming network is proposed that is 

strategically designed to incorporate multiple MRPS on a single SMP while still being 

reconfigured by a single integrated actuation mechanism. This approach requires the SMP 

metallization traces corresponding to an MRPS to be different than the  metallization traces of 

other MRPSs so that the motion of the SMP can generate a progressive phase shift to perform the 

beam steering functionality. Section II details the operational principle and phase shift 

requirements for this proposed MRPAA. Designing these customized metallization traces requires 

a well-established circuit model that is not available in [134]. Hence, Section III introduces a 

circuit model and uses it in the design of the proposed beamforming network. In addition, Section 

III also outlines the design of the other RF components of the MRPAA. Specifically, a 𝑁 = 4 

element 28 GHz MRPAA is designed to perform continuous beam steering in the range of ±30° 

with an SMP actuation range of ±100 𝜇m. Section IV presents fabrication details. Experimental 

verification provided in Section V shows that the MRPAA achieves > 5.6 dBi realized gain and 

reconfiguration time of 75 ms. with an expected power handling capability of 10 W. 

6.1 MRPAA Operation Principle 

Figure 6.1 shows the top view of the MRPAA which consists of three main design sections: 

4-to-1 power divider, microfluidically reconfigurable beamforming network, and antenna 

elements. The antenna element spacing is taken as 𝑑 = 5.4 mm which corresponds to half 
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wavelength 𝜆0/2 of free space at 28 GHz. Figure 6.2(a) depicts the exploded 3D view of the 

MRPAA. The substrate stack-up is shown in Figure 6.2(b) and it is formed from hard materials as 

in [120]. Microstrip lines and antenna elements are formed over a 0.203 mm thick RO4003C 

laminate (𝜖𝑟 = 3.55 and tan𝛿 = 0.0027) that also carries the edge connector launch. SMP is also 

formed over  a 0.203 mm thick RO4003C laminate. SMP is encapsulated inside a 

photolithographically manufactured microfluidic channel made of SU8 side walls (𝜖𝑟 = 3.25 and 

tan𝛿 = 0.0270) and sealed with 1 mm thick fused silica (𝜖𝑟 = 3.81 and tan𝛿 = 0.0002 [109]) to 

capacitively and periodically load the microstrip lines patterned over the PCB. The separation 

Figure 6.1: MRPAA top view and operation principle. (all dimensions are in mm). 
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between SMP and PCB is kept constant by coating the PCB traces with a 5 µm thick 

Benzocyclobutene (BCB, Cyclotene 3022-46, 𝜖𝑟 = 2.65 and tan𝛿 = 0.002). This coating enforces 

a minimum constant gap between the SMP and PCB metallizations and potentially lowers friction. 

Microfluidic channel walls are 242 µm in total height to accommodate 203 µm thick SMP, 17 µm 

thick SMP metallizations, 5 µm BCB, 17 µm thick PCB metallization, and 5 µm FC-40. FC-40 

Figure 6.2: MRPAA structure. (a) Exploded view; (b) Substrate stack-up with vertically stacked 

liquid reservoirs loaded with piezoelectric disk (all dimensions are in mm). 
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thickness is due to channel height non-uniformity in the fabrication process as previously reported 

by our group in [120]. 

SMP and PCB metallization overlap areas are reconfigured by repositioning the SMP using 

liquid FC40 (𝜖𝑟 = 1.9, tan𝛿 = 0.0005), which has also been used in numerous prior works due to 

its low viscosity and dielectric loss [116] [117]. Compression and decompression of the fluid 

reservoirs under the device ground plane by a piezoelectric disk are used to actuate FC40 and 

reconfigure the SMP. The microfluidic channel shape constraints SMP displacement to 200 𝜇m, 

while different piezoelectric disk actuation voltages can be used to generate a different SMP 

position within this range. The PCB also contains grounding pads parallel to the microstrip lines 

so that SMP traces can create a capacitive loading from the microstrip lines to the ground as in 

[134].  

SMP motion along the 𝑥-axis changes the overlap area between the SMP metallizations 

and the microstrip lines. Therefore, a variable capacitive loading is realized to implement a slow-

wave wave phase shifter [134]. If the motion of the SMP along 𝑥-axis relative to its reference 

position is denoted by 𝑠, then the MRPSs within the beamforming network should  provide overall 

phase shifts of 𝜙𝑛(𝑠) = 𝑛, 𝑛 ∈ 1,2,3,4. Based on the coordinate system shown in Figure 6.1, the 

progressive phase shift of 𝛽 will imply a beam steering angle of 𝜃𝑠, 𝜙𝑠 that is determined from 

(6.1) 

         𝛽 = −𝑘𝑑 sin 𝜃𝑠 cos𝜙𝑠      (6.1) 

where 𝑘 = 2𝜋/𝜆0, and 𝜙𝑠 is 0 or 𝜋 for steering in the 𝑥 − 𝑧 plane, which is the 𝐻 −plane 

of the antennas. The limit of the SMP motion range 𝑠 = 𝑠𝑚𝑎𝑥 then determines the maximum scan 

angle 𝜃𝑠 = 𝜃𝑚𝑎𝑥 with the phase relationship 𝜙𝑛(𝑠) = 𝑛 allowing the utilization of a single SMP 

and actuator to perform the beam steering. 
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6.2 MRPAA Design 

Keysight Advanced Design System (ADS) Momentum suite is employed for the design of 

the layout. Ansys EDT HFSS is used to verify the performance under a realistic case of finite size 

ground plane, substrate, and microfluidic channel walls. 

6.2.1 Power Splitter. 

Wilkinson power dividers are cascaded to perform the power splitting [136] [137] [138] 

[139]. It is implemented on the PCB with no other substrate materials on top. The divider is well 

matched at 28 GHz with an RL better than -15 dB and a worst-case IL of 0.5 dB above theoretical. 

At center frequency (28.5 GHz), the divider exhibit an RL better than -20 dB and a worst-case IL 

of 0.4 dB above theoretical. The physical length of quarter-wave transformers is 1.91 mm, and  

100 Ω SMD resistors are CH02016-100RGFT from Vishay. 

6.2.2 Beamforming Network 

The design process starts with selection of desired scan range, SMP actuation range, and 

unloaded microstrip line  impedance. Since the maximum capacitive loading per unit cell in MRPS 

is limited due to the Bragg frequency considerations, larger scan angles will result in a longer SMP 

footprint but the design process will remain the same. The design example presented in this 

manuscript sets θ𝑚𝑎𝑥 as 35° which implies a maximum progressive phase shift β𝑚𝑎𝑥 of 103°. 

Denoting the phase shifts of the MRPSs within the beamforming feed network at SMP reference 

state as [𝜙1, 𝜙2, 𝜙3, 𝜙4]{𝑠=0} =[0°,0°,0°,0°], we pursue a design that would accomplish 

[ϕ1, ϕ2, ϕ3, ϕ4]𝑠=𝑠𝑚𝑎𝑥
=[103°,206°,309°,412°], where 𝑠 denotes the SMP displacement with 

respect to its reference state as shown in  Figure 6.1. SMP actuation range ±𝑠𝑚𝑎𝑥 is constrained 

to be about 80% of the microstrip line width as in [134]. Controlled impedance line tool of ADS 

is employed to determine the width of the microstrip line within the substrate stack-up as 𝑤 = mm.  
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Figure 6.3: MRPAA unit cell description. (a) Layout view showing the overlapping areas 

(𝐴𝑜𝑣, 𝐴𝑔𝑛𝑑) defining the capacitive coupling equivalent capacitances 𝐶𝑜𝑣 and 𝐶𝑔𝑛𝑑; (b) Lateral 

view of an unit cell detailing the capacitances describing the coupling phenomena between the 

SMP and PCB metallizations. 
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This corresponds to 78 Ω characteristic impedance, which will be lowered with capacitive 

loading of the SMP during phase shifting. Based on the line width, 𝑠𝑚𝑎𝑥 = ± µm. 78 Ω line 

impedance implies a worst-case reflection of ≈ -10 dB when the input/output of the line is 

terminated with 50 Ω. From the electrical length and impedance of the line, its 𝐿′ (unit length 

inductance) and 𝐶′ (unit length capacitance) are calculated as 486.72 nH/m and 79.21 pF/m, 

respectively. 

The layout of the unit cell metallization is shown in Figure 6.3(a). The SMP layout consists 

of two main sections that overlap with different traces of the PCB, as shown in Figure 6.3(b). 

Overlapping area between the SMP metallization and the ground pad on the PCB (𝐴𝑔𝑛𝑑) forms 

capacitor 𝐶𝑔𝑛𝑑. The ground pad is 0.5 mm wide and carries a 0.3 mm diameter via. Its length is 

based on the total number of unit cells, which will be determined to be 12.58 mm in the following 

steps of the design process. Ground pads are placed on both sides of each microstrip line. The 

distance between the pads and the microstrip lines is reduced to (0.35 mm) to avoid changes in 

|𝑆11| of the stand-alone line at 28 GHz. The section of the SMP metallization that does not overlap 

with the PCB line and ground plane traces exhibits a capacitance to the PCB ground ranging from 

0.006 pF to 0.013 pF, which is relatively small in comparison to 𝐶𝑔𝑛𝑑 and therefore negligible to 

the design of the RF performance. 

Repositioning the SMP over the microstrip line generates a capacitive loading on the 

microstrip line that can be expressed as 1/𝐶𝑎𝑑𝑑𝑒𝑑 = (1/(𝐶𝑜𝑣 + 𝐶𝑝𝑎𝑟)) + (1/𝐶𝑔𝑛𝑑). This variable 

capacitance is dependent on the overlapping area between the SMP metallization and the 

microstrip line on the PCB (𝐴𝑜𝑣) that forms the capacitor 𝐶𝑜𝑣, the RF parasitic capacitance (𝐶𝑝𝑎𝑟), 

and 𝐶𝑔𝑛𝑑. 𝐴𝑔𝑛𝑑 does not change with the motion of the SMP due to SMP metallization being 0.1 

mm larger than the ground pad in SMP rest (i..s 𝑠 = 0) position. 𝐴𝑔𝑛𝑑 is made sufficiently large 
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(0.32 × 0.5 𝑚𝑚2) to generate 𝐶𝑔𝑛𝑑 = 0.6 pF. Since 𝐶𝑔𝑛𝑑 is significantly larger than 𝐶𝑜𝑣 (0.0007 - 

0.036 pF) and 𝐶𝑝𝑎𝑟 (0.0021 - 0.012 pF), 𝐶𝑎𝑑𝑑𝑒𝑑 is approximated as 

                𝐶𝑎𝑑𝑑𝑒𝑑 ≈ 𝐶𝑜𝑣 + 𝐶𝑝𝑎𝑟      (6.2) 

The shape of 𝐴𝑜𝑣 is selected to be trapezoidal to allow customization across the different 

phase shifters of the beamforming network. At a specific SMP position, 𝐴𝑜𝑣 can be parameterized 

as a function of the top (𝑤𝑡) and base (𝑤𝑏) widths of the trapezoid and 𝑠. Modification to 𝑤𝑏 will 

not only alter the value of 𝐶𝑜𝑣, but the rate at which it grows as a function of 𝑠. 𝑤𝑡 is set as 20 μm 

which is the minimum reliable width that our fabrication process can tolerate. Selecting 𝑤𝑡 as 

small as possible minimizes the parasitic capacitive loading at 𝑠 = 0 mm.  

 

The unit cell length must be first determined before carrying out the design using the circuit 

model shown in Figure 6.4(a). The unit cell length can be set as 0.3813 mm which implies a λ𝑔/15 

size (λ𝑔 is the wavelength for the stack-up shown in Figure 6.2(b)). With this length, per unit cell 

Figure 6.4: Parametric circuit model describing the capacitive loading of the microstrip lines. (a) 

Lumped component circuit diagram; (b) Error incurred by the circuit model when predicting the 

phase shift per wavelength (15 UC). 

(b)

Phase shift error [   ]
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Unit Cell Circuit Model
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inductance 𝐿𝑈𝐶
𝑀𝐿 and capacitance 𝐶𝑈𝐶

𝑀𝐿 of the microstrip line can be determined as 0.1856 nH and 

0.0302 pF. respectively. 𝐶𝑜𝑣 is related to 𝐴𝑜𝑣 as 

                            𝐶𝑜𝑣(𝑠, 𝑤𝑏) =
ϵ𝑟ϵ𝑜

𝑑
[𝐴𝑜𝑣(𝑠, 𝑤𝑒)]     (6.3)   

where ϵ𝑜 is the vacuum permittivity, ϵ𝑟 is the relative permittivity of the BCB, and 𝑑 is the 

distance between the PCB traces and the metallization on the SMP (i.e. BCB thickness + gap). 𝐴𝑜𝑣 

can be expressed as 

                𝐴𝑜𝑣(𝑠, 𝑤𝑒) = (
𝑤𝑒(𝑠,𝑤𝑏)+𝑤𝑡

2
) (𝑠 + 𝑙𝑚𝑖𝑛)     (6.4) 

where 𝑤𝑒 is the bottom edge of the trapezoidal area that overlaps with the microstrip line 

and depends on the 𝑠 and 𝑤𝑏. In reference state of the SMP (i.e. 𝑠 = 0), 𝐴𝑜𝑣 is not zero due to the 

𝑙𝑚𝑖𝑛 =10 μm overlap as shown in Figure 6.3(a). 𝑙𝑚𝑖𝑛 is useful to maintain the SMP parallel to 𝑥 −

𝑦 plane at any position including 𝑠 = 0. If no overlap of traces occurs, SMP may slightly tilt inside 

the channel and this may prevent or slow-down the SMP motion. From the geometry, 𝑤𝑒 can be 

expressed as  

               𝑤𝑒(𝑠, 𝑤𝑏) = 𝑤𝑡 + [
(𝑠+𝑙𝑚𝑖𝑛)(𝑤𝑏−𝑤𝑡)

𝑠𝑚𝑎𝑥+𝑙𝑚𝑖𝑛
]     (6.5) 

Substituting (6.5) and (6.4) into (6.3) results in  

                𝐶𝑜𝑣(𝑠, 𝑤𝑏) = 𝑃01 + 𝑃02 + 𝑃03 + 𝑃04 + 𝑃05 + 𝑃06    (6.6) 

where 

𝑃01 = 1.694𝑤𝑏 

𝑃02 = 67.748𝑠 

𝑃03 = 338739𝑤𝑏𝑠 

𝑃04 = 16936988051𝑤𝑏𝑠
2 

𝑃05 = −338739.8𝑠2 

𝑃06 = 0.0071 

and the units for capacitance and length are taken in pF and m, respectively.  
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Modeling the parasitic capacitance 𝐶𝑝𝑎𝑟 is important for the accuracy of the lumped 

element circuit model of the unit cell. Our recent work on a stand-alone slow-wave phase shifter 

in  [134] showed the importance of 𝐶𝑝𝑎𝑟 in modeling. However, in this recent work [134], 𝐶𝑝𝑎𝑟 

was constant for any SMP position due to the rectangular cross-section used in the overlap area. 

The trapezoidal shape of the overlap area needed to realize the proposed beamforming network 

concept leads to a 𝐶𝑝𝑎𝑟 that is dependent on the SMP position and trapezoidal area shape, which 

is a direct consequence of 𝑤𝑒 being a function of 𝑠 and 𝑤𝑏. 𝐶𝑝𝑎𝑟 can be obtained from ADS or 

full-wave simulations by fitting the phase response of the unit cell to the lumped element circuit 

model for many 𝑠 and 𝑤𝑏 combinations.  

Typically, the circuit model extraction is performed with the simulation of multiple unit 

cells to account for mutual coupling effects, which is selected as 15 in our work corresponding to 

a full wavelength. This makes simulation of all 𝑤𝑏 and 𝑠 combinations time consuming to pursue 

a design. 𝐶𝑝𝑎𝑟 can be obtained as 

𝐶𝑝𝑎𝑟(𝑠, 𝑤𝑏) = 𝐶𝑎𝑑𝑑𝑒𝑑(𝑠, 𝑤𝑏) − 𝐶𝑜𝑣(𝑠, 𝑤𝑏)     (6.7) 

where 𝐶𝑎𝑑𝑑𝑒𝑑 represents the value of overall shunt capacitance added to the microstrip line 

section of the unit cell which is series 𝐿𝑈𝐶
𝑀𝐿 and shunt 𝐶𝑈𝐶

𝑀𝐿. We extract 𝐶𝑝𝑎𝑟 from simulations of 

few states of 𝑠 ∈ {𝑠1, 𝑠2, … 𝑠𝑄} and 𝑤𝑏 ∈ 𝑤𝑏1, 𝑤𝑏2, …𝑤𝑏𝑅. We employ a nonlinear least-squares 

curve fitting approach with 𝑠 ∈ {0, 0.025, 0.050, 0.075, 0.100}, and 𝑤𝑏 ∈

{0, 0.05, 0.10, 0.15, 0.20} obtaining a 25 element discretized set of 𝐶𝑝𝑎𝑟(𝑠𝑞 , 𝑤𝑏𝑟) from (6.7). We 

assume that 𝐶𝑝𝑎𝑟 can be approximated with a second order quadratic equation 𝐹(𝑐̅, 𝑠, 𝑤𝑏) as  

𝐶𝑝𝑎𝑟 ≈ 𝐹(𝑐̅, 𝑠, 𝑤𝑏) = 𝑐0 + 𝑐1𝑠 + 𝑐2𝑤𝑏 + 𝑐3𝑠𝑤𝑏 + 𝑐4𝑠
2𝑤𝑏 + 𝑐5𝑠𝑤𝑏

2 + 𝑐6𝑠
2 + 𝑐7𝑤𝑏

2  (6.8) 

where 𝑐̅ = [𝑐0, 𝑐1, … , 𝑐7]. The nonlinear least-squares curve fitting solves for 𝑐̅ from the 

minimization problem 
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                min
𝑥

∑ (𝐹(𝑐̅, 𝑠𝑞 , 𝑤𝑏𝑟) − 𝐶𝑝𝑎𝑟(𝑠𝑞 , 𝑤𝑏𝑟))
2

𝑖      (6.9) 

Minimization problem in (6.9) is solved with MATLAB function lsqcurvefit. Randomly 

selected 80% (i.e. 20) of 𝐶𝑝𝑎𝑟(𝑠𝑞 , 𝑤𝑏𝑟) are used in solution of (6.9) and remaining 20% (i.e. 5) is 

used to validate (6.8). This process is repeated 10 times and phase error of 15 unit cells associated 

with the difference of actual 𝐶𝑝𝑎𝑟(𝑠𝑞 , 𝑤𝑏𝑟) and its prediction 𝐹(𝑐̅, 𝑠, 𝑤𝑏) is plotted as in Figure 

6.4(b). It is shown that selected second order form of 𝐹(𝑐̅, 𝑠, 𝑤𝑏) is satisfactory with phase errors 

being constrained within -2.5° and 5°. If in this step, the errors are quite large, the presented 

procedure can be repeated with a higher order polynomial for better fit. The 𝑐̅ values that gives the 

best fit are [0.0008, 103.65, 18.95, 0.0054, 0.001, 0.001, 0.0068, -0.0048], with a contributions 

vector (in %) 𝑐�̅� = [11, 75, 14, 0, 0, 0, 0, 0]. Therefore, our initial assumption for the model of 𝐶𝑝𝑎𝑟 

in (6.8) as a second order quadratic equation 𝐹(𝑐̅, 𝑠, 𝑤𝑏) was excessive, and the system can be 

explained in a much more compact and simple linear equation that is detailed in (6.10). 

𝐶𝑝𝑎𝑟 ≈ 0.0016 + 103.65(𝑠) + 18.95(𝑤𝑏)     (6.10) 

where the coeficients with contributions below 0.1% are rounded to zero. Due to correct 

fit, we are not concerned with rounding errors. 

The design continues with estimating [𝑤𝑏1, 𝑤𝑏2, 𝑤𝑏3, 𝑤𝑏4] to obtain the desired progressive 

phase shift Δϕ(𝑠) between 4 phase shifters as [ϕ1, ϕ2, ϕ3, ϕ4] = 𝑁𝑈𝐶[ϕ0, ϕ0 + Δϕ, ϕ0 +

2Δϕ, ϕ0 + 3Δϕ], where ϕ0(𝑠) = ϕ1(𝑠)/𝑁𝑈𝐶 represents the phase delay of the unit cell of the first 

phase shifter and ϕ1(0) = ϕ2(0) = ϕ3(0) = ϕ4(0) is approximately satisfied due to the identical 

usage of 𝑤𝑡 in design of all phase shifters. In our design process, we first set 𝑤𝑏1 as 0.02 mm, 

which is same as 𝑤𝑡 resulting in ϕ0(𝑠𝑚𝑎𝑥) =-32.01°. Next we set 𝑤𝑏4 as 0.16 mm which provides 

a 𝐶𝑎𝑑𝑑𝑒𝑑 = 0.0472 pF at 𝑠𝑚𝑎𝑥 and maintains the Bragg frequency above 80 GHz as used in our 
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recent work [134]. This results in ϕ0(𝑠𝑚𝑎𝑥) + 3Δϕ(𝑠𝑚𝑎𝑥) = -42.09°. Δϕ(𝑠𝑚𝑎𝑥) is therefore 

calculated as 3.36°. as a result, the desired [ϕ1, ϕ2, ϕ3, ϕ4]/𝑁𝑈𝐶 at 𝑠𝑚𝑎𝑥 is then estimated as [-

32.01°,-35.37°,-38.73°,-42.09°]. To facilitate the selection of 𝑤𝑏2 and 𝑤𝑏3 that will result in 

ϕ2(𝑠𝑚𝑎𝑥) =-35.37° and ϕ3(𝑠𝑚𝑎𝑥) =-38.73°, the circuit model is utilized to generate a phase 

surface plot of the unit cell using (6.10) with 𝑠 and 𝑤𝑏 sampled in 0.01 mm steps (see Figure 

6.5(a)). From this surface plot, 𝑤𝑏2 and 𝑤𝑏3 are found as 0.065 mm and 0.110 mm, respectively. 

The number of unit cells 𝑁𝑈𝐶 required to get a maximum progressive phase shift of103° is 

calculated as 103°/Δϕ(𝑠𝑚𝑎𝑥) = 31. A safety margin of 2 unit cells is also introduced into the 

```design to accommodate for the maximum phase error observed for the model (±5∘ ≈ 2Δϕ) in 

Figure 6.4(b). 

The simulated phase of the circuit model of 33 UC for different 𝑠 using 

[𝑤𝑏1, 𝑤𝑏2, 𝑤𝑏3, 𝑤𝑏4] =[0.02,0.065,0.11,0.16] mm is presented in Figure 6.5(b) (solid lines). The 

simulated values are then compared against ideal response (dotted lines) and show a small error 

between 2° to 5° in PS3 and PS4.  

The figure shows that progressive phase delay is not a linear function of 𝑠, This is due to 

the trapezoidal shape selected for 𝐴𝑜𝑣. Selecting a different shape such as a trapezoid with non 

linear edges can be investigated in future to achieve linearity in this response. The layout 

implemented in the comparison is shown in Figure 6.5(c), showcasing the unit cells of four phase 

shifters each using the 𝑤𝑏 values determined in the previous section. Additionally, Figure 6.5(d) 

and Figure 6.5(e) show |𝑆11| < -10 dB and |𝑆21| ≻ 1.7 dB for all phase shifters. For scanning in 

both 𝜙𝑠 = 0 and 𝜋 elevation cuts, the SMP metallizations are mirrored and placed into the other 

side of microstrip lines. Therefore, a single actuator becomes satisfactory due to simultaneous 

actuation of all unit cells 𝑠 is varied from -0.1 to 0.1 mm. This results in the final SMP metallization 
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Figure 6.5: Selection of 𝑤𝑏 per phase shifter. (a) Surface plot of unit cell phase as a function of 

𝑤𝑏 and 𝑠 using 𝑤𝑡 = 0.02mm; (b) Phase shift of 33 cascaded UC using the circuit model (solid 

lines) vs ideal response (dotted lines); (c) Layout top view of the unit cell SMP metallizations for 

𝑃𝑆[1,2,3,4]; (d) Simulated |𝑆11| for 𝑃𝑆[1,2,3,4] using 33 UC; (e) Simulated |𝑆21| for 𝑃𝑆[1,2,3,4] 
using 33 UC. (all dimensions are in mm) 
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layout shown in Figure 6.6(a). Figure 6.6(b) shows the |𝑆11| of each double-sided phase shifter at 

28 GHz, which is well-matched to 50 Ω.  

Figure 6.6(c) presents |𝑆21| for each double-sided phase shifter at 28 GHz. The IL remains 

< 1.5 dB in simulated scenarios. Additionally, Figure 6.6(d) shows the phase response of all phase 

shifters as 𝑠 changes from -100 μm to 100 μm. The additional loading caused by introducing the 

mirrored metallizations increases the simulation (solid lines) vs ideal phase response (dotted lines) 

error previously shown in Figure 6.5(b) by 25° at 𝑠𝑚𝑎𝑥. This discrepancy is related to the loading 

/ unloading of the metallized plates for 𝑠 = ±0.01 mm range. For instance, as 𝑠 reconfigures from 

0 to 0.01, one side of the metallization loads the line while the other side of the metallizations 

unloads the line. 

6.2.3 Antenna Elements           

The patch antenna element of the array has a footprint of 2.68×3.5 𝑚𝑚2 and resonates at 

28 GHz in simulations with a 700 MHz of |𝑆11| < -10 dB bandwidth, 4.05 dB realized broadside 

gain with 80° half power beam width (HPBW) in the H-plane. The inter-element separation of the 

array is λ0/2 = 5.4 mm. The layout of the antennas is shown in Figure 6.7(a). The broadside realized 

gain of the stand-alone array is 11.55 dBi and exhibits a half-power beamwidth of 22∘. To compare 

beamformer simulations against ideal response, the antenna array is fed with both simulated and 

ideal phase shift from the beamformer section at 𝑠 = 0.1 mm (which is the worst case error in 

Figure 6.6(d)). The comparison is presented in Figure 6.7(b), where the error incurred by mirroring 

degrades the maximum scan (at 𝑠𝑚𝑎𝑥) by 5∘ (Dotted line) when compared against the same antenna 

array feed ideally (Solid line). The final layout of the MRPAA (which integrates the power splitter 

section, the beamforming network section, and the antenna elements) is presented in Figure 6.1. 
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Figure 6.6: Beamformer layout with mirrored SMP metallizations. (a) Layout view of the 

complete beamformer; (b) Reflection coeficient for each PS; (c) Transmission coeficients for 

each PS; (d) phase shift of the beamformer between ref planes #2 and #3 for each PS (solid lines) 

compared against ideal response (dotted lines). (all dimensions are in mm). 
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The total footprint area is 40×45 𝑚𝑚2, including the RF edge connector. The entire layout 

is simulated in Ansys HFSS, and results are used to compare against measurements in the 

following sections. 

6.3 Fabrication           

The PCB and SMP are patterned using standard photolithography techniques; hence, these 

details are omitted for brevity. The microfluidic channel sidewalls are constructed with photoresist 

SU8-2075. The 0.203 mm thick PCB is first bonded with a 2 mm thick structural substrate to 

eliminate the process variations due to RO4003C flexibility. Subsequently, it is spin-coated with 

a 242 µm thick layer of SU8 in two spin-coating steps. First, a SU8 layer is spin-coated at 1500 

rpm for 45 s and soft baked for 25 min at 95 °C. The second SU8 layer is spin-coated at 1500 rpm 

for 45 s and then soft baked for 45 min at 95 °C. The spin-coating process is followed by a 400 

mJ/cm2 UV exposure and three steps of post-exposure baking profile. The first section of the 

baking profile keeps the PCB at 60 °C for 7 min. The second step ramps the temperature up to 90 

°C in 20 min. The final step cools down the PCB to room temperature in 6 hours. As previously 

Figure 6.7: Stand-alone antenna array. (a) Layout (top view); (b) Antenna array gain over 

isotropic using simulated phase shift 𝛥𝜙[1,2,3,4]$ 
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established in[120], the application of multiple SU8 coatings and the utilized temperature profile 

reduces the deformation of the SU8 walls and prevents high deviations of the gap between the 

SMP and the PCB traces. This step is followed by the preparation of microfluidic channel walls 

using SU-8 developer and rinsing of the PCB substrate. 

The channel sidewalls are bonded with the fused silica using the adhesive bonding 

technique described in [120]. Once the channel is sealed, a fluid circulator structure is 3D printed 

and attached to the bottom side of the PCB + structural substrate. The actuation is similar to [14] 

using vertically stacked reservoirs for achieving compact size. However. The reservoirs in this 

investigation are placed at the backside of the PCB in a stacked configuration and constructed from 

ANYCUBIC 3D printing UV sensitive resin using a Stereolithography (SLA) printer. The final 

prototype is shown in Figure 6.8(a), where the structural top fixture (used to reduce device 

deformation during handling) is separated to facilitate the visualization of its components. Figure 

6.8(b) shows the setup utilized to characterize the realized gain of the prototype. 

The reason for the larger size of the 3D printed holder is to achieve stability during testing, 

which may be compromised due to cable weights on connectors. As shown in Figure 6.2(b), 

Figure 6.8: MRPAA prototype and test setup. (a) Open top view of the MRPAA; (b) Realized 

gain experimental validation setup. 
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actuating the piezoelectric disk compresses/decompress the bottom reservoir and circulates the 

dielectric liquid. Reversing the polarity of the actuation voltage flips the state of the reservoirs and, 

therefore, the position of the SMP between -100 μm and 100 μm. The device also exhibits an 

internal cavity represented as the absence of resin in Figure 6.2(a) to allow for free movement of 

the inner membrane. The reconfigurable footprint of the MRPAA is 8.38×9.64 𝑚𝑚2 while the 

total footprint including connectors and piezo actuation is 40×45 𝑚𝑚2. The piezodisk utilized is 

a T216-A4NO-05 with a rated drive voltage of ±180 V. 

6.4 Experimental Verification 

Reconfiguration speed of the prototype is characterized using an AmScope Microscope 

Digital Camera Model MU300 which has a limited resolution of 25ms between frames. Applying 

160 𝑉𝑝𝑘 to the piezo disk enforces an SMP speed of total displacement (0.2 mm) in 3 frames which 

translates in a reconfiguration time less than 75 ms. This represents an improvement of 40× when 

compared against previous work such as [13]. This result is consistent to the findings from previous 

works on microfluidically actuated devices from our group utilizing metallized plate with similar 

cross section and half the displacement. The lowest voltage at the piezo required to actuate the 

plate is 50 𝑉𝑝𝑘. 

Fig 6.9(a) shows the simulated |𝑆11| of the MRPAA. The simulations predict match at the 

resonating frequency of the patch antennas (28.5 GHz) for 𝑠 = [-100,-75,-50,-25,0,25,50,75,100]. 

Fig 6.9(b) shows the resulting measured |𝑆11| of the prototype vs frequency for the extreme cases 

of minimum loading (𝑠 =  0 mm) and max loading. |𝑆11| is well matched to 50 Ω as 𝑠 is varied 

from -0.1 to 0.1 mm from 27.5 GHz up to 29 GHz. Fig 6.9(c) shows the experimental verification 

results of the realized gain of the MRPAA prototype at three states of the array (𝑠𝑚𝑎𝑥, 𝑠0, −𝑠𝑚𝑎𝑥). 

The data included in the set correspond to H-plane beam scanning only and has been compensated 
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for connector loss. The measured realized gain is 6.8 dBi for the extreme case of beam scanning 

angle is 30°. It becomes  5.6 dBi when the beam is scanned towards 0∘. Similar to the previous 

work in [120], the large ground plane size in E-plane causes pattern ripples and tilting, causing the 

broadside gain in H-plane to appear lower. The loss in broadside gain is also increased by 

distortions in Δϕ near 𝑠 =  0 mm. Fabrication errors in the SMP metallizations and alignment of 

the plate might be the main cause for increasing this distortion in the array factor by altering 𝛥ϕ 

among the PS. As 𝑠 changes toward the edges, the 𝛥ϕ exits the transition zone and better resemble 

ideal array factor, showing higher gain. 

Figure 6.9: MRPAA prototype performance. (a) Simulated |𝑆11| at 28.5 GHz (antenna resonance) 

as function of 𝑠; (b) Measured |𝑆11| vs frequency showing match at 28 GHz band for several 

loading positions; (c) Measured vs simulated realized gain at 28.5 GHz.  

(a) 

(c) 

|𝑺  | dB 28.5 GHz 

(b) 

|𝑺  | dB 
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Fabricated prototype has a measured scan range between -20° to 30°. The gap between 

expected -30° to measured  -20° beam angle at max actuation can be related to fabrication errors 

associated with over etching, photolithography process misalignment and/or SMP dicing 

resolutions. The missing 10° scan range corresponds to a state of 𝑠 = -70 μm instead of -100 μm. 

Nevertheless, the measurements proves the proposed beamforming network concept and the 

design procedure followed to achieve progressive phase shift. 

It is important to note that the pattern measurement of MRPAA tuned out to be quite 

challenging due SMP dragging issue within the microfluidic channel. This makes near impossible 

to fix the position of the SMP over long periods of time. The dragging causes the SMP to shift its 

position after which is needed for anechoic chamber measurements. A frequent reset of the SMP 

position was necessary to relocate the SMP to its desired location. The longest time a position was 

sustained in the lab was 70 seconds, after which, an air bubble relocated inside from the reservoirs 

to the SU8 walls and the SMP started shifting. Because of this, we can conclude that this shift in 

the position is most likely caused by the presence of air bubbles inside of the reservoirs due to their 

cylindrical shape. This constrain has also been observed in a minor degree on previous work on 

MRPS [134], where the phase profile vs actuation voltage with repeatability error bars was 

obtained using a signal generator with 50% duty cycle at 0.5Hz frequency, therefore resetting the 

state of the SMP once every 2 seconds. On the contrary, the realized pattern measurements in this 

work take a long time to obtain (>2 hrs), giving opportunity for the SMP to drift over time from 

its position.  

The prototype was also tested for reliability, remaining operative after continuous 

operation of 10 days with actuation of 2×0.2 mm per cycle at a frequency of 10 Hz, for a total of 

9 million cycles. The device has been characterized for power handling capabilities up to 1 W 
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(with 1 W representing the maximum RF power achievable in our lab at the time). Thermal camera 

measurements at 1 W show an average glass surface temperature of 25.3 °C vs 27.01 °C in 

simulations utilizing a uniform film coefficient of 20 W/(m2K) at the convection boundary, giving 

a simulated internal temperature of 28.6 °C. The simulations predict a maximum power handling 

capability of 15 W under the same test conditions, where the simulated internal temperature 

reaches the boiling point for the FC-40 liquid. The thermal camera measurements are shown in 

Figure 6.10. 

 

Finally, Table 6.1 compares the MRPAA presented in this document against recent state-

of-the-art radiation pattern reconfigurable antenna arrays utilizing beamformers. The table shows 

that the presented MRPAA has good performance with the lowest hardware components 

complexity between equivalent architectures, better power handling capabilities based on our 

previous study on capacitively-loaded phase shifters and to the first of our knowledge, the first 

Microfluidically actuated phased antenna array at mm-Wave bands. 

 

Figure 6.10: Power handling capability analysis. (a) Temperature measurement at 0.5 W; (b) 

Temperature measurement at 1 W. 

(a) (b) 
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Table 6.1: MRPAA performance comparison. 

 

Ref. 
Frequency 

[GHz] 
# Elements Peak Gain. (dBi) 

Phase Resolution 

[ ∘] 
# of 

actuators 
Power [mW] 

This work 28s 1×4 6.8 - 1 10000 

[140] 5          1×4 9.0      & 0.35       1.6        - 

[141] 5.5 1×4 11.16 5.6 4 - 

[142] 25 1×4 9.0      - 4 - 

[143] 5.8 1×4 8 - 2 - 

[144] 1 2×2   12.1     31.25      4 38.6 

[145] 28 4×4   - 10 4 2800 

[146] 28 4×4   - - 4 2020 
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6.5 Chapter Summary 

This paper demonstrated a Microfluidically Reconfigurable Phased Antenna Array 

(MRPAA) operating at 28 GHz. The presented MRPAA exhibits integrated actuation utilizing 

novel 3D printed circulators as an alternative to PDMS circulators. The MRPAA exhibits a 200 

μm reconfiguration, and it is matched to 50 Ω for the entire reconfiguration range at 28 GHz. 

MPAA also exhibits 5.6 dBi realized broadside gain when the SMP is positioned in the minimum 

capacitive loading (𝑠 = 0 mm), with canning range [-20°,30°] in the H-plane as the SMP is 

repositioned inside the microfluidic channel. Future work will consider improvements in design 

and fabrication processes to extend the scan range. In addition, application to 2D beam steering 

will also be investigated. 
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Chapter 7: Final Remarks and Overview of Future Work 

 

This dissertation has demonstrated multiple examples of microfluidics based 

reconfiguration techniques applied to realization of millimeter-wave reconfigurable antennas. 

Their design and operation have been demonstrated with successful experimental verifications. 

More specifically, microfluidic actuation of selectively metalized plates (SMP) has been utilized 

to introduce novel frequency reconfigurable antennas, spatially adaptive antenna arrays, and 

radiation pattern reconfigurable antenn arrays (beam steering) operating within mm-Wave 

frequencies. All antennas have been operated with a single actuator to minimize complexity of the 

device, which was enabled through creative design approaches that took advantage of the 

“selective” metallizations of the SMP.  

Microfluidically actuated spatially adaptive antenna array (MRSA) has been shown to be 

capable of controlling mm-Wave wireless channel by changing its physical location within a 

compact footprint. Thanks to its new strategically designed RF feed network, MRSA allows to 

change physical location of the radiating antenna elements while any other RF and digital 

electronics hardware supporting the operation of the array remains stationary. A MRSA prototype 

has been realized at 28 GHz with 45 mm (4.2 λ0) spatial adaptation capability. The prototype was 

experimentally verified, and its measured realized gain pattern was utilized to show that MRSA 

achieves link-level performance improvement of 24% from 8.5 bps/Hz to 10.5 bps/Hz and spectral 

efficiency improvement of 100% with a 5 dB improvement in the average signal-to-interference 

ratio.  
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A frequency reconfigurable antenna has been introduced and designed to operate at 28 GHz 

or 38 GHz mm-Wave bands.Besides the RF design/reconfiguration approach,  an important 

contribution was the first time demonstration of a multilayered microfluidic actuator that can 

simultaneously reposition multiple metalized plates within the microfluidic channel. Whereas 

previous designs required allocating a larger 2D area for multiple reservoirs, introducing vertically 

stacked reservoirs allowed for a reduction in the device’s size.  

The integrated compact actuation mechanism has been later on improved and used in  mm-

Wave phase shifters and beam steering antenna arrays. The first investigation was the design and 

experimental verification of a microfluidically actuated reconfigurable phase shifter (MRPS). The 

MRPS used SMP-based microfluidically reconfiguration techniques to create a variable loading 

on a microstrip. This investigation is supported by introducing a novel microfluidic actuated RF 

loading technique based on variable capacitive coupling as generated by SMP repositioning within 

the microfluidic channel, thereby altering the propagating wave's speed. The presented MRPS used 

a 100 µm reconfiguration distance to provide 305° of phase range at 28 GHz band and pawed the 

way for the microfluidically reconfigurable phased antenna arrays (MRPAAs).  

Subsequently, a 28 GHz MRPAA has been introduced by devising a novel design process 

benefiting from customized MRPSs to create a beamforming network that can be controlled with 

one actuator. The MRPAA exhibited 200 μm SMP reconfiguration range that in turn translated 

into a measured scanning range of [-20°,30°]. MRPAA showed a peak realized gain between 5.6 

dBi and 6.8 dBi.  

7.1 Additional Comments and Recommendations 

The integration of the devices presented in this investigation offers the possibility of a fully 

microfluidically actuated phased antenna array operating at 28 GHz or 38 GHz and with spatial 
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adaptation capability for an improved signal-to-interference ratio. However, this technology is 

better suited for high-power applications, such as backhauling, due to the reconfiguration times 

inherent to mechanical actuation. As a result, further work on actuation time improvement needs 

to be addressed.  

Some solutions for speed improvement might include: 

• The air bubbles (compressible fluid) inside the microfluidic channel are the primary source 

of operational waste when acting on these devices. Redesigning the reservoir structures to 

facilitate the extraction of air bubbles will prove helpful in increasing actuation speeds and 

general operation. A solution could be to utilize dome-shaped reservoirs instead of 

cylindrical to minimize air trapped in corners, as shown in Figure 7.1. Where initial filing 

with the aid of gravity helps the extraction of the air bubbles from the reservoir.   

 

• All the devices presented in this investigation utilize a copper thickness of 17 µm. This 

height is significant compared to the minimum SMP/PCB gap we can achieve with our 

current fabrication operational procedure (~5 microns). This high aspect ratio makes the 

control during the BCB/Parylene deposition step difficult. Therefore, thinner metal layers 

are a promising solution to increase manufacturing reliability 

Figure 7.1: Reservoir shape. (a) Current shape cylindrical; (b) proposed reservoir shape. 

(a) (b) 
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• The circuit model introduced in Chapter VI predicts the performance of a single-sided SMP 

phase shifter. However, the required mirroring step to achieve complete range scanning is 

not included in Figure 7.2 

 

 

Figure 7.2: Proposed unit cell circuit model. (a) Layout; (b) Proposed circuit model. 

(a) (b) 
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Appendix A: 3D Printed Reservoirs 

 

This appendix details the dimensions of the vertically stacked reservoir utilized in the 

prototypes in Chapter 5. Figure A.1 shows the vertical reservoir assembly and its exploded view 

identifying the different structures forming it. The membranes were replaced with a more flexible 

0.1 mm thick substrate. 

 
The details of each structure is shown in Figure A.2  

 

Figure A.1: Reservoir assembly 

Figure A.2: Reservoir structures dimensions 
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