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Abstract          
 

During the past decades, the applications of communication devices have extended 

widely, from AM radio receivers initially to newly developed GPS, smart mobile 

phones, radars, wireless LANs, satellite communications and implantable medical 

devices. The shortage in the available frequency spectrum for radio communications, 

the demand for portable wireless devices, and the requirement for more 

functionality in an even smaller volume, requires the development of new concepts 

in RF technology. One ideal pathway towards development of such new concepts is 

reconfiguration.   

Today, due to the rapid progress in material science and electronic technology, there 

is great possibility in designing reconfigurable portable wireless devices which are 

frequency tunable, flexible and consume low energy. In this thesis, the anisotropic 

properties of liquid crystals in their nematic phase are exploited as a low-voltage (< 

35 V) mechanism for designing tunable wireless devices at a low microwave 

frequency (L to C-band). To demonstrate the possibility of using liquid crystal 

technology, three different design approaches were pursued: a liquid crystal tunable 

resonator, a tunable band-pass liquid crystal filter, both at S-band, and liquid crystal 

tunable frequency selective surfaces operating at C-band. The results from full-wave 

electromagnetic simulations, lumped-element circuit models and prototype 

measurements in all cases indicate around 3.1 to 8.2% of continuous frequency 

tuning with low insertion loss (< 1 dB).  

Given that liquid crystals material are transparent, commercially obtainable and are 

the only liquid material with tunable characteristics at microwave frequency, they 

could be ideal, in conjunction with flexible electronics,  for designing either external 

or internal implantable microwave devices where flexibility is of great concern.  
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Reconfiguration Mechanisms 
and Techniques 

 

 

 

 

ECONFIGURATION in a microwave device provides additional levels of 
functionality for communication systems, enables adaptation with changing 
system requirements and reduces restrictions caused by environmental 
conditions. Reconfiguration of frequency response, polarization, and 

radiation pattern can be achieved through electrical, mechanical, material or other 
means. This chapter reviews various reconfiguration mechanisms and provides 
insight into fundamental design approaches to advanced techniques, followed by 
practical examples that offer important new capabilities for next-generation 
applications.  
 

  

  

 

 

 

 

R 

 
 

Chapter 1  



 

 

         Page 2 
   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter  1                                                       Reconfiguration mechanisms and techniques   

 

         Page 3 
   

1.1     Introduction………………………………………………………………. 
…………………………………………………………..... 
Antennas, resonators and filters are essential and critical components for 

communication and radar systems. In the past century these devices have been 

developed and enhanced, in terms of their structure, frequency range and their 

potential applications, especially in the microwave frequency range. The microwave 

application of these devices varies, from GPS and mobile phones to radars, wireless 

LAN, satellite communications and more recently biomedical devices. However due 

to recent demand for portable lower power consumption devices and the 

development of material science, there is undoubtedly a need for reconfigurable 

devices with flexibility and frequency tunability.  

 

According to the Oxford, Cambridge and Electronic dictionaries the verb 

“reconfigure” is defined as “to configure (something) differently”, “to arrange 

something differently” and “to design or adapt to form a specific configuration or 

for some specific purpose”. For this thesis the word reconfigure is defined as:   

                    

 

 

Passive microwave devices can be categorized into antennas, phase shifters and 

delay lines, frequency selective surfaces (FSS), resonators and filters. When faced 

with a new system design, engineers will combine, change and adapt these devices, 

using theoretical knowledge and general design guidelines as starting points. This 

allows the development of new structures that produce acceptable results. For 

example, reconfigurable antennas for portable wireless devices can help to improve 

a noisy connection or redirect transmitted power to conserve battery life. In large 

phased arrays, reconfiguration could be used to provide additional capabilities that 

may result in wider instantaneous frequency bandwidths, more extensive scan 

volumes, and radiation patterns with more desirable side lobe distributions [20]. 

“To design or adapt a device in order to form a specific 

configuration or for some specific purpose”. 
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According to Bernhard [20] an ideal cost-effective reconfigurable device should be 

able to alter its frequency response, polarizations, and radiation pattern independently to 

accommodate changing operating requirements. These reconfigurations require 

various mechanisms and their own practical techniques each with their own 

advantages and disadvantages for a particular application. Some of these techniques 

[20] that are more relevant to this thesis are discussed below and classified in Table 

1.1.   

 

Table 1.1.  

 

 

 

 
Reconfiguration  
 

 
 
 

 
Reconfiguration Mechanisms  
 

 
 
 

 
Techniques  
 

Frequency 
response  
reconfiguration 

 
 
 

Switches 
Variable reactive loading 
Structural/mechanical changes  
Material changes 

 
 
 
 

MEMS switches                Varactors 
PIN diodes                      Ferrites 
FETs                                Ferroelectrics                        
Optical switches               Liquids  
Piezoelectric actuators      Liquid Crystal 

Polarization  
reconfiguration  
 

 
 
 

Switches 
Material changes 
 

 
 
 

MEMS actuators/switches                                             
PIN diodes                    
Ferrite 

Radiation pattern  
reconfiguration 

 
 

Structural/mechanical changes  
Electrical changes 
Material changes 
 

 
 
 
 

Piezoelectric actuators 
PIN diodes   
MEMS actuators/switches   
Varactors                                           
Ferrites 
Ferroelectrics                        

Compound  
reconfiguration 

 
 

Mixed mechanisms   Combination of various techniques * 

 * Still a new topic with limited available literature 

 

This chapter describes theory and fundamental design approaches for the above 

mentioned reconfiguration methods, based on results published to date. This 

description is followed by a discussion of the advantages of liquid crystals towards 

achieving frequency response reconfiguration, especially towards applications at 

low microwave frequencies.  

 

 

Studies of various reconfiguration techniques. This table provides a brief overview of frequency 

response, polarization, radiation pattern and compound methods to achieve reconfiguration and highlights the 

key mechanisms and techniques.     
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1.2     Frequency response reconfiguration…………………     
.. 

In most references from the available literature, especially at microwave frequencies, 

the terms frequency response reconfiguration and frequency reconfiguration are also 

denoted as frequency response tuning or frequency tunability, since reconfiguration 

in a device is achieved through shifting the response (centre) frequency. Throughout 

this thesis the words ”frequency tuning” are defined according to McGraw-Hill 

Science & Technology dictionary [21] as: 

 

 

 

 

According to Petosa [22] frequency tuning can be classified into two main categories, 

discrete or continuous. In 2007, Bernhard [20] described discrete frequency tuning as 

a switching mechanism for operation at distinct or separated frequency bands, while 

continuous frequency on the other hand allows for smooth transitions between 

operating bands without skipping over frequencies. To achieve either method a 

number of mechanisms can be used to change the effective length of the antennas 

(Table 1.1). These methods are: switches, variable reactive loading, structural/mechanical 

changes and material variations.  

1.2.1    Switches   

The most common switching techniques used are microelectromechanical systems 

(MEMS) switches, PIN diodes, optical switches and FETs. Kiriazi et al. [23] 

demonstrated discrete tuning in a dipole antenna using MEMS switches. In this 

design through using series of MEMS switches, discrete frequency tuning between 

4.86 and 8.98 GHz was achieved. A similar antenna type using silicon photo- 

conducting switches was also later designed in 2006 by Panagamuwa et al. [19]; in 

this case using the two silicon photo-conducting switches with infrared laser diodes 

“The process of adjusting [reconfiguring] the inductance or 

the capacitance or both in a tuned circuit…in order to obtain 

optimum performance at a selected frequency”. 
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enabled resonant frequencies of 2.16 and 3.15 GHz, for closed and open switches 

respectively (Fig. 1.1).  

 

Gupta et al. [24] illustrated the use of a coplanar waveguide (CPW) for discrete 

frequency tuning. In this model, the reconfiguration was carried out by switching 

appropriate slot-line lengths, which results in two operating frequencies at 3.0 and 

8.3 GHz and a similar radiation pattern for both cases. Other common methods used 

for discrete tuning are PIN diodes, as illustrated by Peroulis et al.  [25] for a single-

fed resonator. The application of a bias voltage allowed changing the effective 

electrical length resulting in four different achievable resonant frequencies ranging 

from 540 to 890 MHz. Yang and Rahmat Samii [26] also displayed discrete switching 

using PIN diodes for microstrip switchable slots, where dual frequency tuning was 

achieved with unchanged polarization. All switching methods mentioned above 

share the common approach of discrete frequency tuning through changes in the 

effective length of a resonant element.  

 

       

                            (a)                                                     (b)                                                      (c) 

Figure 1.1.  

 

 

1.2.2    Variable reactive loading    

Variable reactive loading has much in common with the previously discussed 

switching method. The only difference between the two is the mechanism used to 

change the effective length. Variable reactive loading generally allows for a smooth 

continuous transition, rather than a discrete frequency change. Schaubert et al. [27] 

Silicon switched dipole antenna. (a) Image of the fabricated dipole antenna, (b) and (c) simulation and 

fabrication measurements respectively, illustrating resonant frequencies of 2.16 and 3.15 GHz, for closed and 

open switches for various silicon conductivities, from [19].  
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demonstrated in 1980 one of the first reconfigurable patch antennas using two 

varactor diodes. In this work applying a reverse bias voltage ranging from 0 V to a 

maximum of 30 V, caused capacitance variation and hence resulted in 50% 

continuous frequency tuning. In 1991, Kawasaki and Itoh [28] used a FET as a 

variable reactance to tune a slot antenna structure. A 10% frequency tuning was 

achieved around the frequency of 10 GHz as a result of altering the bias voltage.  

 

Apart from FETs, MEMS capacitors can also provide an electrostatically actuated 

variable reactance. An article by Erdil et al. [18] showed discrete frequency shifting 

for a microstrip patch antenna at Ku-band using MEMS (Fig. 1.2). Moreover a small-

sized monopole for micro frequency tuning was proposed by Jung et al. [29], with a 

PIN diode and a varactor incorporated into a meander-type radiator. The final 

designed prototype exemplifies discrete frequency switching between 2 and 5 GHz.  

 

 

 

Figure 1.2.  

 

 

 

1.2.3    Structural/mechanical changes    

Other practical methods used by researchers for frequency reconfiguration are 

structural/mechanical variations within the device. Structural changes can deliver 

larger frequency shifts, whether used for switched or continuous frequency tuning. 

Frequency tunable microstrip patch antenna. Reconfigurability of the operating frequency is achieved 

by loading the resonant patch with a coplanar waveguide (CPW) stub on which variable MEMS capacitors 

are placed periodically. MEMS capacitors are electrostatically actuated with a low tuning voltage (0–11.9 

V). The antenna resonant frequency can continuously be shifted from 16.05 GHz down to 15.75 GHz as the 

actuation voltage is increased from 0 to 11.9 V, from [18].  
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The main challenge in this type of tuning lies in changing the physical structure, but 

at the same time maintaining all other characteristics. An example of this type of 

tuning is presented in [30], where piezoelectric actuators provides movement of a 

parasitic element, resulting in an effective bandwidth of about 9%. In that particular 

realization, the bandwidth and gain of the structure also changed as a function of 

parasitic element spacing, but could not be individually selected. This example 

clearly illustrates the difficulty in achieving one kind of reconfigurability without 

incurring changes in other characteristics. Langer et al. in 2003 [31] also presented 

frequency variation in a antenna by means of a mechanical method. In their work, 

the application of an external DC magnetic field resulted in plastic deformation 

leading to frequency tuning at a microwave frequency. 

1.2.4    Material variation    

An alternative method for frequency reconfiguration is provided by material 

variation. Generally in this technique, an applied static electric field is used to 

change the relative permittivity and an applied static magnetic field is used to 

change the relative permeability of a material embedded in the devices. These 

changes in relative permittivity or permeability can result in frequency shifting. The 

main advantage of this method is the possibility of continuous frequency tuning. 

Furthermore, the materials used typically have high relative permittivities and 

permeabilities compared with other commonly used substrate materials, resulting in 

a size reduction. The most common materials that are frequently used for frequency 

shifting are ferrite, ferroelectric and more recently liquid crystals.  

 

Pozar and Sanchez were the pioneers who used ferrite materials to achieve tunable 

devices. In 1988 [32] they demonstrated frequency reconfiguration using a ferrite 

substrate for a microstrip patch antenna. In their work they achieved 40% of 

continuous frequency tuning by varying the DC magnetic bias field applied to the 

ferrite substrate. Properties of ferrite have been further investigated [33, 34] 
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confirming a shift in the centre frequency through applying non-uniform bias fields 

and multiple modal field distributions.  

 

A further type of material used for frequency tuning is ferroelectrics. Ferroelectric 

materials were first discovered by Valasek in Rochelle salt [35]. They are ceramic 

compounds with unique dielectric properties, i.e. high capacitance density and the 

ability to be constructed in a very small physical area. Ferroelectrics can be divided 

into two main categories, thick and thin films. Thick films have been used for several 

years for designing and manufacturing various large scale devices such as large 

industrial capacitors. Generally, they require large control voltage (1000 V) and have 

non-linear temperature behaviour, making them difficult to control. Thin films 

however maintain a very high capacitance density, making them practical for many 

applications. The main challenge of thin film applications comes in controlling the 

material deposition during the manufacturing process. Unlike MEMS, which require 

the physical mechanical movement of the capacitor plates, ferroelectric thin films 

require only a voltage change for capacitance adjustment. The capacitance changes 

simply by the movement of atoms within the material making a capacitance change 

nearly instantaneous [36].  

 

Barium Strontium Titanate (BST) is a ferroelectric material of particular interest for 

tunable microwave devices, since it has a high relative permittivity due to a 

perovskite atomic structure. BST is essentially a solid solution of BaTiO3 and SrTiO3. 

The relative permittivity of BST can be tuned by applying a quasi-static electric field 

to the material. Under an applied field, the central Ti atom in the BST unit cell is 

displaced from its zero field position in the central TiO6 octahedron. This 

displacement decreases the relative permittivity. The amount of displacement and 

therefore the tunability is affected by many factors, including temperature, Ba/Sr 

ratio and residual strain in the BST film [36, 37]. An example of RF application of 

BST thin films was presented in 2002 by Tombak et al. [38], based on voltage tunable 

capacitors. Using metalorganic chemical vapour deposition (MOCVD) method and 

using integrated thin-BST film, 71% voltage-controlled tunability was achieved.  
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A more recent work demonstrates using a BST thin film for designing a tunable 

coplanar waveguide shunt interdigitated capacitor (IDC) [39]. By applying a bias 

voltage ranging from 0-50 V, a resonant frequency shifting between 11.53-17.51 GHz 

was achieved. Applications of BST thick films are also illustrated in the literature. 

For example a band-pass filter based on split ring resonators (SRR) is described in  

[40], consisting of two SRR, which were tuned through embedded varactors built on 

BST thick-film ceramic. Results demonstrated frequency tuning between 2.8 and 3.1 

GHz and insertion loss of less than 7.5 dB. Sezegar et al. [13] presented in 2011 two 

compact continuously tunable phase shifters based on screen printed BST thick 

films, as shown in Fig. 1.3. The proposed strategy provided a differential phase shift 

of more than 360° at 10 GHz. 

 

In more recent work, published in 2012, Roig et al. [41] reported a tunable frequency 

selective surface as a transmission array with beam steering capability using a screen 

printed BST thick-film ceramic. The FSS was designed to behave as a band pass filter 

and was made tunable by loading it with a BST layer placed beneath the metallic 

structures. A maximum phase shift of 116˚ degrees was obtained at 10 GHz, while 

transmission and reflection levels were kept constant. Other examples of BST thick 

films have been demonstrated in [42, 43].  

 

              

                                        (a)                                                                                  (b) 

Figure 1.3.  

  

 

Tunable phase-shifter fabricated on BST thick film. (a) Photograph of the fabricated phase-shifter, 

(b) simulation and measurements results. The proposed designs have total lengths of 2.1 and 3.8 mm and 

provide a differential phase shift of more than 360° and a figure of merit of 51° /dB at 10 GHz, from [13]. 
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1.3     Polarization reconfiguration………               ……………     
..------ 
In 2000, Boti et al. [9] described polarization reconfigurability as a way to provide 

protection for interfering signals in varying environments, improve link quality by 

introducing an additional degree of freedom and for active read/write tracking and 

tagging applications. Bernhard [20] defined two main methods to achieve 

polarization reconfigurability, via through material properties variation and through 

changing the device structure. This type of reconfiguration can take place between 

different linear polarization right-handed/left-handed circular polarizations, or 

between linear and circular polarizations. The two methods that can be used to 

achieve these modifications are using switches and material changes. One of the main 

difficulties for polarization reconfigurability is achieving reconfiguration without 

significant changes to impedance or frequency characteristics of the communication 

device.  

1.3.1    Switches     

Various types of switches and material variations are illustrated in the literature. As 

an example, Fan and Rahmat-Samii [44] demonstrated switchable slots in a 

microstrip patch antenna with dual-frequency, dual-band circular polarization 

performance and circular polarization diversity. Furthermore they presented [45] a 

similar idea for two orthogonal slots incorporated into a patch, combined with two 

PIN diodes for switching the slots on and off. In their work, the diodes provided a 

switching option to radiate with either right-hand circular polarization (RHCP) or 

left-hand circular polarization (LHCP).  

 

Switchable circular polarisation was also demonstrated by Boti et al. [9] using two- 

slot excitation and beam-lead PIN diodes located on both diagonals of the 

rectangular patch (Fig. 1.4). Fries et al. [46] used PIN diodes to achieve the switching 

required for polarization reconfiguration and demonstrated the operation with a 

prototype antenna. In this paper, switching is attained between linear and circular 

polarizations or between two circular polarizations using forward and reverse 
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biasing techniques. Apart from diodes, MEMs switches are also widely used for 

polarization reconfiguration. Using a MEM actuator within the microstrip patch was 

presented by Simons et al. [47], where the theory and practical results using MEMs 

actuators illustrated a circularly polarized radiation pattern.  

1.3.2    Material variation    

Commonly reported materials used for polarization reconfiguration are ferrite and 

ferrite films. Rainville and Harackiewicz, [48] used ferrite films to design a single 

feed antenna. In this study the applied static bias tuned the frequency of the cross-

polarized field to create a range of elliptical polarizations.  

 

 

Figure 1.4.  

 

 

1.4     Radiation pattern reconfiguration………               ……   
..------ 

Variation of the antenna current distribution directly determines the radiation 

pattern. This direct relationship between the current distribution and the resulting 

radiation pattern makes pattern reconfigurability difficult, but not impossible, to 

achieve. Three mechanisms can be used to achieve these modifications: mechanical 

changes, electrical changes and material variation [20]. The main challenge for radiation 

pattern reconfiguration is to achieve unchanged frequency characteristics or to 

compensate for the changes through impedance matching at the terminals.  

Circularly polarized patch antenna with switchable polarization sense.  

Slot 1 is ON and Slot 2 is OFF for V1 = VO and V2 = 0 (RHCP),  

Slot 1 is OFF and Slot 2 is ON for V1 = 0 and V2 = VO (LHCP), from [9]. 
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1.4.1    Mechanical changes    

Radiation pattern reconfiguration can be applied through the three methods above. 

The first of these approaches is mechanical modification, and has been used in [49] 

for a reflector antenna. In this research, changes in beam shape and direction were 

observed whilst changing the structure of the reflector. In a more recent work, 

Washington et al. [50] developed a novel reconfigurable dual-offset contour beam 

reflector antenna (DCBRA), with a thin flexible conductive sub-reflector. The overall 

study illustrated mechanical shape variation using a piezoelectric actuator to achieve 

the desired radiation pattern. 

 

Beam-steering reflectors have a wide range of applications especially for defence. 

Between 2002 and 2005 Sievenpiper et al. presented a number of reflectors for 

radiation pattern reconfiguration. In 2002 [51] they created frequency dependent 

surfaces using an array of small resonators operating at 4.2 GHz. This surface 

enables reconfiguration of the surface reflection coefficient phase, which results in 

beam steering. A similar concept but with two-dimensional beam steering was also 

later realized using varactors [17], as shown in Fig. 1.5. Sievenpiper et al. 

demonstrated radiation pattern reconfiguration for a leaky wave antenna [52]. In this 

design, tuning the resonant frequency results in alteration of the tangential wave 

vector and therefore enables a scanning range of 45⁰.  

 

 

Figure 1.5.  Electronically steerable reflector. 25 × 25 cells, with 1125 varactors, which are addressed in rows 

through the ribbon cable at the left edge. The electronically steerable reflector operates at  4.5 GHz, from 

[17]. 
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1.4.2    Electrical changes    

In 1999, Jung-Chih et al. [53] presented a reconfigurable Vee-antenna using RF-

MEMS switches. In this design one end of the antenna is held by rotation hinge lock 

on the substrate, which allows the arm to rotate with the hinge as the centre of the 

circle. The antenna arms are pulled or pushed by support bars connected to the 

actuators with moveable rotation hinges on both ends, which results in beam-shape 

variation.  

 

Apart from using mechanical changes, researchers have also used electrical changes 

for radiation pattern reconfiguration. From the practical examples found in the 

available literature, two main key methods have been used for electrical alterations: 

parasitic tuning and array tuning. Parasitic tuning is one of the most effective 

methods used for tuning radiation patterns independently of frequency, resulting in 

an range of functionalities and wide frequency bandwidth. Array tuning however 

can result in beam steering similar to traditional phased arrays, but without the 

inherent costs of phase shifters.  

 

One of the first examples of parasitic tuning was proposed by Harrington [54] in 

1978, for an N-port antenna. In this work Harrington controlled the antenna 

characteristic by impedance loading the ports and feeding one or several of the 

ports. Mobile communications antennas have also been tuned using parasitic 

elements [55, 56]. In the late 1984, a paper presented by Dinger illustrated the first 

realizations of parasitic tuning in a small planar array antenna [57].  

 

In a more recent study in 2004 by Zhang et al. [58], a novel linearly polarized pattern 

tunable microstrip parasitic array was presented.  In this design, the antenna uses 

four switches to tune the radiation pattern into three variations over a shared 2:1 

VSWR bandwidth, which demonstrates potential applications in mobile 

communication devices and large phased arrays antenna.  
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Huff et al. [59] also developed a novel pattern and frequency tunable microstrip 

antenna with linear polarization at around 3.7 GHz which uses switched 

connections. In this structure one set of connections provided a re-directed radiation 

pattern while maintaining a common operating impedance bandwidth with the 

baseline configuration and the second set of connections resulted in operation at a 

higher frequency band at 6 GHz with broadside patterns. Similar studies but using 

MEMS switches are presented in the literature [11, 60].  

1.4.3    Material variation    

Variation of material characteristics can also be used to change resonant current 

distributions or can be simply used to alter propagation speeds, which in both cases 

can be exploited for radiation pattern reconfigurability. Henderson et al. [61] 

illustrated the first case of using ferrite materials for altering the radiation pattern of 

an antenna in 1988. In this work, a ferrite substrate is positioned above a circular 

microstrip patch and is magnetized using a permanent magnet in order to apply a 

bias. Using this concept, he predicted a possible beam tilt of around 15°. 

 

Apart from ferrites, ferroelectric materials have also been known for radiation 

reconfiguration. In 2006 Lovat et al.  [62], demonstrated a fixed-frequency scanning 

antenna, covered with a two-dimensional periodic array of slots in a conducting 

plate. Beam direction variation in this particular antenna is simply realized by 

applying an RF signal and tuning the permittivity of the ferroelectric through 

applying an external bias voltage between the top periodic array and the bottom 

ground plane. Various other examples for ferroelectric materials, such as a scannable 

leaky-wave antenna, are available in literature [63, 64].  
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1.5     Compound reconfiguration             ………               
……   ..------ 

Decoupling of the frequency response from the radiation pattern is a challenging 

task. In the recent literature, several researchers achieved this ability to 

independently reconfigure either resonant frequency, radiation pattern, or 

bandwidth and named it compound reconfiguration [20]. An example is 

demonstrated by Huff and Bernhard in 2003 [11] for a spiral antenna (Fig. 1.6) which 

provides broadside radiation operation at two different frequencies or end-fire 

radiation characteristics at one of these frequencies. The design of these compound 

devices for a specific application typically requires the use of optimization tools, 

such as genetic algorithms, and the design and control mechanisms can become 

more complex in this case. 

 

Pringle et al. [65] demonstrated a compound reconfigurable aperture antenna by 

changing the switches from open to closed or vice versa. The planar array in this 

design is optimized using a genetic algorithm. Even though there are a number of 

papers on compound reconfiguration, much more research is required to achieve 

practical devices. 

         

                                  (a)                                                                          (b) 

Figure 1.6.  

 

 

Fabricated antenna with MEMS switches. (a) Fabricated antenna with Radant MEMS switches, (b) 

Measured broadside configuration radiation pattern for two cut-planes Ø = 0° (left) and Ø = 90° (right). 

Two Radant MEMS single-pole single throw (SPST) switches are used to reconfigure the radiation patterns of 

a resonant square spiral microstrip antenna, from [11]. 
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1.6     Conclusion and summary                ………               
……   ..------ 

The main focus of this thesis is on the frequency response reconfiguration/frequency 

response tuning, due to higher microwave application and fabrication simplicity. As 

discussed, there is a vast quantity of available literature for designing various 

components based on MEMS, PIN diodes and optical switches. Several antenna 

components have been discussed, including such as microstrip antennas, Vee 

antennas, slot antennas, or dipoles have been discussed. A common drawback of 

frequency reconfiguration is the discrete switching mechanism, resulting in discrete 

frequency bands and frequency skipping. Other drawbacks, especially for MEMS 

switches, are their high manufacturing cost, which have impeded the development 

of these devices in the past decade. However, since these types of switches 

demonstrate fast switching with high accuracy, they are still mainly used for 

military applications and less for commercial purposes.  

 

Other methods discussed in the literature for designing microstrip antennas, slot 

antennas, monopoles, leaky-wave antennas, FSSs and reflectors are variable reactive 

loading such as varactors, FET’s or piezoelectric actuators. Although these tuning 

mechanisms show promising results, nevertheless they lack in flexibility.  

Furthermore due to their high dielectric loss tangent (tan δ) at high microwave 

frequencies, they are mainly useful for lower microwave frequency designs (< Ka-

band).   

 

Several reconfigurable structures based on Ferrites and ferroelectric materials such 

as microstrip antennas, band pass filters, resonators and phase shifters has also been 

discussed in the recent literature. Most of the devices discussed in this section are 

mainly applicable for RF and low microwave frequency (< 5 GHz), since they exhibit 

high dielectric loss at higher microwave frequencies. Apart from this drawback, BST, 

the most common ferroelectric material used for frequency tuning, requires a very 

high voltage of 100-200 V for thick film. Additionally, BST is characterized by a high 
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permittivity in both thin and thick film forms (   = 100-700), which complicates 

fabrication and limits applications. 

 

Liquid crystals are a promising alternative for the methods discussed above. Liquid 

crystals are dielectric materials in liquid form; they can be integrated in flexible 

electronics, have low dielectric loss tan δ, especially at Ka band and above (< 40 

GHz) and require low bias voltage (< 30 V) [66]. Liquid crystal dielectric materials 

have recently been discussed for microwave and millimetre-wave frequency 

applications, where they have showed promising results in terms of both tunability 

and performance especially at higher frequencies, where the performance of other 

devices such as varactors degrades.  

 

The rest of this thesis will focus on the properties and characteristics of liquid 

crystals as dielectric materials. It starts with a review of the available literature 

(Chap. 2) and continues with descriptions of our contribution towards designing a 

tunable liquid crystal resonator, high S-band tunable resonator, band pass filter and 

frequency-selective surface structure (Chap. 3-6).  
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Physical Properties and 
Applications of Liquid Crystal 

 

 

 

 

IQUID CRYSTALS are dielectric materials in the form of a liquid, in which a 
certain order in the arrangement of the molecules results in anisotropy in the 
electrical, mechanical, magnetic and optical properties. The physical 
properties of these materials enable their use as tunable materials that can be 

exploited in radio-frequency devices such, resonators, antennas, filters and phase 
shifters. Due to their flexibility as a liquid dielectric and because of their anisotropic 
characteristics, they have been used widely in telecommunication devices, display 
technologies, and RF and microwave devices. This chapter provides a 
comprehensive overview of the properties of liquid crystal material, followed by 
practical examples of these promising materials for microwave and millimetre-wave 
technologies.    
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2.1     Liquid crystal background…………………….. 

2.1.1     The history and discovery  

Freidrich Reinitzer (1857-1927) and Otto Lehmann (1855-1922) are known as the two 

scientists who initially discovered liquid crystals, through experiments on a 

substance called cholesterol benzoate in 1888 [67]. This discovery was achieved 

when Austrian scientist F. Reinitzer observed two distinct melting points when 

experimenting on the cholesteryl benzoate (C34H50O2) also called 5-cholesten-3yl 

benzoate. The mixture turned to a cloudy liquid (melting point) at a temperature of 

around 145 °C and as the temperature increased to approximately 179 °C, it became 

transparent (clearing point), as illustrated in Fig. 2.1. 

In March 1889 the discovery was reported to O. Lehmann at the Technical University 

Karlsruhe in Germany for further investigation. O. Lehmann discovered both liquid 

and crystal characteristics in this material, hence named it “Über fliessende krystalle” 

in German, translated to “liquid crystal” in English [68]. The discovery of liquid 

crystal remained largely unnoticed in the early 20th century, and as a result the 

material remained unknown for almost 80 years. Even though in the early 1960s a 

few universities and research centres, such as Merck in Darmstadt (Germany), were  

carrying out research on liquid crystals, barely any industries were using these 

materials for practical applications [69].  

The real research and fundamental understanding of these materials started around 

1965 to 1969, after the successful creation of liquid crystals at room temperature by a 

scientist named Hans Keller [69]. Right after this discovery the investigation of 

liquid crystal applications started, and through these studies liquid crystals became 

enormously useful in various aspects of telecommunications, lasers, display 

technologies (e.g. LCD) and even medicine and biology.  
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2.1.2     Lyotropic and Thermotropic   

As discussed, liquid crystal molecules consist of solid/crystalline (long-range 

orientation order) and liquid/isotropic states [70]. Increasing the temperature from 

T1 to T2 changes their state from solid/crystalline state to a liquid crystal state and 

then to a liquid/isotropic state, in a reversible process. The temperature T1 is 

generally referred to as the melting point and the temperature T2  as the clearing 

point (Fig. 2.1) [69].  

 

Figure 2.1.  

 

Liquid crystals can be classified as lyotropic or thermotropic [3]. Lyotropic materials 

change phase when mixed with a certain type of solvent. Thermotropic materials on 

the other hand change phase with temperature, but only in a certain temperature 

range. Thermotropic materials can also be divided as either isotropic, with random 

molecule arrangement or nematic, with definite molecule order or pattern. Within a 

certain temperature range, the liquid crystal can transition through several phases, 

changing from cholesteric to smectic and finally nematic (see Fig. 2.2) [71].   

Solid/Crystalline Liquid Crystal Liquid/ Isotropic

T1 T2

Melting Point

Clearing Point

Liquid crystal states. In this transition as the temperature is increased, the solid/crystalline material is 

transformed to liquid crystal phase at temperature T1 and by raising the temperature to T2 it is further 

transformed to liquid/isotropic phase, from [3]. 
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Figure 2.2.  

 

 

The cholesteric phase, as seen in Fig. 2.2 has a slightly twisted molecule orientation, 

resulting in a spiral formation, while the smectic phase consists of many variations 

of the phases in which the molecules in each layer tilt at an angle from the previous 

layer. Throughout the rest of this thesis, only the nematic phase is considered and its 

anisotropic properties are used. For this reason, the rest of the discussions will be 

based on nematic liquid crystal and its electrical material characteristics and 

properties.    

 

2.2     Liquid crystal-nematic phase P     
………………………….....------ 

The nematic phase is the most commonly used phase of liquid crystals, especially at 

microwave and millimetre wave frequencies. The word “nematic” comes from a 

Greek word “nemato”, denoting thread-like shape, and is used due to the elongated 

shape of the liquid crystal molecules (see Fig. 2.2) [72, 73]. In this phase of liquid, 

through applying an external bias voltage, the electric field in the liquid crystal 

affects the orientation of the molecules. At low voltages the effect is slight but it 

increases as the voltage (and the resulting field strength) increases. When the 

Ti

Cholesteric Smectic Nematic Liquid/Isotropic

Liquid Crystal

T2

Ti

T1

Solid /Crystalline

Liquid crystal phase. In this image liquid crystal textures is observed using polarized optical microscopy as 

the molecule undergoes a phase change. The initial phase is the solid/crystalline phase, with molecules being 

in a rock-hard form and as temperature increases, the molecules enter subsequently cholesteric, smectic, 

nematic and liquid/isotropic phase change respectively, from [4].   
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applied voltage reaches a certain level, all molecules are orientated stably along the 

direction of the electric field. 

2.2.1     Isotropic and anisotropic states  

The word isotropic in physics is defined as “identical in all directions; invariant with 

respect to direction” [74, 75]. In a single crystal, the physical and mechanical 

properties often differ with orientation. When the properties of a material are the 

same in all directions, the material is said to be isotropic. In full-wave 

electromagnetic simulation software, isotropic materials are defined by a single 

constant value (scalar).  

However anisotropic in physics is defined as “differing according to orientation, as 

light scattered by a liquid crystal” [74, 75]. The physical characteristics of anisotropic 

materials are described by anisotropic tensors. For example, for liquid crystal, the 

anisotropy permittivity tensor exhibits a relative permittivity    in the director 

direction  ⃗⃗  (the average direction of the molecular axes) and  
+

 in orthogonal 

directions [76-78].  

In a typical capacitive arrangement, where a liquid crystal cell is sandwiched 

between two metal electrodes and no bias voltage is applied (Vb = 0 V), the initial 

alignment of the liquid crystal molecules is achieved through coating the boundary 

surfaces (preferably the top and bottom layer of the cell) with a thin layer of 

polyimide film and then mechanically rubbing them using a velvet cloth. The 

rubbing creates microscopic grooves in the polyimide surfaces (Fig. 2.3) and enables 

preferred alignment for the liquid crystal molecules in the unbiased state, which 

leads to higher frequency tuning [66, 79] (Fig. 2.4 (a) and (b)). In electromagnetic 

simulations, these extremely thin polyimide layers can be neglected to a good 

approximation. 
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Figure 2.3.  

 

In this initial case (Vb = 0 V), the director  ⃗⃗  will be parallel to the metallic layers 

(which are here defined as parallel to the xy plane) and the relative permittivity 

tensor relevant for the inter-layer material is defined as  

                                                                                +⃡⃗  ⃗  ( 

     

  +  

   +

)                                                       (2.1) 

For this case, the scalar effective relative permittivity determining the capacitance 

can be approximated as       ⃡
 +      

  
+ 
  since the molecules tend to orient along 

the x-axis while the electric field is predominantly in the z-direction. This is 

commonly known as the perpendicular state (Fig. 2.4 (b)).  

As bias voltage Vb starts to increase from Vth < Vb  < Vmax, where Vth corresponds to 

the voltage well above the Frederiks threshold [80] along the z-direction and Vmax 

corresponds to the maximum applied voltage, the orientation of the director  ⃗⃗  

continuously changes from the perpendicular to the parallel state [73]. The random 

distribution of the liquid crystal molecules in this case can be described by the order 

parameter S, expressed by                                          

                                                        ⟨  ⁄          
 ⁄ ⟩                                                (2.2) 

where in this equation   is the average angle between the molecular axis and the 

director  ⃗⃗  (average direction in a volume element of a liquid crystal sample) and < > 

y

z x

100 µm 

Rubbing direction

Polyimide rubbing direction. Scanning electron microscope (SEM) image of a copper patch coated with a 

0.3–0.4 μm thickness of polyimide film and mechanically rubbed along the x-axis.  
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corresponds to the mathematical expectation operator, averaging the orientation of 

all molecules [81, 82].  

                              

(a) 

 

                        

(b) 

 

 

(c) 

 

                          

(d) 

 

Figure 2.4.  

 

 

Vb = 0 V
Copper
layers 

Vb = 0 V
Polyimide

films
n
⟶

ɛ ┴

n⟶

Vth < Vb < Vmax

Ɵ

z

x

y

ɛi ɛi

Vb ≥ Vmax n⟶ ɛ║

Liquid crystal molecule orientation. Liquid crystal molecule orientation in different states (a) no-

polyimide films, random orientation, (b) polyimide films, perpendicular state (ɛeff =   + ), (c) intermediate 

state (ɛeff  = ɛi) and (d) parallel state (ɛeff =    ). 
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The difference between the perpendicular and parallel state is identified as the 

dielectric anisotropy    of the liquid crystal molecules and can be expressed as 

                                                                              
   +                                                                        (2.3) 

By taking into account    and using   as the tensor product of two vectors, the 

permittivity tensor for the intermediate state can be defined by [73, 83]  

                                                ⃗⃡   +   ⃡         ⃗⃗  ⃗     ⃗⃗  ⃗          

                                                    +  (
   
   
   

)     (

  
         

      
     

          
 

)            (2.4) 

which can be expressed as 

                                     ⃡  (

 
+
                    

  
+

 

            
+
         

)                                (2.5) 

For the case when the rubbing direction of the polyimide is along the x-axis (see Fig. 

2.3 and Fig. 2.4 (c)), the effective relative permittivity in this case becomes              

     =  ⃡        =   , due to E-field along the z-axis. 

Further, as the bias voltage reaches up to a maximum voltage (Vb ≥ Vmax), the liquid 

crystal molecules become stable, due to parallel alignment of the liquid crystal 

molecules. In this state the relative effective permittivity (    ) gradually aligns 

along the director   ⃗⃗⃗   which results in the permittivity tensor becoming 

                                                           ⃡⃗  ⃗  ( 

 +   

  +  

     

)                                                   (2.6) 

This tensor describes a full alignment of the liquid crystal director along the static 

electric field lines associated to the applied voltage. The effective relative 

permittivity in this case becomes       ⃡              given that the liquid crystal 
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molecules orient along the z-axis and present an effective permittivity along the z-

direction. This is generally referred to as the parallel state, i.e. the bias electric field 

point parallel to  ⃗⃗ , Fig. 2.4 (d). 

From the description above, it becomes clear that the bias-dependent transition from 

perpendicular to parallel state provides a continuous variation of the effective 

permittivity between perpendicular and parallel states.  

2.2.2     Tuning range and tunability   

The material tuning commonly referred to as frequency tuning/frequency 

variation/tunability (τ) can be expressed as a function of the highest and lowest 

resonant frequencies fh and fl as 

                                                      (
       

    
 )                                                            (2.7)   

or 

                                                      (
       

    
 )                                                            (2.8)   

depending on which frequency is chosen as a reference. Alternatively, the tunable 

range/tuning range (τR) caused by this variation can also be expressed as [77, 84] 

                                                     (
          

       
 )                                                        (2.9)   

 

The material quality factor η can also be defined by the relation between tunability 

and the maximum dielectric losses (tan δ), according to 

 

                                                                
  

            
                                                      (2.10) 

 or   

                                                               
  

            
                                                       (2.11) 



Chapter 2                                           Physical properties and applications of Liquid crystal 

 

 

 Page 29 

   

which will differ depending on whether the material is used in perpendicular (tan 

 +) or parallel (tan   ) configuration.  

Fig. 2.5 schematically illustrates the evolution of the relative permittivity and the 

equivalent loss tangent between the two extreme states (perpendicular and parallel) 

when the bias voltage is increased from Vth until Vmax as a function of the applied 

bias voltage. 

            

Figure 2.5.  

 

 

 

For available liquid crystal mixtures, the typical relative permittivity value for the 

perpendicular ( +  state is around 2.2 to 2.8, while for the parallel (    state is 

between 2.6 and 3.5. The resulting insertion loss in practical devices depends on the 

topology, material and operational frequency [51, 76]. Table 2.1 illustrates the 

properties of some of the most common liquid crystal (nematic) samples used at 

microwave and millimetre-wave frequencies. The listed values might slightly vary, 

depending on the working frequency and temperature. 

 

 

 

 

 

ɛ║

ɛ┴

Vth Vmax

tan δ║

tan δ ┴

tan δ eff
ɛeff

Vb

Effective relative permittivity and loss tangent as function of the applied bias voltage. Effective 

relative permittivity behaviour between perpendicular ( +) and parallel (  ) states and loss tangent (tan  + 

and tan   ) as function of the applied bias voltage (Vb). 
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Table 2.1. 

 

 Samples Permittivity 
 

Dielectric 
anisotropy 

Loss tangent 
 

Operating 
frequency 

 

 +       tan  + tan    f (GHz) 

K15 (5CB) 2.72 2.90 0.18 0.03 0.03 1-10 

BL037 2.35 2.61 0.26 0.06 0.06 1-10 

BL006 2.62-2.69 3.11-3.12 0.49-0.43 0.0015-0.007 0.0035-0.0036 4.8-8.7 

E7 2.72 3.17 0.45 0.12 0.02 5-6 

2.2.3     Switching time  

The switching time / tuning speed of liquid crystal in general depends on several 

factors, including the liquid crystal layer thickness, viscosity of the liquid crystal 

type, temperature and the surface treatment (e.g. polyimide type). Various equations 

and theories for calculating the switching time have been discussed. Oseen and 

Frank were the two first scientists who formulated the fundamentals of the elasticity 

theory of liquid crystals back in 1920’s, and thus it is now known as Oseen-Frank 

theory, defining the balance between elastic and electric torque exerted by the 

applied field [85].   

The dynamical response and the viscous torque was later described by Erickson and 

Leslie, known as response time/free relaxation time (t0), expressed by                 

                                                                       
   

 

                                                             (2.12) 

which can be applied to parallel, perpendicular and even twisted alignment. In this 

equation,    is the rotation viscosity of the liquid crystal, d is the cavity thickness and 

K11 represents the torque. According to this equation the response times are 

proportional to the cavity thickness squared, meaning that they can be improved by 

reducing the liquid crystal cell thickness. For liquid crystal technology at microwave 

frequency these thicknesses are around 5 ≤ d ≤ 500 μm [66]. The above equation can 

be further refined by considering the rise and decay time, depending on the applied 

bias voltage [85] to trise and tdecay, defined as  

Properties of some of the most common liquid crystal (nematic) samples. Properties of liquid 

crystals at 20 °C temperature, as specified at the given operating frequency. 
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|
 

   
   |

                                                        (2.13)   

and 

                                                                   
  

|
    
   

   |
                                                    (2.14)   

where in this equation Vrem is the remaining voltage after the bias voltage is 

removed, also known as the final state of the relaxation. The absolute value in 

denominator illustrates that this equation is valid for both Vrem > Vth and Vrem < Vth. 

From Eqns. (2.13) and (2.14), it can be stated that the higher the voltage step while 

switching, the faster the tuning process will be, while the same holds true for the 

switching off, i.e. the lower Vrem the faster the response time will be.  

 

2.3     Liquid crystal microwave devices   …………………………… 

One of the early attempts at using liquid crystals in RF applications was reported by 

Truesdale [86] in 1972, who used a liquid crystal sensor to measure the near-field 

radiation pattern. In 1978, Anders demonstrated the initial investigation of the 

rectangular microstrip patch element using liquid crystal [87], but the work which 

illustrated application of liquid crystals in the microwave range was by Bui-Hai and 

Martinez [5] in 1983  (Fig. 2.6).   

Owing to the anisotropic properties of liquid crystal and compound mixtures, there 

are many reported devices which use liquid crystal to achieve electrical tuning. In 

the next section liquid crystal tunable devices designed for operation at microwave 

and millimetre-wave frequencies are discussed. The description of these devices is 

divided into four main categories: 2.3.1-resonators and filters, 2.3.2-phase shifters and 

delay lines, 2.3.3-antennas and 2.3.4-frequency-selective surfaces and metamaterials.  
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Figure 2.6.  

 

2.3.1     Resonators and filters   

Tunable resonators and filters which exploit the dielectric anisotropy of liquid 

crystal have been discussed in the literature. One of the examples of liquid crystal 

resonators was reported in [88]. The study illustrated a half-wavelength open-

circuited stub resonator and a second-order dual behaviour resonator filter. Using 

two standard liquid crystal samples (K15 and BL037 [88-91]), frequency shifts of a 

few percent for lower microwave frequencies (below X-band) were achieved.  

         

                              (a)                                                          (b)                                                 (c) 

Figure 2.7. 

 

 

 

In a different example, a liquid crystal tunable band-pass filter was presented [15] 

(Fig. 2.7). The proposed three-pole filter operating at a centre frequency of around 20 

GHz demonstrated approximately 2 GHz of frequency shifting corresponding to a 

tuning range of around 10.25%.   

Electromagnetic energy distribution. Using liquid crystal at microwave frequency of 7 GHz for 

visualization of electromagnetic radiation pattern, from [5].  

Tunable band-pass filter. (a) Top view of the fabricated tunable filter with operating frequency of 20 

GHz, (b) simulation results, with all elements assumed as lossless and (c) measurements results together with a 

full-wave simulation. The device is fabricated using a glass-liquid crystal-glass sandwiched structure with a 

total thickness of 600 µm and lateral dimensions of 9× 4 mm, [15]. 
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A comparable tunable coupled microstrip line filter has been developed with an 

operational frequency of 33 GHz [2]. The E7 liquid crystal sample employed in this 

structure demonstrated tunability of up to 2 GHz (Fig. 2.8). 

 

 

Figure 2.8.  

 

 
 

2.3.2     Phase shifters and delay lines   

Apart from resonators and filters, liquid crystals have been demonstrated in the 

design of phase shifters and delay lines. An early example of phase shifters is 

reported in [92], where a voltage-controlled 20⁰ phase shift was achieved with a K15 

sample at a centre frequency of 10.5 GHz. Furthermore in [93], a planar integrated 

tunable phase shifter has been presented. By filling the channels with liquid crystal 

and applying a bias voltage, a differential phase shift of 53° was achieved around a 

centre frequency of 18 GHz.  

 

In a different example, reducing the liquid crystal cell thickness was discussed for 

improving the tuning/switching speed [10]. In this work instead of the common 500 

µm thickness of liquid crystal only 5 µm was used. This results in lower amount of 

liquid crystal molecules, lower time for molecule orientation and hence faster 

switching speed between the parallel and perpendicular state. In this tunable phase 

shifter a 60⁰/dB of phase shift was achieved with tuning speed of 340 ms (Fig. 2.9).  

 

 

Parallel-coupled line tunable resonators. A tunable 33 GHz parallel-coupled microstrip filter based on 

nematic liquid crystals, with tunability range of 2 GHz. The insertion loss in this filter was around 4.5 dB, which 

is mainly due to the microstrip line to CPW transitions used for measurement of the filter by a probe-station [2].  

 
 

 

 devices illisrates [15]. 
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                                (a)                                                              (b)                                             (c) 

Figure 2.9.  

 

 

A microwave variable delay line using a membrane impregnated with liquid crystal 

has also been fabricated [94]. Experimental results indicated a 270° phase shift for the 

variable delay lines with a tuning response time of around 33 ms. In a more recent 

case, a 2-D electronically-steered phased array with a variable delay line was 

presented [12]. The 17.5 GHz phased array demonstrated a maximum differential 

phase shift of 300° (Fig. 2.10). 

                                                       

                                       (a)                                                                                    (b)          

Figure 2.10.  

 

 
 

2.3.3     Antennas   

Electrically tuned liquid crystal antennas have been widely discussed in recent years. 

The key to these designs is to form a sandwich shape structure, with a metal patch 

on top and a ground plane on the bottom of the structure and liquid crystal in 

between in a central cell. The patterned patch and ground planes are used both for 

Tunable phase shifter. (a) Top view of the realized phase shifter filled with liquid crystal, (b) differential 

phase shift and (c) phase shift effectiveness, confirming 60º/dB phase shift at 20 GHz in the fabricated 

measurement [10]. 

 
 

  

2-D electronically steered phased-array antenna. (a) side and back view photographs of the 

fabricated prototype 2 × 2 antenna array and (b) antenna layout with the components (RF feeding network, 

variable delay lines, biasing network, four biasing pads) mounted on the back dielectric layer [12]. 
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radiation and as electrodes in the biasing circuit. Liquid crystal antennas can be 

divided into three main categories: 1- frequency tunable antennas, 2- beam steering 

antennas and reflectarrays and 3- polarization agile antennas. In the following, each of 

these categories are discussed separately.    

2.3.3.1     Frequency tunable antennas   

One of the initially reported tunable antennas had liquid crystal placed inside its 

intermediate foam substrate, underneath the patch [95]. Upon application of a 

varying external bias voltage to this structure, a frequency shift of 140 MHz was 

obtained from 4.74 and 4.6 GHz, which corresponds to 2.95% tuning range.  

 

A comparable rectangular patch demonstrated 5.5% tunability with respect to the 

lower frequency [96], in a similar frequency range (~ 4.5 GHz). For these two 

antennas, standard commercial K15 and BL037 liquid crystal samples were used. 

Similarly a sandwich structure antenna operating at a frequency of 5 GHz was 

presented in [7]. This antenna was designed using three layers of Taconic glass-

reinforced PTFE substrate placed on top of each other, with E7 liquid crystal in its 

central layer. The simulation of this arrangement predicted a tuning range of 8%, 

whereas measurement demonstrated a tuning range of 4% (Fig. 2.11). 

           

                               (a)                                                        (b)                                                 (c) 

Figure 2.11.  

 

 

 

Tunable microstrip patch antenna. (a) Liquid crystal based microstrip patch antenna geometry, with 

three layers of Taconic TLY-5 substrate each 0.51 mm thick, 20 × 15 mm patch, (b) simulated results and (c) 

fabricated measurements [7]. 
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Liquid crystal has in addition been demonstrated in combination with newly 

developed flexible materials. An example of a tunable multilayer patch antenna on 

flexible liquid crystal polymer (LCP) substrates is reported in [14] (Fig. 2.12). This 

work shows that through using high-performance novel liquid crystal mixtures, a 

continuous frequency tuning range of 10% at Ka band (~ 35 GHz) was achieved 

through application of an external bias voltage. 

      

                             (a)                                                        (b)                                                   (c) 

Figure 2.12.  

 

2.3.3.2     Beam steering antennas and reflectarrays  

The use of liquid crystal has been reported for the development of leaky-wave 

antennas able to steer their main beam direction at a fixed frequency. In [16] a leaky-

wave antenna based on composite right/left-handed waveguide was described, with 

beam steering at 7.6 GHz  (Fig. 2.13). Through application of either a static electric or 

magnetic field to the liquid crystal molecules, a beam tilt of around ±10º was 

achieved.  

 

 

 

Figure 2.13.  

 

Leaky-wave tunable antenna. Fabricated liquid crystal tunable leaky wave antenna based on a 

composite right/left-handed waveguide structure, with beam steering capability. The maximum measured 

obtained beam tilt is ±10° degree around broadside [16].  

 

Tunable patch antenna. Prototype designed frequency tunable patch antenna operating at Q-band is 

presented. Through using liquid crystal between the microstrip layers, 10% of continuous frequency tuning is 

achieved [14].  
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Apart from phased arrays, reconfigurable reflectarrays could benefit greatly from 

the application of liquid crystals in their tuning mechanism. One of the first 

reflectarrays with liquid crystal tuning is reported in [97, 98]. In this design, a 35 

GHz liquid crystal tunable reflectarray was presented and verified. Measurements 

demonstrated 300° of phase tunability of a unit cell, through applying bias voltages 

up to 40 V. A comparable example was reported in [89]. In this work numerical and 

measured results demonstrated 180° of tunable phase shift at X-band using K15 

liquid crystal.  

In the similar frequency range, a reflectarray antenna was presented using a BL006 

sample [99], [100]. The electronic tuning of the effective permittivity of the liquid 

crystal in this study [100], demonstrated reconfiguration of monopulse sum and 

difference patterns.  A similar concept was also used in [8] (Fig. 2.14), [97], and [101], 

where liquid crystal was used at X-band, Q-band and W-band to achieve tunability 

in a reflectarray.  

 

Figure 2.14.  

 

 

Liquid crystals have been demonstrated as well for reflectarrays at higher 

microwave frequencies, even above X-band. Due to the decreasing liquid crystal loss 

tangent δ with increasing frequencies, more attention has been directed in recent 

years towards designing millimetre-wave reflectarray cells. A recent reflectarray 

designed for operational frequencies of  77 GHz suggests the possibility of  280∘ 

element phase tunability through application of an external bias voltage [101]. 

Geometry of periodic cell. Reflectarray elements in the range of 9-11 GHz is designed using commercial 

available liquid crystal, enabling phase shift at X-band frequency [8].    
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Moreover in [102] a tuning phase range of 360∘ was achieved for a reflectarray 

operating in a frequency range of 30 to 40 GHz.  

 

In a recent study a millimetre-wave reflectarray (F-band), which consists of 52 × 54 

identical cells, has been designed to operate in the frequency range from 96 to 104 

GHz [103]. A liquid crystal mixture was used to demonstrate the potential of the 

proposed reflectarray for beam scanning in F-band. This suggests that future 

wideband tunable antennas in the frequency range above 60 GHz are possible. In 

similar concepts proposed in [104], phase changes of 165∘ and 130∘ were achieved for 

reflectarrays operating at a centre frequency of 102 and 130 GHz respectively. 

2.3.3.3     Polarization agile antennas   

Polarization agile antennas using liquid crystal mixtures were reported in [1, 105] 

(Fig. 2.15). This 2D beam steering phase array antenna consisted of a 2 by 2 dual-fed 

microstrip patch array and two separate feeding networks. Through reconfiguration 

of the feeding networks, dual linear and dual circular polarizations were achieved. 

Continuous tuning of the antenna polarization at a frequency of 13.75 GHz was 

illustrated for both simulation and prototype measurements. 

                                        

                                         (a)                                                                               (b)                                                    

Figure 2.15.  

                      

Polarization agile antenna. (a) and (b) Image of the fabricated polarization agile antenna filled with 

liquid crystal mixture [1]. 
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2.3.4     Frequency-selective surfaces and metamaterials  

Other areas which have as well demonstrated high potential for tuning with liquid 

crystal materials are frequency-selective surfaces and planar metamaterials. In these 

structures, the liquid crystal is generally sandwiched between two identical parallel 

substrates, consisting of printed patch patterns. Through application of an external 

bias voltage, a shift in the resonant frequency can be achieved. An FSS with 

operational frequency at D-band (110-170 GHz) has been presented in [106]. The 

BL037 liquid crystal mixture in this device was sandwiched between two arrays of 

slot elements, illustrating 3% tunability. In another experimentally validated 

example, a magnetically tunable negative permeability metamaterial consisting of an 

array of broadside coupled split ring resonators infiltrated with liquid crystals has 

been proposed. Here a resonant frequency shift of 0.3 GHz was obtained at X-band 

[107]. 

 

In other reported examples, perpendicular and parallel alignment of nematic liquid 

crystal cells have been demonstrated for developing metamaterial structures with 

the index of refraction tunable from negative, through zero, to positive values [108-

110]. Although some of the reported FSS and metamaterial structures operate at 

higher frequencies (e.g. terahertz), the development of new liquid crystal mixtures 

suggests future potential applications at microwave and millimetre-wave 

frequencies. 

 

2.4     Conclusion and summary                 …………………………… 

In this chapter the background and the history behind the discovery of cholesterol 

benzoate, the first discovered liquid crystal were explained, followed by 

consideration of its fundamental properties. This section also has reviewed the 

temperature effect on the liquid crystal molecules and investigated its 

solid/crystalline to liquid/isotropic phase change. Moreover the physical properties 
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of the main phase of the liquid crystal, known as the nematic phase owing to its 

thread-like molecules, have been explained and investigated in more depth.  

Various well-known terms and definitions which are used throughout this thesis 

have been defined and explained, such as: director, dielectric anisotropy, 

permittivity tensor and tunability. In addition this chapter summarizes available 

literature on various devices using liquid crystals and operating at microwave 

frequencies, such as resonators, filters, phase shifters, delay lines, antennas, 

frequency-selective surfaces and metamaterials. 

This chapter has provided background information on liquid crystals in their 

nematic phase and highlighted their promising properties for designing and 

implementing high performance microwave devices mostly owing to their low bias-

voltage requirement, continuous tuning and possible integration with printed 

technologies. These features along with other advantages of liquid crystals such as 

flexibility and transparency will be used in the following chapters to design a 

frequency-tunable microwave device with liquid crystal acting as tunable dielectric 

substrate in a central layer. 
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Tunable Liquid Crystal S-band 
Resonator  

 

 

 

 

URING the past decade, various tunable liquid crystal devices have been 
designed and investigated operating at high microwave or millimetre 
wave frequencies (above C-band), but less attention has been given to the 
lower GHz frequency range, where most current microwave devices 

operate. In this chapter a review of current tunable microwave devices operating at 
L, S and C-band are carried out, followed by a discussion of a novel tunable liquid 
crystal S-band resonator design. In this work, the resonator is designed using 
analytical electromagnetic theory, and investigated and proven through full-wave 
electromagnetic simulations using commercial software tools. The final optimized 
model is then fabricated using standard methods. The compared results from both 
the full-wave electromagnetic simulation and the prototype measurements 
demonstrate close agreement and thus validate the concept. 
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3.1     Introduction                 …………………………… 

A number of tunable devices have been designed using nematic liquid crystal, with 

most of the available literature focused on high microwave and millimetre wave 

frequencies, due to the lower insertion loss of liquid crystals at these frequencies. 

However since most commonly industrial, scientific and medical (ISM) 

communications devices such as wireless sensor networks, and wireless LANs 

operate at 2.5-5.8 GHz, much more attention is required for designing lower 

frequency (C-band ≤) liquid crystal tunable microwave devices [111].  

A number of low microwave frequency (1-8 GHz) liquid crystal devices have been 

reported in the past. One of the first examples is by Martin et al. [95] in 2003, where a 

5 GHz patch antenna has been designed based on theoretical dependence of the 

resonant frequency on the substrate properties for the conventional TM100 cavity 

mode. Using liquid crystal as the dielectric material, 2.56% and 2.95% of tunability 

was obtained for measurement and simulation respectively. This antenna was later 

optimized and the tunability was improved to 5.5%, using two other different liquid 

crystal samples [96].  

Other examples have been reported for a circular patch antenna [112], illustrating a 

simulation tunability of 5.4%, but no fabrication or measurements were reported. In 

[7] a microstrip patch antenna operating in the 5 GHz range and tuned by liquid 

crystal was described. The simulated frequency tuning in this case was around 8%, 

while the measurements showed a tuning of only 4%. Liu in 2009 [113],  

demonstrated the first patch antenna tunable with liquid crystal with an operating 

frequency of 2 GHz. Through applying external bias voltage, 8% and 3.8% frequency 

variation were achieved for simulation and measurement respectively. A summary 

of the above discussed results is shown in Table 3.1.  

The object of this chapter is to initially explore the nematic phase of liquid crystal, 

identify its potential applications at microwave frequencies, followed by designing 

and modelling a tunable resonator with operational frequency of around S-band (3.5 
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GHz), using theoretical calculation and full-wave electromagnetic simulation. 

Finally to prove the concept, this resonator is fabricated and the measured results are 

compared with the simulation.  

Table 3.1.  

 

 

 

Operating 
frequency 

(GHz) 

Tuning (τ) Liquid crystal 
sample 

Ref 

Simulation Measurement 

5 2.56%  2.95% K15 [95] 
5 NA  2.95% K15 [96] 

5 NA  5.5% BL037 [96] 

2 5.4%  NA NA [112] 
5 8%  4% E7 [7] 
2 8%  3.8% E7 [113] 

 

3.2     Theoretical calculation                   

3.2.1   Primary design  

Initially various microwave antenna structure were considered for this design, 

however from the obtainable options, microstrip patches were selected as the ideal 

alternative, owing to their [114]: 

• Light weight and low volume 

• Thin profile planar configuration  

• Low fabrication cost and as a result suitability for mass production 

• Linear and circular polarization possibility with simple feeding  

• Dual-frequency and dual-polarization  

• Easy integration with microwave integrated circuits  

 

as well as their extensive microwave applications, especially for military and space 

applications and the rapidly growing demand for hand held wireless devices.  

 

Tunable liquid crystal microwave (≤ C-band) devices. This table provides a summary of the current 

designed microwave elements in the literature with an operational frequency of 1 to 8 GHz (L-band to C-

band). 
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A microstrip patch consists of a resonant patch on one side of the dielectric and a 

ground plane on the other side. Two transmission lines connected on both sides of 

the microstrip patch form a stepped impedance filter, Fig. 3.1.  

 

The patch is generally made of conducting material such as copper or gold and can 

take any shape, but is generally designed in the form of a square, rectangle, circle, 

circular ring, triangle, dipole, or ellipse. Apart from the advantages, some of the 

drawbacks of microstrip patches are their narrow bandwidth and low power 

handling capacity (~100 W).  

                    

                                  (a)                                                                                  (b) 

Figure 3.1. 

 

 

3.2.2   Resonant patch and feeding  

Given that the main objective was to design a resonant patch, with operational 

frequency of around S-band (2-4 GHz), the first step required defining the patch 

dimensions, selecting the appropriate material and accurate thickness. For the 

microstrip patch to resonate, the dimension L (universally taken to signify the longer 

dimension) is required to be a half-wavelength. According to microstrip patch 

formulas [115], for a thin patch with dense material, the first resonance can be 

calculated by  

                                                                
  

  √  
                                                                 (3.1)   

Ground plane

Dielectric substrate (ɛr)

L

t

hs

hg

Patch

z

y

x

Wf

W

Lf

L

ɛr

t

hs

hg

Structure of a stepped impedance filter. (a) top view - consists of a resonant patch connected to two 

feeding lines on the top, a dielectric substrate (ɛr) with height hs in the centre and a metal ground plane with 

height hg on the bottom, (b) side view. 
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where    corresponds to the relative permittivity of the substrate and co ≈ 3×108 m/s. 

For designing microstrip resonant patches at microwave frequencies, a typical range 

of 2.2 ≤     ≤ 12 is generally used for the substrate [114]. For this design, given that 

the relative permittivity of liquid crystals is typically between 2.2 and 3.5, a substrate 

with relative permittivity of    = 2.2 was chosen.  

The next part of the theoretical design involves identifying available feeding 

techniques and calculating the dimension of the feed lines for given an impedance of 

50 Ω. There are several feeding configurations that can be used, but the four most 

popular techniques are: coaxial probe, aperture coupling, proximity coupling and 

microstrip line [114]. For this design given that liquid crystal was placed in the 

central layer a microstrip line feeding technique was applied. Microstrip feed lines 

are conducting strips which are easy to model, match and fabricate. According to 

[116], the dimensions of a microstrip feed line was estimated to be around 28 by 1.3 

mm2 (Lf × Wf). Given that for this design, calculation and measurement of both the 

reflection and transmission were required, a duplicated feed line was placed on the 

right-hand side of the patch (Fig. 3.1 (a)).  

 

3.3     Simulation: optimization and parametric analysis                  

3.3.1   Multi-layer structure    

Before describing the simulation of the final structure, this section describes each of 

the main layers of the resonator independently, with each layer having its own 

physical dimension and material characteristics (Fig. 3.2).  
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Figure 3.2. 

 

The top layer was simulated using an RT/Duroid 5880 substrate (    = 2.2 and tan δs1 

= 0.0009) and a perfect electric conductor (PEC) for the patch and the feed lines. This 

layer consisted of a 28 × 28 mm (L × W) resonant copper patch and two microstrips 

feed lines. The substrate had an overall dimension of 84 × 50 mm and a thickness 

(hs1) of 0.50 mm.  

The second layer was defined as the middle layer. This layer also had a physical 

dimension of 84 × 50 × 0.50 mm and was also simulated as RT/Duroid 5880 (    = 2.2 

and tan δs2 = 0.0009). In order to introduce the liquid crystal, a 28 by 28 mm square 

hole with height of 0.5 mm (hs2 = hLC) was cut through the middle layer, creating a 

cavity for the liquid.  

The final layer was called the bottom layer, with a dimension of 84 × 50 mm2 and a 

height of hg = 3 mm. Since in the fabrication process for the alignment of the liquid 

crystal molecule, a thin layer of polyimide coating is required (discussed in Sec. 

2.2.1), a 28 by 28 mm square with a depth of 0.5 mm is cut out from the copper plate, 

forming a hollow space. This cavity is then filled with a square block of TMM3 

dielectric substrate (   = 3.27 and tan δp = 0.002), with a dimension of 28 × 28 mm2, 

height of hp = 0.5 mm and copper coating on the bottom side. The choice of TMM3 

was based on its high surface resistivity (> 9 × 109) and thermal coefficient (+37), 

which was necessary for polyimide baking process (see Sec. 4.3.1.2).   

hg

hs1

hs2

t

hC1

hC2

Middle Layer

Bottom Layer

Liquid Crystal

hp

Top Cover

Bottom Cover 

hLC

Polyimide layers

Top Layer

Multi-layer resonator cross section. Tunable S-band liquid crystal resonator is illustrated with top, 

middle and bottom layer. 
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Apart from the discussed layers, the final designed structure was then placed within 

sealed covers to avoid any liquid leakage during the measurement process. For this 

purpose, two separate covers were used in the full-wave electromagnetic simulation. 

A Teflon top cover, with relative permittivity of 2.0 and loss tangent tan δc1 of 0.0002 

and a Plexiglass bottom cover with relative permittivity of 3.6. In this simulation the 

top and the bottom layer had dimensions of 95 × 80 mm and a thickness of hc1 = 6 

mm and hc2 = 6 mm respectively.  

The next stage involved using the above estimated values to design the 3D full-wave 

electromagnetic simulation model. For this purpose Computer Simulation 

Technology (CST) Microwave Studio [117] was used as a simulation tool, due its thin 

sheet technique and sub-gridding scheme, resulting in a high simulation efficiency. 

Given that this software benefits from a transient solver, it provides higher and 

accurate numerical calculation compared with other electromagnetic full-wave 

simulation software. Before finalizing the design and simulating the final structure, 

parametric analysis and accurate electromagnetic modelling of the liquid crystal 

resonator are discussed.   

3.3.2   Isotropic and anisotropic analysis  

Given that liquid crystals are anisotropic materials, a comparison was carried out 

between simulating the liquid crystal as isotropic or anisotropic material.  

For isotropic material, both the perpendicular and parallel states in the full-wave 

electromagnetic simulation are modelled with a scalar value, namely  += 2.72 and    

= 2.90 respectively, corresponding to the perpendicular and parallel states of the K15 

liquid crystal sample (Table. 2.1).  

However for the anisotropic material simulation the permittivity tensor values are 

defined according to Eq. 2.1 and Eq. 2.6 (discussed in Chap. 2). Subsequently for the 

same liquid crystal values as above, the anisotropic relative permittivity tensors are 

defined by 
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                                                                                +⃡⃗  ⃗  ( 
      
      
      

)                                             (3.2) 

and  

                                                                                 ⃡⃗  ⃗  ( 
      
      
      

)                                             (3.3) 

corresponding to the perpendicular and parallel states of the K15 liquid crystal 

sample. Ultimately in order to compare the simulation result of both isotropic and 

anisotropic material characteristics, a comparison is made using the designed S-band 

resonator over a frequency range of 2.0-4.5 GHz (Fig. 3.3).  

  

                                          (a)                                                                               (b) 

   
                                           (c)                                                                        (d) 

Figure 3.3. 
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Isotropic and anisotropic liquid crystal. (a) Simulated as isotropic material, (b) simulated as 

anisotropic material, (c) perpendicular state for both isotropic (light blue) and anisotropic (dark blue) states 

and (d) parallel state for both isotropic (light blue) and anisotropic (dark blue) states. 
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In the isotropic case the resonant frequency is shifted from 3.2853 to 3.1476 GHz and 

in the anisotropic case the frequency is shifted from 3.2852 to 3.1478 GHz. This 

almost indistinguishable result indicates that although liquid crystals are anisotropic 

materials, however in a full-wave electromagnetic simulation (e.g. CST) with good 

approximation, liquid crystals can be simply be simulated as isotropic material with 

a single effective permittivity for the two extreme states along the z-axis. This will 

not only simplify the simulation but will also reduce the computational cost.   

3.3.3 Fringing field distribution  

In order to investigate the effects caused by fringing fields on the sides, an extra 

length (ΔL) is added to both sides of the patch along its x-axis, (shown in Fig. 3.4).  

 

            

Figure 3.4. 

 

 

According to [114], this distance can be expressed as a function of the effective 

relative permittivity      and the width-to-height ratio, defined as  

                                                      
(          )

(            )
  

 
 

 
        

 
 

 
       

                                  (3.4)   

with      expressed by 

                                               
      

 
  

     

 
  [   

   

 
]
    

                                          (3.5)   

ΔL ΔLL

ɛ
┴ or ‖
ɛP

ɛs1

ɛs2

y

z

x

Leff

Cross-section of the resonator. ΔL distance added on both sides of the patch to cover approximately 

the entire E-field.  



Chapter  3                                                               Tunable liquid crystal S-band resonator     

 

 

 Page 51 

   

Therefore the      of the patch equals to 2.84, with ΔL of around 0.49 mm and Leff  

equal to 28.98 mm. The simulation effects of these values are discussed throughout 

section 3.4. 

 

3.4     Full-wave electromagnetic simulation  

In order to simulate and validate the final structure, Table 3.2 was derived from the 

available literature indicating various practical samples of liquid crystals and their 

corresponding properties. 

Table 3.2.  

 

Liquid Crystal 

samples 

   Perpendicular         Parallel  Δɛ fc Ref. 

   tan δ┴      tan δ║  

K15 (5CB) 2.72 0.03  2.90  0.03  0.18  1-5 GHz  [90], [96] 

BL037 2.35 0.06  2.61  0.06  0.26  1 GHz [90] 

E7 2.72 0.12  3.17  0.02  0.45  5-6 GHz [7] 

 

3.4.1 Nematic liquid crystal simulation  

3.4.1.1 E-series and BL-series  

Two of the initial series of nematic liquid crystals produced by Merck for microwave 

and millimetre-wave applications were the E-series (E44, E48, E7) and the BL-series 

(BL003, BL006, BL037) [118]. In order to test and validate the designed tunable S-

band resonator, the latest samples of E-series, E7 and the BL-series, BL037 (Table 3.2) 

were used for this simulation. Resonant frequency shifting for both samples was 

investigated, using the time domain solver and hexahedral meshing.  

Properties of liquid crystal samples. Relative permittivity and loss tangent δ values for nematic liquid 

crystal at lower microwave frequency (L to C-band) and room temperature of 20 °C.  
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                                          (a)                                                                                (b) 

Figure 3.5. 

 

The full-wave electromagnetic simulation results demonstrate a frequency variation 

from 3.15 to 2.90 GHz (τR = 7.95%) for E7. In this example the bandwidths (at -10 dB) 

are around 200 MHz with 1.05 dB insertion loss for the perpendicular case and 1.0 

dB for parallel state. In the BL037 mixture, the centre frequency shifts from 3.53 to 

3.37 GHz, corresponding to a tuning range (τR) of 4.63% and bandwidths of around 

250 MHz at -10 dB. The insertion loss however in this example is around 1.40 dB, 

owing to higher liquid crystal loss tangent (Fig. 3.5). Furthermore, the simulation 

was as well tested with extended length of 0.49 mm on each side for fringing field’s 

coverage, but given that the tuning was only improved by less than 0.01%, the minor 

effect caused by the fringing field was not encountered.      

3.4.1.2 Standard K15  

5CB (4-pentyl-4'-cyanobiphenyl) also commonly known as K15 (C18H19N-molecular 

formula) are quasi-standard nematic liquid crystals, which have well known 

microwave properties at the targeted operational frequencies.  Fig. 3.6 illustrates the 

colourful pattern of K15 (5CB) liquid crystal molecules under polarized light.  
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S-parameters for E7 and BL037. The simulation result demonstrates central frequency shift of: (a) around 

5.6% for E7 (E-series) and (b) around 5.34% for BL037 (BL-series). 
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Figure 3.6. 

 

K15 nematic liquid crystals are generally used as a benchmark for evaluating 

tunability in liquid crystal microwave devices, due to their wide commercial 

availability, lower cost compared with other liquid types and acceptable Δε [119]. As 

a result, to assess the designed resonator, the K15 relative permittivity values from 

Table 3.2 were used in the simulation. The completed tunable S-band resonator (see 

Fig 3.2) CST model and its corresponding field distribution are demonstrated in Fig. 

3.7 and Fig. 3.8 respectively.  

                                                                                                            

(                         (a)                                                                                         (b) 

Figure 3.7.        
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K15 pattern. Optical microscope image of K15 nematic liquid crystal under polarized light. This type of 

liquid has a density of 1.008 g/cm3 (at 25 °C), a boiling point of 140-150 °C and a molecular weight of 

around 249.35 g/mol. 

 

  

   

Tunable liquid crystal resonator. Prospective view of the designed resonator in CST consisting of with top 

and bottom covers, (a) top flipped Duroid 5880 substrate with two ports, (b) bottom ground layer and the 

polyimide layer (RT/Duroid TMM3) substrate in the central.  
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                         (a)                                                                                         (b) 

Figure 3.8.        

Through varying the relative permittivity of the K15 from  + = 2.72 (perpendicular 

state) to    = 2.90 (parallel state) (see Table. 3.2), the resonant frequency changes from 

3.28 GHz to 3.14 GHz providing a tuning range (τR) of around 4.4% and a tunability 

(τ) of 4.45% with respect to the lower frequency. In this simulation the bandwidth for 

S11 < -10 dB is 250 MHz for the unbiased state and 225 MHz for the biased state. The 

S11 parameters at resonance for both cases are around -21 dB and the maximum S21 

parameters are better than -1 dB (Fig. 3.9).  

 

 Figure 3.9. 
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Simulation-using K15 nematic liquid crystal. The results indicate that by applying relative permittivity 

value the centre frequency of the resonator shifts from 3.28 GHz to around 3.14 GHz.  

 

  

   

E and H instantaneous field distribution. (a) E-field, (b) H-field distribution of the simulated resonator, 

filled with K15 nematic liquid crystal mixture.  
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3.5     Prototype and measurement  

3.5.1 Fabrication methodology   

To validate the simulation results, a prototype of the tunable S-band resonator filled 

with liquid crystal was fabricated and tested. This multi-layer structure involved 

milling the substrates, etching, polyimide coating and rubbing, liquid filling and 

measuring. This fabrication was achieved through collaboration with the Defence 

Science and Technology Organization (DSTO). The initial step involved selecting the 

appropriate substrate for the top layer. From the available microwave materials, 

high frequency Duroid 5880 laminate from Rogers was chosen, due to its low 

relative permittivity ɛs1 = 2.20, low loss tangent tan δs1 = 0.0012, wide commercial 

availability, low moisture absorption and excellent chemical resistance. 

In order to design the top square patch and the corresponding feed lines, an etching 

process was considered (see Fig. 3.10). In this process, multiple masks from the top 

patch shape were patterned and printed on a glass films. Using UV light exposure 

these patterns were printed on one side of the Rogers substrate. The layers were then 

placed in an tray filled with Ammonium Persulphate (NH4)2S2O8 combined with 

water. Through carefully agitating the tray, the copper of the un-exposed areas were 

oxidized, and the patterns were developed.  

 

Figure 3.10. 

 

Etching 

Process

UV-light 

exposure

copper etching 
(NH4)2S2O8

cleaning the 

layers 
(isopropyl C3H8O)

sealing the 

layers 
(for clean room)

Developing 

masks

Etching process. The time allocated for this process is approximately 10 min. The layers require UV light 

exposure of around 30-60 sec and chemical etching of around 5-7 min. The time required for chemical etching 

can be reduced through brushing the copper surfaces in prior with Isopropyl Alcohol (CH3)2CHOH (IPA).  
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The middle layer was also manufactured using RT/Duroid 5880 (ɛs2 = 2.20, tan δs2 = 

0.0012, hs2 = 0.508 mm). Since in this layer, a square cavity was required in the centre 

of the substrate, a computer-controlled milling machine was used to form a 28 by 28 

mm cavity with 0.5 mm thickness in the centre of the substrate. Even though the 

milling caused rounded corners, the effect was believed to be minimal.  

The final bottom layer consisted of a metal ground plane with a filled cavity for 

accommodating a substrate coated with polyimide films. This metal layer was 

simply designed using copper and the cut out cavity was filled with TMM3 

thermoset microwave substrate (ɛp = 3.27, tan δp = 0.0020, hp = 0.508 mm) from 

Rogers, which has high chemical process resistance, high thermal coefficient (+37 

ppm/K) and high insulation resistance (>2000 GΩ). This TMM3 substrate was 

coated with the required polyimide layer as explained next. 

The next step involved coating the top copper patch and the TMM3 bottom layer 

with a thin layer of polyimide, in order to initially align the liquid crystal molecules. 

In this work the layers were first spin coated with an approximate 4-6 µm thickness 

of Pi2611 (HD Microsystems) polyimide and then placed in a heat oven for 60 min at 

300 ºC, for the curing to take place. The curing temperature can vary between 180-

300 °C depending on the type of the polyimide. The temperature should change 

gradually to prevent an undesired effect on the electromagnetic characteristics of 

some standards RF substrates at 300 ºC.  

Finally these thin polyimide films are mechanically rubbed. The rubbing process is 

often done using a velvet cloth by applying a soft force whilst rubbing in a given 

direction over the substrate surface. The result of this rubbing is a microscopic 

grooving of the polyimide surface, which leads to a pre-alignment of the liquid 

crystal molecules (Fig. 3.11 and Fig. 3.12).  
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                   (a)                                            (b)                                            (c) 

Figure 3.11. 

 

Finally after insertion of the liquid crystal K15 (standard), all layers were mounted to 

form a sandwich cell structure. The complete resonator was then placed in a 

Teflon/PTFE (ɛC1= 2.1) top cover and a Plexiglas/PMMA (ɛC2 = 3.4) bottom cover 

and screwed around the edges to seal the cavity and avoid any liquid leakage (see 

Fig. 3.12 and Table 3.3).  

                 

                                         (a)                                                                                      (b) 

Figure 3.12. 

 

 

 

 

 

 

y

z

x

Complete S-band tunable resonator. (a) Top view and (b) bottom view of the multiple resonator, 

illustrating each individual layer along with the top and bottom shielding.      

Alignment of the liquid crystal molecules. (a) Random orientation of the liquid crystal molecules 

without polyimide coating, (b) random orientation with polyimide film coating and (c) aligned liquid crystal 

molecules after polyimide coating and rubbing.  

 



Chapter  3                                                               Tunable liquid crystal S-band resonator     

 

 

 Page 58 

   

Table 3.3.  

 

 

Material Length Width Thickness Permittivity Loss tan δ 

 
 
Top 
layer 

Substrate  
(duroid 5880) 

Ls1 = 
84 mm 

Ws1 = 
50 mm 

hs1 = 
0.508 mm 

ɛs1  = 2.20 

 

tan δs1 = 

0.0009 
Patch  
(copper) 

Lcu_P = 
28 mm 

Wcu_p = 
28 mm 

hcu_p = 
17 µm 

NA 
 

NA 

Feeding lines  
(copper) 

Lcu_f = 
28 mm 

Wcu_f = 
1.3 mm 

hcu_f = 
17 µm 

NA NA 

Middle 
layer 

Substrate  
(duroid 5880) 

Ls2 = 
84 mm 

Ws2 = 
50 mm 

hs2 = 
 0.508 mm 

ɛs2  = 2.20 

 

tan δs2 = 

0.0009 

 
Bottom 
layer 

Ground layer  
(copper) 

Lg = 
84 mm 

Wg = 
50 mm 

hg = 
3 mm 

NA NA 

Polyimide layer 
(TMM3) 

Lp = 
28 mm 

Wp = 
28 mm 

hp = 
0.50 mm 

ɛp  = 3.27 tan δp = 

0.002 
Top 
cover 

Material  
(Teflon/PTFE) 

Lc1 = 
95 mm 

Wc1 = 
80 mm 

hc1 = 
6 mm 

ɛc1 = 2.0 tan δc1 = 

0.0015 
Bottom 
cover 

Material  
(Plexiglas/PMMA) 

Lc2 = 
95 mm 

Wc2 = 
80 mm 

hc2 = 
8 mm 

ɛc2= 3.60 tan δc2 = 

0.001 

3.5.2 Setup and measurements  

To measure the structure, two Mini-Circuits wideband bias-tees (ZFBT-4R2G) with a 

maximum frequency of around 4.2 GHz were connected to both sides of the 

structure, through SMA (vertical jack-stainless, gold) connectors. By connecting the 

bias-tee pins to the DC power source and the network analyser to the input and 

output connectors, (N5230A PNA series-Agilent Technologies) measurements of 

both the input reflection coefficient (S11) and forward transmission (S21) were carried 

out, Fig. 3.13. To avoid interference and unwanted RF/microwave noise signals, the 

prototype test measurements were taken in the anechoic chamber.  

 

Figure 3.13. 

Dimensions of the fabricated prototype. The table below provides all dimensions along with their 

permittivity and loss tangent values.   

Packaged resonator. Tunable S-band resonator, filled with K15 liquid crystal and connected to bias-tees.  
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To measure the fabricated structure and to quantify the effect of the polyimide films, 

a comparison is made between a device with polyimide films and the same device 

without polyimide films. The measured results for biased and unbiased cases are 

then compared with the full-wave electromagnetic simulation results. 

In the first measurement the bottom (TMM3) and top layer (Duroid 5880) were spin-

coated with thin layers of polyimide film and then cured for approximately an hour 

at 300 °C. The surfaces were then mechanically softly rubbed using a velvet cloth 

Fig. 3.14. The layers are then formed in a sandwich cell structure to enclose the liquid 

in its cavity, with Duroid and metal on top and bottom (Fig. 3.12). 

  

Figure 3.14.  

 

Through applying a bias voltage of          and increasing it to the maximum 

value of          the liquid crystal molecules change their orientation from 

perpendicular to parallel, causing a shift in the resonant frequency, Fig. 3.15. As 

discussed previously, this switching speed of the applied voltage is not the limiting 

factor but rather it is the response time of the liquid crystal material. 

 

y

z x

Microscopic grooves

Spin-coated polyimide surface. Optical microscopic image of the TMM3 layer spin coated with 3-4 

µm thickness of polyimide (Pi2611) and rubbed mechanically along the x-axis. 
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Figure 3.15. 

 

In this case by adding polyimide film to the top and bottom of the cell, i.e. to the 

surfaces which are in contact with the K15, a frequency tuning range (τR) of 4.01% 

from 3.30 GHz to 3.17 GHz is achieved, showing a satisfactory correspondence with 

the simulation results. The bandwidth in the first case, with no voltage applied is 

about 175 MHz and is decreased to 150 MHz when an electric field above    , i.e. Vb 

= 30 V is applied. The drop in the S21 curves around 4 GHz in both cases are 

explained by the maximum range of the bias-tee used (4.2 GHz).   

 

However in the second measurement the bottom and the top layers are placed in the 

resonator element without any polyimide coating around the liquid crystal cavity. 

The results presented in [66] indicate that by applying a similar bias voltage (Vb = 0 

to 30 V), an approximate frequency tuning range (τR) of around 2.14% is achieved. In 

this case, the minimum input reflection coefficients (S11) for both cases are around     

-23 dB and transmission coefficients (S21) are -2.2 dB for both measurements. The 

main losses in this experiment are mainly due to K15 sample. These results indicate 

approximately close to half of the maximum simulated tuning range can be obtained 

with random alignment of liquid crystal molecules in an unbiased state when the 

polyimide coating is eliminated. However additional testing with other liquid crystal 

materials is necessary to show this conclusion applies more broadly.  
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Measurement-presence of polyimide films. Through applying external bias voltage to the shift in the 

resonant frequency is achieved.  
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3.6     Conclusion and summary  

This chapter describes a novel tunable liquid crystal resonator design with an 

operating frequency of around 3.5 GHz (S-band). The work involved a literature 

review, theoretical calculations for a liquid crystal multi-layer structure and 

fabrication of two different tunable resonators using the standard K15 (5CB) liquid 

crystal sample.  

In this work, a tuning range of 4% is achieved when polyimide layers rubbed with a 

velvet cloth are used and 2.1% is achieved when the boundary layers of the liquid 

crystal cavity are free of polyimide coating. Although polyimide layers are common 

for aligning liquid crystal molecules in the unbiased state, this research study has 

quantified the tuning range in absence of these polyimide layers, demonstrating 

around half of the tuning range with polyimide, corresponding also to the predicted 

tuning range.  In order to improve the overall tuning range and reduce the insertion 

loss an improved model of this resonator is investigated in the next chapter through 

both simulation and prototype fabrication.  
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High Performance Tunable 
Resonator Using Liquid Crystal 
Mixture 

 

 

 

 

N this chapter a high performance tunable resonator is presented. The designed 
device operates at S-band (2-4 GHz) and exhibits more than 8% of 
experimentally demonstrated frequency tuning. The chapter provides the full-
wave electromagnetic model of the resonator, followed by its step by step 

fabrication procedure. In order to validate the designed prototype a comparison 
between the simulation and the measurement is presented and the results are 
discussed.   
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4.1     Introduction   …………………………… 

A tunable resonator operating at S-band is presented in this work which makes use 

of a new high performance liquid crystal mixture designed specifically for 

microwave applications. Experimental results demonstrate a frequency tuning range 

of 8.2% and low insertion loss at S-band microwave frequency. This resonator at this 

relatively low frequency opens new possibilities for future applications of liquid 

crystal at an even lower microwave frequency, e.g. for body-centric communications 

which require tunability at a low microwave frequency and shape flexibility. 

 

4.2     Tuning enhancement …………………………… 

4.2.1  Material variation: full-wave simulation  

The tuning range and the corresponding loss tangent in the previously designed 

resonator depended on: 1. the device’s operational frequency, 2. electrical 

characteristics of the substrate and 3. dielectric anisotropy of the liquid crystal. In 

this research, given that our aim was to investigate liquid crystal for tuning lower 

microwave frequency devices, due to common communications bands operating 

below 5.80 GHz, the centre frequency remained unchanged. Furthermore the top 

and middle layer of the resonator was also designed using the RT/Duroid 5880 

substrates with a relative permittivity of 2.20, comparable with liquid effective 

relative permittivity (~ 2.2-3.5), resulting in a potentially high microwave tuning 

range.  

However one important change which could greatly improve tuning range, is filling 

the central layer of a liquid crystal microwave device with a higher dielectric 

anisotropy liquid crystal mixture. From the available literature (see Table 2.1), BL006 

and E7 produced by Merck appear to have higher dielectric anisotropy Δɛ ≈ 0.43-0.5 

compared with other liquid crystal samples around a centre frequency of 5 to 8.5 
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GHz. However through investigating and researching other available options, the 

author became aware of a new liquid crystal mixture called “GT3-23001”, developed 

specifically for microwave applications by Merck.  

This liquid had high dielectric anisotropy (Δɛ = 0.8) at microwave frequencies, high 

clearing point (173 ºC), wide operating temperature range (-20 to 100 ºC) and very 

low dielectric loss tangent. This liquid crystal mixture was produced aiming at 

manufacturing tunable phase shifters, phased array antennas, resonators, 

reflectarrays antennas, adapting matching circuits and adaptive filters. Table 4.1 

illustrates the physical properties of this mixture provided, as by the manufacturer.  

Table 4.1.  

liquid crystal mixture ɛ+ ɛ║ Δɛ tan δ+ tan δ║ 

GT3-23001 2.50 3.30 0.8 0.0143 0.0038 

In order to validate this novel mixture in the designed S-band resonator, at first the 

tuning range was validated through full-wave electromagnetic simulation, using the 

CST time domain solver and hexahedral meshing.  

As demonstrated (Fig. 4.1), the simulation predicts a frequency shift from 2.93 to 

around 2.69 GHz, corresponding to a frequency tuning range (τR) of 8.54% and 

tunability (τ) of 8.92% with respect to the lower frequency and 8.19% with respect to 

the higher frequency. The simulated reflection coefficients in this case are -22.5 dB 

for a cavity permittivity of  + (corresponding to Vb = 0 V) and -23.7 dB for     (at 

saturation voltage), with an insertion loss of approximately 0.80 dB and 0.69 dB 

respectively. After finalizing the full-wave simulation, the next step was validating 

these results through manufacturing the resonator.    

 

GT3-23001 liquid crystal. The electrical characteristics of the new mixture at 20 ºC.   
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(a) 

 

                                       (b)                                                                                    (c) 

        

                                       (d)                                                                                     (e) 

Figure 4.1. 
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Simulation using GT3-23001 liquid crystal mixture.  (a) illustrates the frequency shifting of the 

resonator from 2.93 to 2.69 GHz, (b) frequency when ɛeff = ɛ+, (c) frequency when ɛeff = ɛ║, (d) total loss 

tangent when ɛeff = ɛ+ and (e) total loss tangent for when ɛeff = ɛ║. 
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4.3    Prototype and measurement  

4.3.1  Fabrication procedure 

For the sake of consistency, the resonator dimension and the geometry of the 

structure were similar to the previously discussed design (Sec. 3.2 and 3.3). In that 

case however, the fabrication of this multi-layer tunable resonator was achieved 

through collaboration with the Institute for Microwave Engineering and Photonics, 

Technische Universität Darmstadt (TUD) in Germany, which provided precise and 

reproducible patterning and developing of the polyimide film coating. The 

manufacturing procedure is discussed in detail below.   

4.3.1.1  Etching and patterning  

To construct the resonator patch structure, feeding lines and the bottom polyimide 

layer, a chemical etching process was used. In this process initially the patterns were 

printed on transparent films, placed on top of the substrates and were then exposed 

for around 30 to 60 seconds (each layer). The exposed layers were then placed in a 

tray filled with ammonium persulphate (NH4)2S2O8 combined with running water. 

Through slowly shaking the tray, the unexposed copper areas in the substrates 

dissolved in the ammonium persulphate and the pattern appeared. Eventually these 

layers were brushed and cleaned using isopropyl alcohol (CH3)2CHOH (IPA). 

4.3.1.2  Polyimide film development  

The next stage required developing the polyimide film (PI) on the top and bottom of 

the liquid crystal cell. This process consists of four sequential steps, which are 

generally referred to as: coating, spinning, curing and rubbing, Fig. 4.2. 
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           (a)                             (b)                             (c)                            (d)                             (e) 

 

Figure 4.2. 

 

For this work, the polyimide mixture was prepared using 300 millilitres of 2,2,2-

Trichloroethanol (C2H3CL3O) organic ethanol (1.55 g/mL), combined with 0.45 

grams of Nylon 6/polycaprolactam-(C6H11NO)n (1.084 g/mL). The coated top 

(copper patch) and bottom layers (polyimide layer-TMM3) were individually placed 

in a spinning machine for about 15 second at a speed of 3000 rpm, resulting in a 

polyimide thickness of around 0.3-0.4 µm, Fig 4.3. In this process the feeding lines 

were coated with polyimide mixture for ease of processing.  

 

 

Figure 4.3. 

 

 

The next step required polyimide curing, which results in evaporation of the ethanol 

compound. In this process, the layers are preheated on the heat sink to about 90 ºC 

for 10 minutes, which prevents substrate damage. After preheating, the layers are 

then placed in the main oven for the key curing process to take place, which requires 

approximately three hours, Fig 4.4.  

Substrate

Cu
PI

Spin coated PI Cured PI Rubbed PI

Spinning machine.  By adjusting the speed to 3000 rpm and running it for 15 sec, the polyimide mixture 

on the surface was equally spread to about 0.3-0.4 µm thickness. 

Polyimide coating process. After copper coating/patterning (a), a small amount of polyimide (PI) is 

applied (b), which is then distributed evenly spin coating (c). The substrate is then cured by baking (d) and 

ultimately the polyimide layer is given fine grooves with a preferential direction by rubbing (e). 
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                                      (a)                                                                                   (b) 

Figure 4.4. 

 

To avoid an unpredictable effect on the electromagnetic characteristics of the 

substrate, the main heating in this process proceeds through step by step. In the 

initial phase, the layers are heated from room temperature 20 ºC to around 90 ºC. 

This temperature (90 ºC) is achieved after approximately 30 minutes and remains 

unchanged for about an hour. In the next phase the temperature is again raised to 

180 ºC for the final curing to take place. This step requires 30 minutes for the 

temperature to rise and one hour for the curing process to complete. After 

completion, the layers are kept at room temperature for the cooling to take place, 

Fig. 4.5.  

               

Figure 4.5. 

 

30 90 120 180

T °C

Time (min) 

90 °C

180 °C

1 ½  hours

0

1 ½ hours

20 °C

Polyimide curing development. The plot illustrates the total time required for the two step polyimide 

curing, using the main digital heat oven. 

Polyimide curing.  (a) Heat sink used for preheating the layers, (b) main digital oven used for polyimide 

curing through step by step heating.  
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The final step required mechanical rubbing. In this process the rubbing was achieved 

using a large velvet covered roller, similar to the one used in the liquid crystal 

display (LCD) industry, but in a smaller scale designed at TUD, Fig. 4.6.   

              

Figure 4.6. 

 

In this step the velvet covered roller rotates while the table underneath is slowly 

moved below the roller. The pressure with which the roller presses on the substrate 

is adjustable by moving the table vertically such that for a given substrate thickness 

the same pressure is always obtained.  

In this work the adjustable table was set to height of 0.5 mm and the rubbing was 

achieved over three repeated passes of the cylinder. The results of this rubbing are 

microscopic grooving on the polyimide film which leads to a pre-alignment of the 

liquid crystal molecules. In order to illustrate these grooves, the rubbed layers were 

placed under a high resolution scanning electron microscope and the images are 

shown in Fig. 4.7.  

Cylinder

covered with velvet cloth

Adjustable table

Rail for table movement 

External port 

to PC

Rubbing machine. Photograph of the rubbing machine, programmed in MATLAB through its computer 

interface.   

 

 

he machine has a cylinder dimension of 35mm, speed of up to 40 rpm and table movement 

speed of 1mm/s.  
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Figure 4.7. 

 

4.3.2  Measurements  

The resonator cell is then filled with the new high performance liquid crystal GT3-

23001 with dielectric parameters reported in Table 4.1. After insertion of the liquid 

crystal, all layers were mounted to form a sandwich cell structure. The complete 

resonator element was then placed in PTFE/Teflon top and PMMA/Plexiglas 

bottom covers to seal the cavity and avoid any liquid leakage, Fig. 4.8. 

 

 

Figure 4.8. 

 

To measure the resonator response, a bias voltage varying from Vb = 0 V to Vb = 30 V 

was applied to the liquid crystal cell through wideband coaxial bias-tees (ZX85-12G-

S+) from Mini-Circuits with frequency range of 0.2 MHz to 12 GHz. Through using 

network analyser (N5230A PNA series-Agilent Technologies) the scattering 

z
x

z

y

z x

Liquid filling process. Image of the final fabricated S-band resonator, during liquid crystal (GT3-23001) 

filling process.   

Microscopic grooves. The SEM image above illustrates of the mechanically rubbed thin layer of 

polyimide film (0.3-0.4 µm). The image is taken by a Quanta-450 from a distance of 10 mm with high 

magnification of 1735 x.  
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parameters were measured. The results indicated that for Vb > 5 V, the resonant 

frequency of the structure moves from around 2.93 GHz in the unbiased state to 

approximately 2.70 GHz, when saturation bias voltage is applied (Vb = 30 V). This 

result demonstrates an approximate tuning range (τR) of 8.2% for this prototype 

measurement, and tuning (τ) 8.5% with respect to lower frequency, which closely 

match the CST simulations, Fig. 4.9. 

 

Figure 4.9. 

 

The reflection coefficients (S11) in this case are -20.7 dB at 0 V and -19.7 dB at 

saturation (30 V). An insertion loss of 0.97 dB can be observed in Fig. 4.10 for the 

unbiased state and 1.0 dB for the biased state. The continuous tuning range of the 

liquid crystal GT3-23001 can also be compared to similar measurements performed 

in the same test fixture with the commonly-used liquid crystal K15 as reported in 

Chapter 3.  

The comparison demonstrates a doubling of the frequency tuning range, from 4% 

with standard K15 liquid crystal to around 8.2% when the GT3-23001 is used. The 

results also demonstrate a decrease in the total insertion loss from 2.2 dB in the 

previous design (K15 sample) to 1.0 dB for this new high-performance liquid crystal. 
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Simulation and measurement comparison. The simulation and measurements for the resonator filled 

with GT3-23001 liquid crystal sample illustrate around 8.5% to 8.2% of frequency tuning, which are in 

good agreement.  
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Table 4.2 compares the results achieved from this work with previously presented 

work in the literature.   

Table 4.2.  

 

Source Operation freq. 

(GHz) 

Sim. Meas. 

Presented work [120] 2-4 8.5% 8.2% 

Previous work (Chap. 3) [66] 2-4 4.4% 4.0% 

Martin et al. [95] 4-6 2.6% 3.0% 

Martin et al. [96] 4-5 NA 5.4% 

Liu et al. [7] 5-6 8.15% 4.15% 

The above result for the resonator presented in this work, indicates around twice the 

improvement in the frequency tuning range compared with the previous work 

reported in chapter 3 [66] and close to three times higher tuning, compared with the 

work reported in [95], with a similar microwave frequency range. Moreover the 

presented work demonstrates equivalent improvement from the results achieved by 

full-wave electromagnetic simulation and through prototype measurements. This 

resonator at this relatively low frequency opens new possibilities for future 

applications of liquid crystals at an even lower microwave frequency, e.g. for body-

centric communications which require tunability at a low microwave frequency and 

shape flexibility.  

 

4.4     Conclusion and summary  

In this chapter, an improved model of the novel tunable liquid crystal resonator is 

presented and investigated though both simulation and prototype measurement, 

with operational frequency of around 3 GHz. The designed S-band resonator uses 

the novel high performance GT3-23001 as a tunable dielectric in its central layer.  

Through applying external bias voltage to the top and bottom layer of the liquid 

crystal cell a frequency tuning of around 8.5% is predicted using a full-wave 

Comparison of frequency tunability. Simulation and measurement comparison from the proposed 

with previously discussed literature. 
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electromagnetic simulation. A prototype of the resonator was manufactured and 

tested to validate these results.  

The measured scattering parameters for both reflection and transmission indicated 

8.2% of frequency tuning in the 2 to 4 GHz range. To the best of our knowledge, the 

novel resonator with 8.2% frequency tuning is the best designed liquid crystal 

tunable resonator, with operational frequency of S-band, achieved to date. 
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Stepped-Impedance Resonator 
Modelling  

 

 

 

 

N this chapter the possibility of using a simple lumped-element circuit 
simulation for rapid calculation of the performance of liquid crystal devices at 
microwave frequencies is presented. Based on stepped-impedance resonator 
theory, the previously proposed resonator was modelled as a half-wavelength 

resonator patch above a multi-layer substrate, with liquid crystal as its central layer. 
Through using different liquid crystal samples and three different approaches: 
lumped-element circuit simulation, full-wave electromagnetic simulations and 
prototype measurements, the results are compared and validated.   
_________________________________________________________________________ 
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5.1     Introduction   …………………………… 

Various multi-layered liquid crystal tunable devices have been presented in the 

literature, where the operational frequency, tuning and the loss tangent have been 

mainly discussed based on the full-wave electromagnetic simulation model. Even 

though simulation software (e.g. CST) provides an accurate full-wave simulation 

model, these require in many cases an unacceptably extensive computational time. 

This is the case even for relatively simple simulations for example in the framework 

of multi-parameter optimization. In this work, a lumped-element circuit model for 

simulation of a multi-layered liquid crystal structure is presented, which 

demonstrates the possibility of using a simple model for rapid calculation of the 

performance of liquid crystal devices at microwave frequencies. 

 

5.2     Stepped-impedance resonator modelling  …… 

Stepped-impedance resonators (SIR), have been widely discussed in the literature for 

designing multi-layer structures, due to their simple planar structure, controllable 

resonant frequency and well established design methods [121]. In [122], an example 

of a multi-layered lumped element circuit model using SIR for an ultra wideband 

bandpass filter based on a liquid crystal polymer (LCP) substrate has been 

presented.  The SIR in this work was treated as a cascade of high and low impedance 

transmission lines, with high impedance lines acting as series inductors, while the 

low impedance lines act as shunt capacitors.  

Similarly, a circuit model of a novel compact bandpass filter with single or multiple 

notch-bands was illustrated in [123]. The lumped element circuit model was 

compared with the electromagnetic simulation model and the experimental 

measurements. The results indicated good agreement between all three observations. 

In this work the dielectric loss for all layers was neglected with good approximation. 

In a different case, a compact planar composite low-pass filter, fabricated on LCP 

organic substrate operating in C and V-band has been demonstrated [124]. The 
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lumped-element schematic of the filter has been implemented using a combination 

of a SIRs and folded SIRs. The results illustrate a good match between the lumped, 

simulation and the measurement results. In a more recent example a lumped-

element equivalent circuit model for a microwave bandpass filter, based on a multi-

layer ring resonator (MRR) has been presented [125]. An equivalent circuit for this 

design was introduced for both MRR structures and cascaded block filters. The 

mathematical model derived from the lumped circuit shows a close match to the 

filter frequency response. In all cases, a physically correct circuit model allows rapid 

calculation of approximate performance measures, and provides physical 

interpretation of design parameters. In this work we use the same theory and 

principle of the SIR but we design it in order to make it frequency tunable.  

5.2.1  Multi-layered SIR design   

The previously proposed multi-layer tunable resonator can be defined as a band-

pass filter, given that it consists of a stepped-impedance resonator operating at a 

frequency of around 3.0 GHz. The stepped-impedance resonator can be divided into 

three main sections, with only two different characteristic impedances: ZTL for the 

feeding transmission lines, which allow the measurement of reflection and 

transmission coefficients, and Zp as the patch impedance (Fig. 5.1). 

 

Figure 5.1. 

 

To design the lumped-element circuit model for the above SIR band-pass filter, 

initially the multilayer structure was divided into three main layers (as discussed in 

chapter 3, but repeated here for convenience). The top layer, is a half-wavelength 

(λ/2) resonator square copper patch underneath a Duroid 5880 substrate; the middle 

ZP
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Geometry of the SIR. The transmission lines on both sides are modelled by ZTL and the patch is modelled 

by impedance Zp. Dimensions are: Wf  = 1.3 mm, W = 28 mm, Lf  = L = 28 mm. 
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layer, consists of  two individual layers, a cavity for the liquid crystal samples plus a 

substrate (TMM3) for providing a surface for polyimide coating; and the bottom layer, 

is a copper plate, forming a ground plane (Fig. 5.2).         

 

 

Figure 5.2. 

 

5.3     Lumped-element model  …………………………… 

5.3.1  Electrical schematic   

The transmission lines on both side of the patch can be simply modelled as a series 

inductance (LTL) and shunt capacitance (CTL) (Fig.  5.3).  

 

 

Figure 5.3.  
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Liquid crystal

TMM3
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SIR Copper
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Transmission line circuit schematic. Modelled as a series inductance and shunt capacitance. 

 

 

 

 

Structure cross section. Demonstrates each individual layer, central patch and the feeding lines, acting as 

a stepped impedance resonator band-pass filter.  
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Because both microstrip impedance conditions are satisfied (0.1 < 
   

    
 < 3.0 and 1 < r1 

< 15), the total value of series inductance (LTL) and shunt capacitance (CTL) can be 

calculated using the microstrip impedance formula [126], [127], defined by  

                                                                
                

  (
         

       
)

                                                  (5.1)  

and 

                                                                        
                                                          (5.2)  

where ZTL is calculated through 

                                                      
  

√        
  (

         

       
)                                                (5.3)   

In this equation    ,   and     (in mm) are the transmission lines height, thickness 

and track width respectively and     corresponds to relative dielectric constant.  

Furthermore, the next stage requires equivalent circuit modelling for the single 

patch. Since the substrate under the patch in this resonator is a multi-layer structure 

(consisting of liquid crystal and TMM3 substrate) a basic SIR single lumped element 

model cannot be applied. For this reason the patch is divided into a number of small 

segments and a convergence analysis is performed to validate the approach using 

Advanced Design System (ADS) [128] simulation software. The ADS simulation 

results indicate a division of four segments for the patch (each λ/8 wavelength) is 

sufficient for the rapid estimation of the tunable SIR performance (Sec. 5.3.2).  

Finally each division is then replaced with a series inductance (L) and shunt 

capacitances (C and Csub in series) to produce multilayer low impedance 

transmission lines, Fig. 5.4, which model the central resonator patch shown in Fig. 

5.2.  
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 Figure 5.4.  

The substrate of the central patch however consists of two layers, modelled by shunt 

capacitance C (liquid crystal) and Csub (TMM3 substrate) in series and can be 

estimated by the static parallel plate capacitor equation, expressed as 

                                                                    
 

 ⁄                                                             (5.4)  

and       

                                                              
           

 
 ⁄                                                    (5.5) 

where for the liquid crystal cell, C and  can take the values for the two liquid crystal 

extreme states, defined as perpendicular (C⊥ with  ⊥) and parallel (C  with   ) states, 

Csub  and sub correspond to the TMM3 substrate and A and d present patch area and 

dielectric thickness respectively. The patch inductance (L) however can be 

determined according to the straight-line inductor approximation [126], [127] 

 

                                                       [   (
 

     
)              (

     

 
)]                (5.6) 

 

In this equation W, t and L (in µm) are the patch width, thickness and length 

respectively and correlation factor Kg is approximated as the following closed-form 

expression [127] 

                                                         Kg = 0.57 - 0.145 ln   ⁄                                             (5.7) 

 

LL

C

Csub

R

Central patch and the middle layer circuit schematic. Modelled as a series inductance, shunt 

capacitance and parallel resistance.  
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for   ⁄       and h is the substrate thickness. The total insertion loss of the band-

pass filter consists of contributions from ohmic, dielectric, liquid crystal losses and 

radiation losses. Due to the use of low loss dielectrics (tan δ < 0.002), and copper 

metallization, the dielectric, ohmic and radiation losses can be neglected. Therefore 

to a good approximation, the total insertion loss of the filter is the liquid crystal loss. 

This loss can be modelled by a parallel resistor; the resistance value R can be 

estimated as  

                                                              R =          ⁄                                                     (5.8) 

 

where f  is the resonant frequency, C is the liquid crystal capacitance and tan δ is the 

liquid crystal loss tangent in perpendicular (tan δ⊥) and parallel (tan δ ) states (Fig. 

5.4). Given that the liquid crystal loss tangent at 3.0 GHz is not provided by the 

manufacturer, loss tangent values at 1 GHz and 19 GHz have been used for 

calculating R, using Table 4.1. By applying microstrip impedance formulas, using 

values presented in Table 5.2 and 5.3 and equations (5.1) to (5.8), the resulting 

component values results for K15 (5CB) and GT3-23001 liquid crystal samples are 

presented in Table 5.1. 

 

Table 5.1.  

 

SIR Lumped values K15 (5CB) GT3-23001 

Transmission 
lines 
ZTL 

LTL 5.78 nH 5.78 nH 

CTL 2.52 pF 2.52 pF 

 
 
 
 

Patch 
Zp 
 

L = L3 0.78 nH 0.78 nH 

C⊥ = C3,⊥ 9.43 pF 8.67 pF 

C  = C3,  10.0 pF 11.38 pF 

R⊥ = R3,⊥ 984 Ω 2.27 kΩ 

R  = R3,  928 Ω 6.40 kΩ 

Csub 11.34 pF 11.34 pF 

 

Lumped-element circuit estimated values. Calculated values for the equivalent circuit schematic, using 

two liquid crystal samples, K15 (standard) and the GT3-23001 (high performance).      
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5.3.2  Simulation and convergence analysis      

To investigate the lumped-element model, the equivalent circuit is simulated in ADS 

simulation software using the above values (Table 5.1). As mentioned previously, 

since the substrate under the patch is a multi-layer structure, a basic SIR single 

lumped element cannot be applied. For this reason, the central patch of length half of 

a wavelength (λ/2) is divided into (
λ

 
)           (for k = 1, 2, 3, …) segments and 

a convergence analysis is performed (Fig. 5.5). 

 

Figure 5.5.  

The calculated values for the lumped-element circuit model of both K15 (5CB) from 

Sigma-Aldrich and GT3-23001 from Merck KGaA liquid crystal samples are 

presented in Table 5.2 and 5.3, respectively.   
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SIR patch divisions. Shows the single patch (λ/2), division by half (λ/4), quarter (λ/8), eight (λ/16) and its 

equivalent lumped-element circuit model.   



Chapter 5                                                              Stepped Impedance Resonator Modelling  

 

 

 Page 86 

   

Table 5.2.  

 

SIR Lumped  
values 

λ /2 λ /4 λ /8 λ /16 

Transmission 
lines (ZTL) 

LTL 5.78 nH 5.78 nH 5.78 nH 5.78 nH 

CTL 2.52 pF 2.52 pF 2.52 pF 2.52 pF 
 

 
 
 

Patch (Zp) 
 

L L1 = 1.95 nH L2 = 1.30 nH L3 = 0.78 nH L4 = 0.44 nH 

      C⊥ C1,⊥  = 37.74 pF C2,⊥  = 18.87 pF C3,⊥  = 9.43 pF C4,⊥  = 4.71pF 

C   C1,   = 40.20 pF C2,   = 20.10 pF C3,   = 10.0 pF C4,   = 5.0 pF 

R⊥  R1,⊥ = 246 Ω R2,⊥ = 492 Ω R3,⊥ = 984 Ω R4,⊥ = 1.97 kΩ 

R  R1,   = 232 Ω R2,   = 464 Ω R3,   = 928 Ω R4,   = 1.86 kΩ 

Csub C1sub = 45.37 pF C2sub = 22.67 pF C3sub = 11.34 pF C4sub = 5.67 pF 

 

Table 5.3.  

 

SIR Lumped  
values 

λ /2 λ /4 λ /8 λ /16 

Transmission 
lines (ZTL) 

LTL 5.78 nH 5.78 nH 5.78 nH 5.78 nH 

CTL 2.52 pF 2.52 pF 2.52 pF 2.52 pF 
 

 
 
 

Patch (Zp) 
 

L L1 = 1.95 nH L2 = 1.30 nH L3 = 0.78 nH L4 = 0.44 nH 

      C⊥ C1,⊥  = 34.69 pF C2,⊥  = 17.35 pF C3,⊥  = 8.67 pF C4,⊥  = 4.34 pF 

C  C1,   = 45.79 pF C2,   = 22.90 pF C3,   = 11.38 pF C4,   = 5.72  pF 

R⊥ R1,⊥ = 567  Ω R2,⊥ = 1.13 kΩ R3,⊥ = 2.27 kΩ R4,⊥ = 4.54 kΩ 

R  R1,   = 1.60 kΩ R2,   = 3.20 kΩ R3,   = 6.40 kΩ R4,   = 12.80 kΩ 

Csub C1sub = 45.37 pF C2sub = 22.67 pF C3sub = 11.34 pF C4sub = 5.67 pF 

 

The performance of the circuit with the above estimated values can be simulated in 

ADS software, and the resulting S-parameters are presented in (Fig. 5.6). For 

simplicity, only the perpendicular states of the both samples are presented in the 

plots. The performance of the frequency tuning is discussed further in Sec. 5.4.    

C 

R 

Lumped-element circuit values–K15 (5CB). The RLC values for K15 liquid crystal sample from λ/2 to 

λ/16. 

Lumped-element circuit values–GT3-23001. The RLC values for GT3-23001 liquid crystal sample from 

λ/2 to λ/16. 

C 

R 
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                                         (a)                                                                                (b) 

Figure 5.6.  

 

Convergence analysis for the RLC circuit illustrates that when k=3 (λ/8 for each 

wavelength) the lumped-element circuit resonates at around 3.30 GHz for the K15 

liquid crystal sample, and around 2.94 GHz for GT3-23001. However when the patch 

is divided into eight segments (λ/16) or even higher, the centre frequency remains 

roughly stable between 3.295–3.302 GHz and 2.942–2.930 GHz for K15 and GT3-

23001 samples respectively. Since the λ/8 illustrates a good compromise between 

complexity and convergence of the results, this value was used as circuit model 

simulation (see Table 5.2 and 5.3).   

5.4     Comparison and discussion   …………………………… 

The lumped-element circuit model was also compared with the full-wave 

electromagnetic simulation. The SIR band-pass filter is simulated in CST Microwave 

Studio using the frequency-domain solver over a frequency range of 2.0–4.0 GHz. 

Given that liquid crystals are anisotropic materials, the corresponding layer under 

the patch was simulated using permittivity values in the extreme states (see Table 

4.1), where    and     corresponds to the relative permittivity for when Vb = 0 V and 

Vb >> 30 V respectively.  
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Lumped-element model simulation. A satisfactory convergence is achieved when the patch is divided in 

four segments, with λ/8 wavelength for each division, (a) K15 (5CB) and (b) GT3-23001.  

 



Chapter 5                                                              Stepped Impedance Resonator Modelling  

 

 

 Page 88 

   

This approach neglects the fringing fields, which is an acceptable approximation for 

a thin substrate. The RLC circuit approach was also evaluated through prototype 

fabrication, using Rogers Duroid 5880 and TMM3 substrate and liquid crystal K15 

(5CB) from Sigma-Aldrich and GT3-23001 from Merck KGaA (Sec. 4.3).  

A comparison of the performance achieved from lumped-element circuit simulation, 

full-wave electromagnetic simulations and prototype measurements is shown in Fig. 

5.7 and summarized in Table 5.4.  

 

                                               (a)                                                                                         (b) 

      

                                              (c)                                                                                            (d) 

Figure 5.7. 
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prototype measurements. (a) Reflection and (b) transmission coefficients for K15, (c) reflection and (d) 

transmission coefficients for GT3-23001. 
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Table 5.4.  

 

Samples  Models f┴ (GHz) Loss┴ (dB) f║(GHz) Loss║(dB) TR% 

 

K15 (5CB) 
Lumped 

3.30 0.20 3.16 0.18 4.1 

Simulation 
3.28 1.0 3.14 1.0 4.4 

Measurement 
3.30 2.2 3.17 2.2 4 

 

 

GT3-23001 
Lumped 

2.94 0.04 2.70 0.01 8.4 

Simulation 
2.93 0.8 2.69 0.7 8.5 

Measurement 
2.93 1 2.70 1 8.2 

 

The results achieved using lumped-element circuit simulation predicts an 

approximate frequency tuning range of 4.1% for K15, with reflection coefficients 

|   | of  around -30 dB, closely matching the tuning range of 4.4% computed in CST 

simulation and 4% achieved in prototype measurement. The agreement can also be 

confirmed with the GT3-23001, where 8.4% tuning is predicted with the lumped-

element circuit simulation with a minimum reflection coefficients |   | of around -35 

dB, compared to 8.5% and 8.2% attained for simulation and prototype measurement 

respectively.  

For both liquid crystal samples lower loss can be observed in the numerical models 

compared to the prototype measurement (discussed in Chapter 4). This is explained 

by underestimated losses in the lumped model and by unaccounted losses (e.g. 

connectors) in the measured data. To isolate the losses arising from the liquid crystal, 

the structure was measured with an unfilled cavity ( 𝑟 = 1) instead of using liquid 

crystal. Comparing the measurements with and without liquid crystal provides an 

approximate magnitude of the liquid crystal losses to be around 0.4 ± 0.1 for K15 and 

0.2 ± 0.1 dB for GT3-23001. These results are of course dependent on the device 

topology, material used and operating frequency.  

The matching can be further improved in future by applying additional R (loss) to 

the circuit model, but the presented results illustrate the actual difference between 

these three approaches. Likewise the connector losses can as well be removed 

through de-embedding them in the measurement. 

Results comparison. Lumped-element simulation, full-wave electromagnetic simulations and measurements 

for K15 and GT3-23001. 
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5.5     Conclusion and summary……………………………          

In this chapter the lumped-element modelling of the previous S-band multi-layered 

tunable stepped-impedance resonator band-pass filter has been presented. The Good 

agreement between the results from this model, simulations and prototype 

measurements demonstrates the option of using the lumped element circuit model 

for rapid simulation of liquid crystal microwave devices. This equivalent circuit 

approach can provide faster simulation and lower computational cost in the 

optimization phase of more sophisticated designs.  
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Tunable Liquid Crystal FSS 
Using Electric-LC Resonators  

 

 

 

 

ROWING requirements in wireless communications have resulted in 
demand for tunable microwave devices in various applications, from 
body-centric communication antennas to filters and satellite 
communications. The electric-LC (LC circuit) resonator has been discussed 

as a building block for metamaterial absorbers, reflectors as well as modulators and 
polarizers. In this chapter a review of current electric-LC resonator usage is carried 
out, followed by a discussion of a modified electric-LC resonator, which illustrates 
fluid sensing ability and tunability using liquid crystal mixtures. It then 
demonstrates a tunable FSS at microwave frequency (C-band) using liquid crystal 
mixtures.   
________________________________________________________________________ 
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6.1     Introduction  

This chapter provides an overview of electric-LC resonators (ELC) (electric-field-

coupled inductor-capacitor) and their potential applications towards designing and 

developing metamaterial absorbers, reflectors, modulators and polarizers. 

Furthermore the chapter considers a modified design of the ELC resonator which 

incorporates a microfluidic channel in its central gap. This approach enables fluid 

sensing as demonstrated in both simulations and manufactured prototype 

measurements.  

In regard to tunability, the ELC resonator is further modified as in [129] to include 

thin conductor strip bias lines at the top and bottom of the cell, continuously 

connecting every unit cell. Through using properties of liquid crystals in their 

nematic phase, frequency tunability at microwave frequency (C-band) is achieved. 

Simulated and measured results clearly demonstrate the potential design for novel 

tunable frequency selective surface using liquid crystal mixtures. 

 
6.2     ELC resonators at microwave region  
 

Electric-LC resonators, generally known as ELC resonators are resonant circuits, 

consisting of an inductor L and a capacitor C. When connected together, they 

perform as an electrical resonator, causing oscillation at the circuit’s resonant 

frequency. ELC resonators consist of various structures and shapes that are 

implemented according to the choice of the application. These elements can be used 

for microwave, millimetre-wave and even terahertz applications (Fig. 6.1) [6]. 

   

Figure 6.1. 

a b c d e f

Different cell shape of ELC resonators. Illustrating different ELC cell shapes with its corresponding electric 

field [6]. 
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The shape, size and dimension of the ELC cells vary depending on the frequency 

range and application. ELC resonators have been discussed in the literature for 

designing a range of microwave devices, from metamaterial absorbers and reflectors 

to modulators and polarizers. An example of these resonators as microwave 

frequency absorbers is reported in [130]. In this work the structure is composed of 

non-resonant and resonant structures, which can trap and absorb electromagnetic 

waves coming from all directions. The proposed design indicates an absorption rate 

of 99%. A comparable structure is proposed in [131], which also uses ELC resonators 

as a planar metamaterial absorber at microwave frequencies. The simulation and the 

fabricated prototype on the FR4 substrate demonstrate complete absorption (more 

than 99%) at around 10.35 GHz.  

Apart from absorbers, ELC resonators have also been used as reflectors. An example 

is demonstrated in [132], where through electromagnetic resonant coupling with 

diodes, a controllable electromagnetic wave reflector/absorber for different 

polarizations is achieved. The on and off switching of the diodes in this work, 

enables the switching between total reflection and total absorption of an incident 

wave with given polarization, for frequencies in S-band. In a different structure, ELC 

resonators have been used for developing an electrically-controlled planar hybrid 

device, which enables radiation phase control. Alternatively this device could 

operate as a broadband modulator [133]. 

ELC resonators have as well been discussed at microwave frequencies for designing 

metamaterial polarizers. In [134], the idea of transmission polarizers realized by 

anisotropic metamaterials is illustrated. For this design one polarizer converts linear-

polarized waves to circular-polarized waves, while the other converts linear-

polarized waves from one polarization to its cross polarization. The simulation and 

experimental results validate the functionality of the proposed polarizers. A 

comparable design is proposed [135] for a polarization modulation scheme of 

electromagnetic waves through reflection of a tunable metamaterial 

reflector/absorber at a microwave frequency range of 2-4 GHz. 
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One recent example of a planar array of microwave ELC resonators with broadband 

tunability is presented in [129]. In this design, through applying DC bias voltage to 

the embedded varactors, a wide tuning range of around 32% (2.67 to 3.52 GHz) is 

achieved. A similar example of tunable ELC resonators operating at S-band is 

proposed in [136]. In this designed structure, tunability is attained through changing 

permittivity in a continuous flow in a channel that interacts with the metasurfaces. 

Numerical simulations and experimental results demonstrate application of 

microwave ELC resonators for chemical processing.  

 

6.3     Liquid crystal tunable ELC resonator  

Given that filling the complete structure with liquid crystal would be very expensive 

and necessary to achieve tuning, a channel was required in the centre between the 

capacitive gaps. Element “a” from the above figure (Fig. 6.1) was selected to be the 

most promising option for this design. In the preliminary stage of the design, the 

original ELC resonator cell was designed, optimized and simulated in CST using 

periodic boundary conditions (Floquet port). This cell was designed to be 10 × 10 

mm (length (L) × width (W)). In order to achieve a frequency response in S-band, the 

central gap (g) was designed to be around 0.15 mm in width, corresponding to a 

resonant frequency of around S-band (3.36 GHz), Fig 6.2.   

         

                                   (a)                                                                                 (b) 

Figure 6.2. 
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Original ELC resonator cell. (a) Original single resonator unit cell, with the boundaries indicated by dotted 

lines, (b) simulated frequency response of the cell at 3.36 GHz.  

 



Chapter  6                                         Tunable liquid crystal FSS using electric-LC resonators    

 

 

 Page 96 

   

Other dimensions of the resonator as shown in Fig. 6.2 are as follows: a = 0.5 mm, b = 

0.5 mm, d = 5 mm and x = 1 mm. This resonator was simulated on a Rogers Duroid 

6002 substrate (   = 2.94, tan δ = 0.0012, hs = 3.05 mm), because of its low relative 

permittivity and low loss tangent.  Some of the above dimensions (e.g. a, b and x) 

were based on the previously designed cell by our group. The objective of this 

project was to further modify the cell in order to make it tunable.  

Moreover in the next step, to develop a microfluidic channel in the central capacitive 

gap, the gap was extended to both sides, causing division in the unit cell. This 

division not only provides a continuous channel in the structure, but also enables 

two divisions in the structure, which assists in the future DC biasing of the cell (see 

Fig. 6.6). The designed cell with a microfluidic channel and its corresponding full-

wave simulation are presented in Fig. 6.3.     

               

                                   (a)                                                                               (b) 

Figure 6.3. 

Increasing the capacitive gaps on both sides from 0 to 0.15 mm shifts the central 

resonant frequency from 3.36 to 5.60 GHz (S-band to C-band). To test the tuning 

performance of ELC resonator, the channel was filled with liquid crystal mixture 

(GT3-23001) (see Table 4.1 for electrical properties). In the initial test simulations, in 

order to use a lower amount of liquid, only the central capacitive gap (0.15 mm) with 

depth of 0.2 mm in the substrate was filled with liquid crystal mixture, Fig. 6.4 (a).  
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Original unit cell

Microfluidic unit cell

Original ELC resonator.  variety of electric-field coupled elements showing the norm of the electric field 

at resonant [6]. 

 

ELC resonator cell with microfluidic channel. (a) Single resonator unit cell, (b) comparison of simulated 

frequency response of the original and microfluidic cell.  
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                                    (a)                                                                           (b) 

Figure 6.4. 

 

By changing the relative permittivity of the mixture and its corresponding loss 

tangent in the simulation, the frequency continuously shifts from 5.67 GHz for when 

 += 2.5 to 5.56 GHz for when    = 3.5, corresponding to a tuning range (  ) and 

tuning (τ) of around 2% (110 MHz), Fig. 6.4. (b). In order to increase the tuning range 

of the resonator, the microfluidic channel was expanded through the whole cell.  

Having all three capacitive gaps filled with liquid crystal (GT3-23001) not only 

increases the tuning range, but also simplifies the fabrication procedure, since 

inserting the liquid crystal just in the narrow channels is impractical. The liquid 

crystal mixture was moreover expanded to cover the two copper electrodes on either 

sides of the centre capacitive gap (s = 1.15 mm) (see Fig. 6.5 (a)) enabling higher 

tuning performance, Fig. 6.5 (b). Since outside the channel region (highlighted in 

blue) the electric fields are very low, with a good approximation, the optimal value 

of s was defined as 1.15 mm. 
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Microfluidic channel filled with liquid crystal. (a) Single resonator unit cell filled with GT3-23001 

mixture, (b) simulated tuning frequency response. 
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                                   (a)                                                                           (b) 

Figure 6.5. 

Through extending the liquid crystal and similarly changing the relative permittivity 

in the full-wave electromagnetic simulation (with periodic boundary conditions), the 

resonant frequency of the ELC resonator varies from 5.29 GHz to 4.96 GHz, with 

reflection coefficients of around -20.2 dB and -28 dB respectively, demonstrating 

improvement in the tuning range by more than three times, from the previous 

tuning range (τR) of 2% to 6.44% (330 MHz). Since in practice we need to apply a 

bias voltage, additional thin conductor strip bias lines (x = 1mm by y = 0.3 mm) are 

added to both the top and bottom of the cell, continuously connecting every unit cell, 

Fig. 6.6 (a) [129].  

          

                                    (a)                                                                           (b) 

Figure 6.6. 
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Microfluidic gaps filled with liquid crystal. (a) Single resonator unit cell channel, filled with GT3-23001 

mixture, (b) simulated tuning frequency response. 

 

ELC resonator with bias lines. (a) Applied thin bias lines to resonator unit cell, (b) simulated tuning 

frequency response. 
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As illustrated in Fig. 6.6 (b), due to their perpendicular orientation with respect to 

the operation polarization, and the fact that these bias lines are extremely thin (only 

0.3 mm) they have no significant effect on the resonant frequency. In this case when 

the ELC resonator is simulated in the liquid crystal perpendicular state, the resonant 

frequency is f┴ = 4.92 GHz, with reflection coefficients of around -21.6 dB and when 

simulated in the parallel state, the resonant frequency is f║ = 5.26 GHz with reflection 

coefficients of -29 dB, yielding an overall tuning range (τR) of around 6.5%.  

Eventually as in [137], a thinner width (b) is used in the central capacitor, which 

through increasing the central inductance, shifts the resonant frequency to even 

lower frequency and contributes to miniaturization of the design. Fig. 6.7 and Table 

6.1 both illustrate the dimensions of the final ELC resonator unit cell.    

        

                                   (a)                                                                     (b) 

  

Figure 6.7. 

 

 

 

Table 6.1.  

 

L W a b d g s x y hs hlc 

10 mm  10 mm 0.5 mm 0.2 mm 5 mm 0.2 mm 1.15 mm 1 mm 0.3 mm 3.05  mm 0.4 mm 
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Substrate

Modified ELC resonator unit cell. (a) Final modified resonator cell with liquid crystal in a micro-fluidic 

channel, (b) cross-section view of the single cell.  

 

Final ELC resonator unit cell. The table below provides all dimensions of the final designed cell.   
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6.4     Full-wave simulation  

After finalizing the design of a generic ELC resonator unit cell, the next step was 

modelling and simulating the final structure in a practical configuration. Given that 

for fabrication, the liquid needs to be placed in a sealed environment to avoid any 

leakage, two different approaches are considered. The first approach is using fluid 

tube channels, where in this case the liquid samples are pumped in the tube which 

runs along the capacitive gaps, and in the second approach, liquid crystal is poured 

between the capacitive gaps and sealed using a cover lid. In following both 

approaches are discussed and simulated.  

6.4.1  Fluid tube approach  

In the first full-wave electromagnetic simulation, the ELC resonator was modelled 

with an array of microfluidic tubes running through its central channel, Fig. 6.8.  

 

Figure 6.8. 

 

This channel was modelled with standard microfluidic Teflon (PTFE) tube (   = 2.1, 

tan δ = 0.0002), with outer radius of rout = 0.4 mm and inner radius of rin = 0.3 mm 

(see Fig. 6.9 (a)) and was filled with liquid crystal mixture. Similar to the previous 

case, an infinite array of ELC resonators was simulated in CST over a frequency 

range of 4--6 GHz, using periodic boundary conditions. The results for the both 

perpendicular and parallel state are presented in Fig. 6.9 (b).  

Liquid

crystal

Microfluidic tube

Z

Y

X

Microfluidic tube channel array. Array of ELC resonator combined with microfluidic tube channel  

in the centre, filled with liquid crystal mixture.  
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                                   (a)                                                                          (b) 

Figure 6.9. 

 

From the figure, it can be observed that when the liquid crystal mixture (GT3-23001) 

is simulated in the perpendicular state (   = 2.1, tan δ = 0.0143, i.e. V = 0 V), the 

resonant frequency of the ELC resonator array is 5.05 GHz. However by changing 

the liquid crystal molecular state to parallel (   = 3.5, tan δ = 0.0038, i.e. V >> Vth) the 

centre frequency shifts to 5.0 GHz, illustrating a tuning range (τR) of ~1%. The 

results indicate that low tuning is observed owing to weak interaction between fields 

in the capacitors and the liquid. This clearly indicates that Teflon tube will not be an 

ideal method for validation at microwave frequency. 

6.4.2   Top cover approach  

Since in the above approach (microfluidic tube) very low tuning was observed, the 

liquid crystal was then placed directly inside the channel and on top of the 

capacitive gaps. A top cover smooths the liquid out and the high viscosity of the 

liquid crystal means there is minimal leakage, Fig. 6.10. 
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Microfluidic tube channel. (a) Array of ELC resonator combined with microfluidic tube channel in the 

centre, filled with liquid crystal mixture, (b) simulated tuning frequency response. 
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Figure 6.10. 

 

For validation of the tuning performance, the final modified structure was simulated 

using GT3-23001 high performance liquid crystal mixture (see Table 4.1) and Pyrex 

glass (   = 4.82, tan δ = 0.0054) for the top lid, due to its low loss and transparent 

appearance. The full-wave electromagnetic simulations indicate that by varying the 

effective relative permittivity of the liquid crystal mixture from   = 2.5 to    = 3.3, 

the resonant frequency of the ELC resonator array shifts from 4.61 to 4.35 GHz (260 

MHz). This is equivalent to a frequency shift of 6% relative to the lower frequency, 

as shown in Fig. 6.11.  

                    

                                    (a)                                                                           (b) 

 

Figure 6.11. 
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
r
 = 2.5 (V = 0)


r
 = 3.3 (V >> Vth)

Sealed tunable ELC resonator unit cell. Cut and perspective view of the ELC resonator, which consists of a 

microfluidic channel filled with liquid crystal and sealed with a top lid.   

 

Modified tunable ELC resonator. (a) Mesh view of the tunable ELC resonator, (b) simulated tuning 

response. 
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6.4.3  Parametric study and analysis  

The next stage of the simulation required identifying important parametric values 

which could have an effect in the final fabrication. In this ELC resonator, four 

geometrical parameters have significant impact on the final tuning performance and 

the resonant frequency. These are (Fig 6.7): capacitor length (d), capacitor width (b), 

substrate material (   , tan δ) and liquid crystal mixture anisotropic properties (  , tan 

δ┴  and    , tan δ  ), which are studied and discussed below.  

An initial study was carried out on the central capacitor length (d). In this 

investigation, a parameter sweep was carried out from 1 mm to 6.5 mm, over a 

frequency range of 2 to 8 GHz with the CST accuracy parameter set to (hexahedral 

meshing) 10-12. The results from Table 6.2 and Fig. 6.12 indicate that as the capacitor 

length decreases the resonant frequency shifts to a higher frequency. The frequency 

tuning (τ) for this tunable ELC resonator, has a minimum value of 5.34% and a 

maximum value of 6.19%. According to length d sensitivity analysis, given that the 

desired centre frequency was at 4.5 GHz (due to experimental setup), the capacitor 

length was chosen to be everywhere between 4.28 to 5.22 mm, with tuning of 5.82 to 

5.64% (see Table 6.2).  

Table 6.2.  

 

 

Cap Length (mm) fh (GHz) fl (GHz) Tuning% 

6.5 3.944 3.744 5.34 
6.18 3.996 3.792 5.37 
5.86 4.024 3.812 5.56 
5.54 4.22 3.996 5.60 

5.22 4.264 4.036 5.64 
4.92 4.368 4.132 5.71 
4.60 4.454 4.208 5.84 
4.28 4.504 4.256 5.82 
3.96 4.612 4.356 5.87 
3.64 4.736 4.464 6.09 
3.34 4.808 4.532 6.09 
3.02 5.008 4.72 6.10 
2.71 5.104 4.808 6.15 

2.39 5.256 4.952 6.13 
2.07 5.468 5.152 6.13 
1.76 5.62 5.292 6.19 
1.44 5.856 5.524 6.01 

1 6.288 5.948 5.71 

Capacitor length (mm). A parameter sweep was performed on the central capacitor length (1 – 6.5 mm) 

over a frequency range of 2 to 8 GHz for standard RT/duroid 6002 substrate.     
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Figure 6.12. 

 

Apart from the central capacitor length, another important factor considered was the 

central capacitive width (b). To study this value, a parametric analysis was carried 

out from 2 mm to 0.1 mm, again over a frequency range of 2 to 8 GHz. The study 

analysis indicates that as the capacitor width (b) decreases, the resonant frequency 

also decreases to a lower frequency, but the tuning (τ) of ELC resonator remains 

approximately constant between 5. 5% to 6% (see Table 6.3 and Fig. 6.13). As a result, 

in order to stabilize the centre frequency at around 4.5 GHz, the capacitor width was 

chosen to be between 0.31 to 0.1 mm, with constant tuning of 5.95% and 

transmission magnitude of ~–25 dB (see Table 6.3).  

 

Table 6.3.  

 

 

Cap Width (mm) fh (GHz) fl (GHz) Tuning% Trans Mag 
in dB 

2 5.865 5.557 5.54 -20 to -15 
1.78 5.746 5.438 5.66 -22 to -18 
1.56 5.641 5.34 5.63 -22 to -18 
1.36 5.536 5.235 5.74 -22 to -18 

1.14 5.417 5.123 5.73 -25 to -20 
0.94 5.27 4.983 5.75 -25 to -20 
0.72 5.13 4.85 5.77 -30 to -20 
0.52 4.962 4.682 5.98 -30 to -20 
0.31 4.731 4.465 5.95 -30 to -20 
0.1 4.486 4.234 5.95 -30 to -20 
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Capacitor width (mm).  A parameter sweep was performed on the central capacitor width (0.1–2 mm) 

over a frequency range of 2 to 8 GHz for standard RT/duroid 6002 substrate.     

 

 

 

Capacitor length vs. tuning. The plot illustrates the tuning performance in percentage as capacitor length 

varies in mm.  
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Figure 6.13. 

 

Other important factors which greatly affect frequency deviation and as a result 

tuning variation is the substrate material (   , tan δ ) and the liquid crystal mixture 

(  , tan δ┴  and    , tan δ  ). As discussed previously (Chap. 3 and Chap. 4), to achieve 

maximum tuning, the substrate permittivities are required to be similar to the liquid 

crystal permittivity.  

For this simulation, two commonly available substrates from Rogers are used: 6002 

and 5880 with relative permittivities of 2.94 and 2.20 respectively. In order to 

validate the tuning performance of this ELC resonator, three different liquid crystal 

mixtures (K15 (standard), BL037 and GT3-23001) are tested.  In these simulations, 

apart from the substrate, the top cover was varied as well in order to validate the 

tuning performance. To be able to clearly see inside the structure during the liquid 

crystal filling process, three transparent materials were considered for the top cover: 

Pyrex (   = 4.82 , tan δ = 0.0054) , polydimethylsiloxane (PDMS) (   = 2.8, tan δ = 

0.002) and polycarbonate (   = 2.77 , tan δ = 0.0055). The choice of top covers was 

based mainly on material availability, price range, their chemical reaction and 

transparency.  
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Capacitor width vs. tuning. The plot illustrates the tuning performance in percentage as capacitor width 

varies in mm.  
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Table 6.4. 

 

 

 
Substrate 

 

 Liquid crystal samples  

Top cover Relative 
permittivity  

(ɛr) 

Loss tangent 

(tan δ) 
GT3-23001 

 
BL037  

 
K15 

 

 

RT/Duroid 6002 
(hs = 3.048) 

Pyrex 4.82 0.0054 
5.97%  

(at  -30 dB) 
2.01% 

(at ~ -17 dB) 
1.31% 

(at ~ -20 dB) 

PDMS 2.8 0.002 
5.91% 

(at  -30 dB) 
2.14% 

(at ~ -17 dB) 
1.37% 

(at ~ -20 dB) 

Polycarbonate 2.77 0.0055 
6.05% 

(at  -30 dB) 
2.14% 

(at ~ -17 dB) 
1.36% 

(at ~ -20 dB) 

 
 

RT/Duroid 5880 
(hs = 3.175) 

Pyrex 4.82 0.0054 
6.48%  

(at  -30 dB) 
1.08% 

(at ~ -17 dB) 
0.81% 

(at ~ -20 dB) 

PDMS 2.8 0.002 
4.51% 

(at  -30 dB) 
1.08% 

(at ~ -17 dB) 
0.10% 

(at ~ -20 dB) 

Polycarbonate 2.77 0.0055 
3.88% 

(at  -30 dB) 
3.01% 

(at ~ -17 dB) 
2.74% 

(at ~ -20 dB) 

 
 
Table 6.4 clearly illustrates that as the dielectric anisotropy of the liquid crystal 

increases from 0.18 for K15 to 0.80 for GT3-23001, the tuning increases from 

approximately 1.3% to 6% for 6002 substrate and from approximately 0.8% to 6.5% 

for 5880 substrate. This table indicates that using 6002 as the substrate, the frequency 

tuning (τ) remains approximately stable between 5.97–6.0% for GT3-23001, 2-2.14% 

for BL037 and 1.31-1.37% for K15 (5CB) depending on the high and low centre 

frequency. 

In summary in order to design an optimum tunable ELC resonator with operating 

frequency of around S-band, which could be measured using in the available 

waveguide (discussed in Sec. 6.7), the structure was designed with capacitor length 

(d) of 5 mm, width (b) of 0.2 mm and gap (g) size of 0.2 mm. Furthermore to increase 

the tuning performance to around 6%, the structure was validated with GT3-23001 

liquid crystal mixture.  

 

 

 

 

 

Tuning range performance for sealed ELC resonator.  Various materials were tested for frequency 

tuning performance when the cover is placed (see Table 3.2 and 4.1 for liquid crystal electrical properties).  
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6.5     Lumped-element model  

The behaviour of a single ELC resonator cell, where the electromagnetic field is 

parallel to the ELC plane can be modelled by a lumped-element model. In normal 

operation, an oscillating electric field polarized perpendicularly to the gap induces a 

current flow in the two symmetric loops. Similar to an electric LC circuit, the 

structure becomes resonant when the electric energy in the capacitor is equal to the 

magnetic energy stored in the inductor.   

Given that the current on both sides of the original ELC resonator are equal, the cell 

can be approximated by inductors and capacitors in the form of an LC resonant 

circuit. In this circuit the inductive loop can be modelled by inductor L1 and the 

capacitive gap in the centre can be modelled by inductor L in series with capacitor 

Cg, Fig. 6.14. 

                               

                                         (a)                                                                           (b) 

Figure 6.14. 

 

However the lumped-element circuit model for the modified tunable ELC resonator 

is expressed differently. In this case the inductive loops can be modelled by an 

inductor L1 in series with a capacitor C1 and similar to the previous case, the 

capacitive gap can be modelled by an inductor L in series with a capacitor Cg, Fig. 

6.15. 

k

E

H

Original ELC resonator lumped-element model. (a) The ELC resonator is modelled by conductive loop 

and capacitive gap, (b) equivalent circuit.        
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                                         (a)                                                                               (b) 

Figure 6.15. 

To further study the designed circuit, the proposed models for both the original and 

the modified cell have been simulated in the ADS simulation software over a 

frequency range of 1 to 8 GHz. The comparison between the full-wave simulation 

and the lumped-element model simulation for both original and modified cell are 

proposed in Fig. 6.16 based on extracted circuit parameters C and L. 

 

                                         (a)                                                                       (b) 

Figure 6.16. 

 

Taking into account the substrate as RT/Duroid 6002, the following values were 

extracted:  for the original cell, L= 68 nH, Cg= 0.033 pF and L1= 20 nH, corresponding 

to a resonant frequency of 3.36 GHz and transmission magnitude of -35 dB (for both 

lumped-element and full-wave simulations) and for the modified cell, L= 68 nH, Cg= 
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Modified unit cell (CST)

Modified unit cell (ADS)

Modified tunable ELC resonator lumped-element model. (a) The ELC resonator modelled by 

conductive loop and capacitive gap, (b) equivalent circuit.        

 

 

Lumped-element and full-wave model comparison. (a) Original uni cell, (b) modified uni cell. 
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0.0118 pF, L1= 0.004 nH and C1= 0.1 pF, corresponding to a resonant frequency of 

5.60 GHz and transmission magnitude of around -35 dB for both simulations.  

 
6.6     Prototype fabrication 

The fabrication prototype of the ELC resonator was achieved through collaboration 

with Australian National Fabrication Facility (ANFF), Ian Wark Research Institute at 

University of South Australia and Macquarie University in Sydney. The fabrication 

of the ELC resonator can be divided into three individual stages: 1- developing ELC 

resonator array, 2- creating thin channel and 3- fabricating the top cover (lid). In the 

paragraphs below each of these three steps and their fabrication procedures are 

discussed individually.   

6.6.1  Developing ELC resonator array  

To develop the designed pattern on the substrate and develop the ELC array, three 

steps were considered sequentially: masking, lithography/exposing and ultimately metal 

etching. In the first step the pattern was redrawn using AutoCAD software [138] and 

printed as lithography masks, Fig. 6.17. This step is commonly known as lithography 

masking or simply masking.  

 

Figure 6.17. 

The second stage required exposing the patterns on the substrates. For this purpose 

the pre-cut RT/Duroid substrates were washed in a Soniclean machine using 

Masking pattern. The exported image illustrates the designed AutoCAD ELC 8 by 2 array used for 

lithography masking. 
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purified water for around 5 minutes (Fig. 6.18 (a)). This cleaning helps to remove 

unwanted oil or chemicals from the copper surface. The cleaned substrates were 

then baked for 1 hour at 95 ºC, Fig. 6.18 (b). 

                                    

                                         (a)                                                                        (b) 

Figure 6.18. 

The next step requires lithography and exposing. In this step, the substrates were 

placed in the lithography machine and were aligned with the mask and exposed to 

300 mJ/cm2 of UV light (Fig. 6.19). The coated substrates were then baked for 2 

minutes at 65 ºC and then at 95 ºC for 6 minutes before being rested at room 

temperature (20 ºC) for 10 minutes for cooling to take place. Finally to clean the 

photoresist and stop the developer, the layers were washed with developer (SU-08) 

and then isopropanol (CH3)2CHOH.  

                                         

                                         (a)                                                                      (b) 

Figure 6.19. 

Cleaning and baking. (a) Washing the substrates using purified waster, (b) baking the substrate in the oven 

at 95 ºC in order to remove all water molecules from the surface. 

 

 

Aligning and lithography. (a) Aligning the mask on the glass, (b) aligned substrate and mask under the 

lithography machine.  
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Ultimately the exposed substrate is placed inside a beaker filled with 30% of iron 

(III) chloride (FeCl3) mixed with 70% of purified water (H2O) for around 7 minutes to 

dissolve the copper.  

 

Figure 6.20. 

Fig. 6.20 shows the final tunable ELC resonator prototype. This structure exemplifies 

a frequency selective surface consisting of an 8 by 2 array of cells, made on Rogers 

Duroid 6002 substrate (   = 2.94, tan δ = 0.0012, hs = 3.05 mm), which its 

demonstrated in Section 6.8 for sensing and 6.9 as tunable FSS.  

6.6.2  Creating the thin channel  

After finalizing the design, the next stage required milling a thin and narrow 

channel inside the substrate between the capacitive gaps. This process was achieved 

through collaboration with Optofab, based at Macquarie University in Sydney.  

Given that the channel in this case was only 0.15 x 0.2 mm, laser milling was used for 

this fabrication. For this process, a 4th Harmonic (266 nm) Nd:YAG laser machine 

was used, which consisted of Aerotech XYZ stages, spinning (trepanning) optics and 

8
0

 m
m

20 mm

ELC resonator prototype. The final fabricated ELC resonators inside the clean room. This design has 8 by 2 

arrays of cell with a thickness of hs = 3 mm.   
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a 5x objective lens. The machine was set to a pulse frequency of 750 Hz and an 

average power of 30mW. In this process a trench is machined inside the Duroid 

using the laser, creating a 0.15 mm x 0.2 mm channel, with ± 5µm accuracy 

(microscope at 50x) inside the substrate for the liquid crystal mixture, Fig. 6.21.  

 

Figure 6.21. 

 

6.6.3  Fabrication of top cover  

The final stage requires fabrication of the top cover or lid. As discussed previously 

(see Table 6.4) two transparent materials were designated for this purpose: PDMS 

and Pyrex. In below the fabrication process of each material is discussed 

individually.  

6.6.4  Developing PDMS cover 

In order to develop the PDMS cover these steps were required: pretreating, coating, 

soft baking, exposing, post expose baking, developing and finally removing.  

Before developing the PDMS, the designed channel patterns were drawn on 

AutoCAD and were printed as a lithography masks. These printed masks were then 

used for creating the channels inside the PDMS.   

0.15 mm

Milled channel. The final fabricated structure, consisting of a thin trench (0.15 mm by 0.2 mm), milled inside 

the Duroid substrate. Right image taken by scanning electron microscope.  
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The first step required preheating the wafers (radius = 5 cm) in the electronic clean 

room. In this step, the wafers are heated to 200 ºC for 5 minutes (Fig. 6.22. (a)). This 

pretreating helps to remove water from the wafer surface. After pretreat completion, 

the wafers are rested at room temperature (20 ºC) for about 2 minutes for cooling to 

take place.  

                                    

                                        (a)                                                                         (b) 

Figure 6.22. 

 

The next stage required coating. In this process the wafers are coated with SU-8 2000 

(viscosity = 45000 cSt) which is a high contrast epoxy based photoresist designed for 

micromachining and microelectronic applications. The coated wafers are then placed 

in the spinner machine to smooth the photoresist and thin it to around 0.5 mm. The 

required time (s) and rotation (rpm) presented in Table 6.5 was developed by 

Australian National Fabrication Facility at University of South Australia. This 

process is achieved in 50 seconds, but varies depending on the photoresist thickness 

and viscosity, Fig. 6.22 (b) and Fig. 6.23.   

Table 6.5. 

 

Step Time 
 (s) 

Rotation  
(rpm) 

Starts/lid closes 10 0 
Speeds 10 500 

Creating thickness 30 2500 
Stops/lid opens 10 0 

 

Preheat and coating. (a) The wafers on heat at 200 ºC, (b) wafers coated with SU-8 200 inside the spinner 

machine.  

 

 

Control process of the photoresist. Time and rotation speed required for photoresist (SU-8 2100). 
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Figure 6.23. 

In the next stage the coated wafers are placed in a heat oven for 15 minutes at 65 ºC 

and then reheated again for 2 hours at 95 ºC; this process is known as soft baking. The 

next stage required exposing; in this step the wafers were placed in the lithography 

machine and were aligned with the mask, Fig. 6.24. After exposing the pattern on the 

photoresist the next stage requires post expose baking. In this process the wafers are 

heated for 2 minutes at 65 ºC and then reheated to 95 ºC for 6 minutes. After baking, 

the wafers are washed with SU-08 developer and with isopropanol to stop the 

developer and then finally reheated for 25 minutes at 120 ºC; to remove any 

unwanted water from the surface.   

 

Figure 6.24. 

 

Spinner Lid

Coated wafer

Rotation/Time monitoring 

Photoresist

Alignment and control

monitoring

Alignment knobs

Wafers 

under exposure 

Coating process. The finalized coated photoresist wafer inside the spin machine.   

 

 

Lithography. Wafer under exposure, inside the lithography machine. 
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In the next stage the wafers are placed in plastic containers and are filled with 2 

grams of Sylgard 184 silicon elastomer base plus its curing agents with the 

proportion of 10 g to 1g, Fig. 6.25 (a).  

 

                                             

                                        (a)                                                                         (b) 

Figure 6.25. 

 

The layers are then vacuumed for 15 minutes to remove all the air bubbles and then 

rested on a flat surface for around 15-20 minutes for the silicon elastomer to become 

smooth and then finally heated for 1 hour at 80 ºC. In the last stage the developed 

PDMS is cut to the appropriate dimension and the syringe input/output pins are 

punched inside the channel, Fig 6.25 (b).     

6.6.5  Pyrex cover 

Given that Pyrex used for the top cover demonstrated high tuning in the simulation 

results, this material was purchased through Fry Optics (Australian based company) 

for prototype testing.   

Pyrex materials are low-thermal-expansion glasses which are used mainly for 

kitchenware and laboratory glassware. Given that Pyrex glasses have low 

permittivity (  = 4.82) and loss tangent (tan δ = 0.0054) they have been used for 

microwave applications. For this structure, these glasses were cut at a dimension of 

20 × 80 mm and 20 × 100 mm, with a thickness (hc) of 1.1 mm.   

 

PDMS top cover. (a) Sylgard 184 silicon elastomer being poured inside the plastic container on top of the 

designed wafer with channel, (b) final fabricated PDMS top cover with input/output pins.  
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6.7     Measurement  

6.7.1  Measurement setup  

In this work the measurements was carried out using a parallel plate waveguide. 

Parallel plate waveguide are characterized by perfect conductor boundaries that are 

parallel to the z-axis. They consist of a plate spacing defined as d and plate width 

and length, defined by Wwg and Lwg. In this measurement, the waveguide plates had 

an equal width and length of 60 cm (Wwg = Lwg) and spacing (d) of 2 cm (Fig. 6.26). In 

order to measure the response frequency and transmission magnitude via this 

waveguide, two internal waveguide monopole antennas are connected to the two 

ports of the network analyser (N5230A PNA series) through coaxial cables. Given 

that the cut off frequency of the TMn mode for this parallel plate waveguide is 

calculated by [139] 

                                                                    
 

  √   

                                                            (6.1) 

with c = 
 

√   

= 3 × 108  and d = 0.02 m, the cuff of frequency is therefore equal to 7.5 

GHz. Since the designed FSS structure operates between 4 to 6 GHz (< 7.5 GHz), in 

this measurement only the transverse electromagnetic (TEM) mode is excited, with 

electric and magnetic fields both perpendicular (transverse) to direction of the 

propagation.  

           

 Figure 6.26. 

PEC

Wwg

Lwg
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Network analyser 

Parallel plate waveguide 

dwgAbsorbers

Parallel plate waveguide. The parallel plate waveguide used for ELC resonator measurement. 
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In the next section the ELC resonator is tested for two different applications: 1- 

Oil/liquid sensor and 2- Tunable liquid crystal FSS, which are discussed below.  

 

6.8     Oil/liquid sensing  

In this test the ELC resonator was used as a sensor for sensing oil and liquid samples. 

Two sets of oil samples were investigated and their equivalent relative permittivities 

were extracted. The ELC resonator was fabricated on Duroid 5880 as a 2 by 8 ELC 

array. However given that for oil/liquid sensing, no bias voltage was required, the 

bias lines were manually removed. To have a stable and even amount of oil/liquid 

sample, for each individual testing a sterile syringe was filled with 0.48 cc of sample 

and was poured on top of the structure, creating an 0.3 mm of thickness on an 2 by 8 

ELC array (20 mm × 80 mm). The structure was then sealed using the Pyrex cover (   

= 4.82, tan δ = 0.0054). The final dimensions of each resonator cell were as follows: L 

= W = 10 mm, hoil/liquid = 0.3 mm, hc = 1.1 mm and hs = 3. 175 mm (see Fig. 6.27 and Fig. 

6.28).  

                             

 Figure 6.27. 

         

Figure 6.28. 

Y

Z

W

X

hs

hchoil/liquid Oil/liquid layer

Top cover

Substrate

ELC resonator array

ELC resonator array

Oil/liquid layer

Top cover

Substrate

ELC resonator side view. ELC unit cell filled with oil/liquid sample. 

 

Filling process of the resonator. The ELC array during oil/liquid filling process. 
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The structure was initially tested without a top cover. In this case the ELC resonates 

at a frequency 6.28 GHz and has a transmission magnitude of -22 dB. However in 

the second case when the cover is closed, the resonant frequency shifts to a lower 

frequency of 5.52 GHz and has a transmission magnitude of -25 dB. Subsequently 

the structure was filled and tested with number of oil/liquid samples and was 

measured using the network analyser (N5230A PNA).  

In this measurement, the normalized transmission magnitude, especially at higher 

frequency can be slightly higher than 0 dB. This effect is caused by the beam pattern 

alternation in the present of an ELC array, resulting in additional energy diffracted 

into the receiving monopole. Furthermore the waveguide was as well measured 

between 4–7 GHz with an empty cavity and the transmission magnitudes (dB) were 

recorded. In these experiments, all measured data were then subtracted from the 

measured data from an empty waveguide, resulting in a normalized transmission 

magnitude in dB, Fig. 6.29. 

 

Figure 6.29. 

The structure was simulated in CST (frequency range of 4 - 7 GHz) using periodic 

boundary conditions (Floquet port) (Fig. 6.30), the relative permittivities 

corresponding to the different oil samples were extracted from the software and 

these were compared with the available relative permittivities from the literature 
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Unfilled - Air (no cover)

Unfilled - Air (cover)

Oil - Castor

Oil - Fuel #1

Oil - Fuel #2

Oil - Silicon
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Oil sample measurements. Resonant frequency and transmission magnitude from the measurements.  
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[140]. Table 6.6 illustrates the complete results from both prototype measurements 

and extracted from full-wave simulation.   

 

Figure 6.30. 

 

Table 6.6. 

 

Samples 
Measured Extracted 

Fr  
(GHz) 

Mag 
(dB) 

Fr  
(GHz) 

Mag  
(dB) 

Extracted 
relative 

permittivity  

Reference 
relative 

permittivity 
[140] 

Unfilled - Air (no cover) 6.28 -25.5 6.29 -40.5 1.0 1.0 
Unfilled - Air (cover) 5.52 -27 5.52 -35 1.0 1.0 
Oil - Castor 4.96 -18 4.96 -39.5 2.58 2.60 
Oil - Fuel #1 4.92 -22 4.92 -38 2.60 2.7 
Oil - Fuel #2 4.93 -22.5 4.92 -38 2.60 2.7 
Oil - Silicon 4.77 -15.5 4.78 -35 2.69 2.7 
Oil - Seed 4.78 -22 4.79 -37 2.70 2.7 

The comparison between extracted relative permittivity and referenced relative 

permittivity in Table 6.6, demonstrates sensing using the designed ELC resonator. 

The extracted relative permittivity from the simulation matches with the referenced 

relative permittivity of the oil presented in the literature.  
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 Unfilled - Air (no cover)

Unfilled - Air (cover)

Oil - Castor

Oil - Fuel #1

Oil - Fuel #2

Oil - Silicon

Oil - Seed

Oil sample extracted from the simulation. Resonant frequency and transmission magnitude from the 

simulation.  

Measured and extracted data. The resonant frequency, corresponding magnitude and the extracted relative 

permittivities of the oil samples. 
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Apart from samples tested above, petroleum products such as crude oils were tested 

for the purpose of ELC resonator sensing. Crude oil is unprocessed oil which is 

directly excavated from the ground and is commonly known as petroleum. Crude 

oils are a useful starting point for many different substances such as petrol, diesel 

fuel, jet fuel, kerosene as well as fertilizers and pesticides.  

For this sensing validation, five different crude samples, from five different 

refineries from Santos (oil and gas company in Australia), were tested. Similarly to 

the previous testing, 0.48 cc of crude samples were injected on the top surface of the 

ELC resonator array made from RT/Duroid 5880 substrate (   = 2.2 and tan δs = 

0.0009), creating an 0.3 mm of crude oil on top of the 8 by 2 cell structure. Similar to 

the previous case the waveguide was measured with an empty cavity and the 

recorded transmission magnitudes (dB) were subtracted from the measured data. 

Fig. 6.31 illustrates the normalized results. 

 

Figure 6.31. 

The measured results from all crude samples indicate that the resonant frequency in 

all cases lies between 4.78 to 4.88 GHz, with transmission magnitude of around -20 

to -25 dB. The slightly higher normalized transmission magnitudes (> 0 dB); around 

5.25 GHz are explained by the beam pattern alternation in the present of the array, 

causing additional energy diffracted into the receiving monopole. 
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 Crude Oil #1

Crude Oil #2

Crude Oil #3
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Crude oil sample measurements. Resonant frequency and transmission magnitude from the measurement.  
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Furthermore the results were simulated in CST (Fig. 6.32) and the corresponding 

relative permittivities were extracted and compared with the literature, Table 6.7.  

 

Figure 6.32. 

 

 

Table 6.7. 

 

Samples 
Measured Extracted 

Fr  
(GHz) 

Mag 
(dB) 

Fr  
(GHz) 

Mag 
(dB) 

Extracted 
relative 

permittivi
ty  

Crude Oil #1 4.88 -20.5 4.88 -34.6 2.62 
Crude Oil #2 4.82 -19.7 4.82 -35.9 2.67 
Crude Oil #3 4.78 -19.5 4.78 -33.8 2.69 
Crude Oil #4 4.78 -21 4.78 -33.8 2.69 
Crude Oil #5 4.80 -22 4.80 -33.7 2.68 

Average  
 

2.67 
 

The extracted results indicate that in all crude oil samples, the extracted relative 

permittivity is between 2.62–2.69 with an average value of around 2.67. The final 

averaged relative permittivity (   = 2.67) is closely matched with the relative 

permittivity of crude oils previously reported by Xiuwen et al. [141] to be around 2.5 

and by Schüller et al. [142] to be between 2.5-8. The minor variations in the crude oil 

resonant frequencies are due to the different mineral particles in the oil, resulting in 

a slight variation in their material characteristics and properties.   
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Crude Oil #1

Crude Oil #2

Crude Oil #3

Crude Oil #4

Crude Oil #5

Crude oil sample simulated. Resonant frequency and transmission magnitude from the simulation. 

Measurement and extracted data. The resonant frequency, corresponding magnitude and the extracted 

relative permittivities from the crude oil samples. 
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6.9    Novel liquid crystal FSS  

6.9.1   Tunable liquid crystal FSS  

In this experiment, the designed FSS structure was filled with liquid crystal mixture 

(GT3-23001) and sealed using a Pyrex top cover, to avoid any liquid leakage. The 

structure was ultimately placed in the parallel plate waveguide, connected to the 

power supply and measurements were recorded using the network analyser, Fig. 

6.33.  

 

                                                                                (a) 

 

    

                                                                                 (b) 

Figure 6.33. 

 

 

Tunable liquid crystal 

FSS

PP waveguide 

(front)

+

̶
+

̶
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̶

DC power supply

PP waveguide 

(back)

bias cables

Tunable liquid crystal FSS measurement setup. (a) Front view, demonstrating the final FSS filled with 

GT3-23001 mixture and placed inside the waveguide (b) Back view, illustrating the closed waveguide during 

the measurement, with bias cables connected to both the FSS and the power supply.  
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For the initial testing the measurement was carried out on an 8 by 2 cell, filled with 

0.3 mm thickness (hlc) of liquid crystal, fabricated on a Duroid 5880 substrate without 

a microfluidic channel. In this experiment the bias voltage was gradually increased 

and the resonant frequency shift was recorded at significant points. The observed 

results indicate that by varying the bias voltage from 0 to 30 V, the resonant 

frequency continuously shifts from 4.30 GHz to 4.24 GHz, indicating a tuning of 

1.4% with respect to the lower frequency, Table 6.8 and Fig. 6.34 (normalized).  

Table 6.8. 

 

Sample 
Recorded data 

Fr  
(GHz) 

Voltage 
(V) 

Magnitude 
(dB) 

 
 

GT3-23001 
 

4.30 0 -17.5 
4.30 5 -21.5 
4.28 10 -28.5 
4.27 15 -22 
4.24 30 -24.5 
4.24 45 -22 

The above results also indicate that by increasing the voltage to even as high as 45 V 

(well above the Frederiks threshold [80]) the FSS resonant frequency remains 

unchanged at 4.24 GHz. This stability is due to complete alignment of the liquid 

crystal molecules and reaching a parallel stage (ɛeff =    ). 

 

Figure 6.34. 
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Tunable FSS measurement. The resonant frequency and corresponding transmission magnitude at different 

bias voltage.  

Recorded measurement data on 5880. Table below illustrates the applied bias voltage applied and its 

corresponding measured resonant frequency. 
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In the second validation, the tunable FSS was fabricated on the 6002 high frequency 

laminate from Rogers. In this measurement, to increase the sensitivity and 

consequently the tuning performance, a microfluidic channel (0.15 x 0.2 mm) was 

created inside the substrate, between the capacitive gaps (see Fig. 6.21). In the initial 

stage, when no bias voltage is applied (V = 0 V), the FSS has a resonant frequency of 

around 4.44 GHz. However as the bias voltage starts to increase from 0 V to 15 V, the 

resonant frequency continuously shifts from 4.44 GHz to lower frequencies. 

Ultimately by increasing the voltage to a maximum of 30 V, the FSS reaches 4.30 

GHz, illustrating a tuning of 3.15% with respect to lower frequency and remains 

unchanged as the voltage is further increased (45 V), Fig. 6.35 and Table 6.9. The 

tuning for the proposed design will further improve through applying polyimide 

coating to the top of the substrate and bottom of the top cover. 

Table 6.9. 

 

Sample 
Measurement 

Fr  
(GHz) 

Voltage 
(V) 

 
GT3-23001 

4.44 0 
4.34 10 
4.33 15 
4.30 30 
4.30  45 

 

Figure 6.35. 
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Tunable liquid crystal FSS measurement. The resonant frequency as a result of increasing the bias 

voltage from Vth (0 V) to maximum Vmax (30 V). 

Recorded measurement data on 6002. The measured resonant frequency at different bias voltages.  
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The observed result from the network analyser indicates a switching time of a 

fraction of a second (< 1 sec) between unbiased (Vb = 0 V) and biased voltage state 

(Vb = 30 V). However the response time is larger for back switching (> 1 sec), owing 

to the free relaxation time (response time) of the liquid crystal molecules, which is 

proportional to the liquid crystal cell thickness.   

6.9.2   Liquid crystal FSS switch  

Apart from frequency tuning, the designed FSS in addition demonstrates switching 

at 4.44 GHz, between bias and unbiased states. Fig. 6.36 represents the difference of 

both curves for 0 V (unbiased-OFF) and 45 V (biased-ON) as a function of the 

frequency. It can be clearly observed that where the transmission magnitude is at the 

maximum (around 20.5 dB) at a resonant frequency of a 4.44 GHz, the proposed FSS 

can be used as a switch, between nearly complete transmission and 20.5 dB 

suppression of transmission, with a bandwidth of around 100 MHz (4.49 - 4.39) at 

 -15 dB.  

 

Figure 6.36. 

 

 

The switching could be further improved through applying polyimide coating to the 

top and bottom of surface to increase the tuning performance and which therefore in 
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Liquid crystal FSS switching. Switching using the designed FSS at 4.44 GHz through applying bias voltage 

of around 45 V. The plot (right) indicates the difference between the two plots (left) at 4.44 GHz for unbiased 

(OFF) and biased (ON) states (highlighted in red square).   
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the ideal case, the minimum of the unbiased curve (blue) would match with the 0 dB 

of the biased curve (green), rather than -1.4 dB difference.    

6.9.3   Comparison and further analysis   

For final verification, the manufactured dimensions of the structure were 

remeasured and were then implemented in the simulation software. The 

measurements were all identical to the reported data (see Table 6.1), except the 

substrate height hs was measured to be 3.0 mm (3.05 mm in previous report) and the 

liquid thickness hlc to be around 0.3 mm (0.4 mm in previous report), Table 6.10 

(updated).  

Table 6.10.  

 

L W a b d g s x y hs hlc 

10 mm  10 mm 0.5 mm 0.2 mm 5 mm 0.2 mm 1.15 mm 1 mm 0.3 mm 3.0  mm 0.3 mm 

Given that the top cover of the parallel plate waveguide had a 2.5 mm gap, this 

spacing was in addition added to the simulation as an air gap. In the initial state of 

simulation for when the molecules are in a perpendicular formation, the structure 

has a resonance at 4.45 GHz, with transmission magnitude of around -30.2 dB. This 

agrees well with the measured FSS in an unbiased state, with a resonant frequency 

of 4.44 GHz at -21.5 dB. Furthermore in the parallel state, as the liquid crystal 

effective relative permittivity is altered from 2.5 to 3.3, the resonant frequency of the 

proposed FSS shifts to 4.20 GHz with transmission magnitude of -31.1 dB.  

However this value was measured to be at 4.30 GHz with transmission magnitude of 

-15 dB for the biased state. The lower frequency shift in the measurement is owed to 

the elimination of the polyimide layer, given that this coating was impracticable for a 

0.15 mm channel in the standard university research laboratory. This could be 

additionally investigated and develop through calibration with industry partners 

(e.g. Melbourne centre for nanofabrication), were by applying polyimide coating 

inside the channel tuning performance could be well further improved.    

Final fabricated FSS dimensions. Dimensions of the final fabricated structure.    
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In the end, to identify the approximate relative permittivity of the liquid crystal for 

the measured biased state, curve fitting was employed in the CST simulation, and a 

relative permittivity of 3.0 and a loss tangent of 0.04 was extracted, Fig. 6.37.  

 

Figure 6.37. 

 

 

Furthermore, the designed FSS was as well tested with PDMS as its top lid (see Sec. 

6.64). In the full-wave ideal simulation model, PDMS illustrated around 5.91% of 

frequency tuning for GT3-23001, 2.14% using BL037 and around 1.37% using 

standard liquid crystal sample K15.  

However in measurement, due to the stickiness of the liquid crystal molecules to the 

PDMS surface, both the tuning range (τR) and the tuning (τ), reduces to around 

1.08%, illustrating a tuning between 4.68 GHz at no zero bias voltage (Vb = 0 V) to 

4.63 GHz, when maximum bias voltage is applied (Vmax = 30 V). Similar to the 

previous case the parallel waveguide was as well measured between 4.25–5.5 GHz 

with an empty cavity and the transmission magnitudes (dB) were recorded. These 

values were then subtracted from the measured data, resulting in normalized 

transmission magnitude in dB, Fig. 6.38. 
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Comparison between simulation and measurement. The comparison between the simulation and the 

prototype fabrication.   
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Figure 6.38. 

 
 

6.10    Conclusion and summary 
 

In this chapter, the ELC (electric-LC) resonators which have been discussed as a 

building block for metamaterials absorbers, reflectors, modulators, and filters, have 

been modified to incorporate a narrow microfluidic channel in its central capacitive 

gaps. This modification results into two individual applications: sensors and tunable 

frequency selective surfaces.  

In the initial section the modified ELC resonant design is fabricated and measured 

through using five different oil and petrol samples. The extracted electrical 

properties demonstrate a close match between the measurement and the results 

previously reported in the literature, illustrating oil or liquid sensing using ELC 

resonators.  

In addition the modified ELC resonators have been demonstrated in an array to 

form continuously tunable frequency selective surfaces at C-band using liquid 

crystal material. This novel FSS illustrates 6% of continuous tuning in simulation and 

around 3.15% of tuning for the prototype measurement. The discrepancy is 
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Measurement of the tunable FSS. Tuning performance of the designed FSS filled with liquid crystal 

mixture (GT3-23001) covered with PDMS.  
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attributed to the lack of polyimide coating. The achieved results demonstrate ELC 

resonators in an array to form a tunable liquid crystal frequency selective surface. 

Finally rather than the common application of continuous tuning, the proposed FSS 

can be implemented in a microwave device for switching between complete 

transmission and 20 dB suppression.  
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Thesis Summary 

 

 

 

 

HIS chapter concludes the thesis. Chapter 1 and 2 contain review materials 
on various reconfiguration mechanisms, fundamental design approaches 
and comprehensive overview of the properties of liquid crystal materials. 
Chapter 3 and 4 discusses on a novel high performance of tunable liquid 

crystal S-band resonator design, optimization and prototype measurement. Chapter 
5 illustrates the possibility of using lumped-element circuit models for rapid 
calculation of liquid crystal devices at microwave frequencies. Ultimately, Chapter 6 
includes an original tunable liquid crystal FSS which can also be used as an ELC 
array for sensing. This chapter focuses on summarising the original contributions. 
__________________________________________________________________________ 
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7.1    Reconfigurable/tunable classification: Chapter 1,2  

Background: The potential of liquid crystals as reconfigurable/tunable materials 

arises from their ability for continuous tuning with lower power consumption, 

transparency and possible integration with printed and flexible circuit technologies. 

Although examples and applications of these materials have been presented in the 

past, there is a still a need of gathering all available relevant and applicable literature 

in a single format to assist future development in liquid crystal technology.   

Methodology: Technological, scientific papers and primary text books were 

reviewed. Additionally the knowledge developed from practical experience and 

experimental challenges were studied.  

Results: This review describes physical theory and fundamental electrical properties 

arising from the anisotropy of liquid crystals and overviews selected realized liquid 

crystal devices, throughout four main categories: resonators and filters, phase 

shifters and delay lines, antennas and finally frequency-selective surfaces and 

metamaterials.  

Future work: The work can be extended to demonstrate complete structures from 

the literature and their corresponding dimensions in a table format. In addition, it 

can cover the millimeter-wave and terahertz frequency range, where the dissipation 

of liquid crystal is lower.   

Original contribution: A review journal paper on electrically tuned microwave 

devices using liquid crystal technology has been written. This work gathers all 

available liquid crystal mixtures and their electrical properties from the literature in 

one single table. Furthermore the article describes polyimide coating and molecule 

alignment in depth, which is commonly omitted in the literature or simply just 

referred to in a single line. (see publications, [1] P. Yaghmaee et al. 2013) 
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7.2     Tunable and high performance resonator: Chapter 3,4 

Background: In the past, various frequency tunable liquid crystal devices have been 

designed and investigated operating at high microwave or millimetre wave 

frequencies (> C-band), however less attention has been given to lower microwave 

frequency range (< C-band) where most current microwave devices operate. In this 

study a tunable resonator operating at S-band using two different liquid crystal 

samples is designed, simulated and manufactured.      

Methodology: The resonator is initially designed through analytical electromagnetic 

theory and investigated and modelled using a full-wave electromagnetic simulation 

tool. On top of that, the final optimized model is then fabricated using standard 

electronic manufacturing methods.  

Results: The experiment is carried out using various liquid crystal samples. The 

achieved results from both the full-wave electromagnetic simulation and the 

prototype measurements are compared and the results are evaluated to validate the 

concept.   

Future work: The tuning can be improved by using higher dielectric anisotropy 

liquid crystal mixtures (if developed in the future). Furthermore switching time 

improvement can also be expected by reducing the cell thickness and producing 

finer grooves on the polyimide layer.  

Original contribution: For the first time, a tunable resonator operating at S-band is 

presented which makes use of a new high performance liquid crystal mixture (GT3-

23001). The 4% and 8.2% of frequency tuning in this work opens new possibilities for 

future applications of liquid crystals mixtures at even a lower microwave frequency 

(e.g. biomedical applications). (see publications, [2] and [3] P. Yaghmaee et al. 2012) 
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7.3     Multilayered tunable SIR resonator: Chapter 5 

Background: A range of multi-layered liquid crystal tunable devices have been 

presented in the literature mainly based on the full-wave electromagnetic simulation 

model. However even for relatively simple simulations, these require an 

unacceptably extensive computational time. Therefore demonstration of a simpler 

model for rapid calculation of liquid crystal microwave device performance is still 

required. 

Methodology: Stepped-impedance resonator theory and ADS lumped-element 

circuit model simulation were employed as tools for designing a multilayered 

tunable microwave filter.  

Results: By using different liquid crystal samples and comparing the lumped-

element circuit simulation with the full-wave electromagnetic simulations and 

prototype measurements, good agreements were observed. The reported work 

indicates faster simulation and lower computational cost in the optimization phase 

of more sophisticated designs.  

Future work: The final results can be further improved by taking one more step and 

considering eliminated losses in the circuit model.  Moreover defining the electrical 

and physical properties of the actual liquid crystal sample at the desired frequency 

will undoubtedly assist in finer modelling and enhanced fitting of the simulation 

and measurement curves.    

Original contribution: A microwave band-pass filter cell filled with liquid crystal 

mixture was modelled by a lumped-element circuit. Good agreement between 

simulations and prototype measurements demonstrate the option of using the 

lumped element circuit model for rapid simulation of liquid crystal microwave 

devices, which can provide faster simulation and lower computational cost in the 

optimization phase of more sophisticated designs. (see publications, [4] P. Yaghmaee et 

al. 2012) 
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7.4     Sensing and tunable FSS: Chapter 6 

Background: Frequency selective surfaces are implemented for designing band-pass 

filters, polarizers and beamsplitters. Even though considerable work was carried on 

various geometries and specifications, nevertheless with the recent demand for 

reconfigurability and current development in the material technology, there is still a 

need for designing a tunable FSS.   

Methodology: In this work the FSS is modified through analytical electromagnetic 

theory, and investigated through full-wave electromagnetic simulations. In addition, 

a prototype of the optimized FSS model is then fabricated and validated using liquid 

crystal material. The FSS is also used for oil/liquid sensing.   

Results: In the preliminary section the modified FSS which consists of an array of 

ELC resonators demonstrated sensing for different oil samples. Furthermore in the 

second stage the modified FSS was combined with liquid crystal mixture, creating a 

tunable or switchable FSS with operational frequency in C-band.  

Future work: The final results can be further tested by extending the number of 

prototype cell elements, and to some extent improved through coating the top layer 

with polyimide film. Ultimately for using lower amount of liquid crystal mixture, 

the FSS can be design as an interlayer capacitance, with the liquid only in the central 

layer.  

Original contribution: For the first time a tunable liquid crystal FSS with an 

operational frequency of C-band has been designed and manufactured. This 

modified ELC cell illustrates both oil/liquid sensing and high tunability at lower 

microwave frequency range. Moreover the proposed FSS indicates switching 

between complete transmission and no transmission. (see publications, [5] P. Yaghmaee 

et al. 2013, [6] and [7] P. Yaghmaee et al. and [8] A. Ebrahimi and P. Yaghmaee et al. 2013) 
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Material Transfer Agreement 

 

 

 

 

 

MATERIAL transfer agreement for transferring liquid crystal samples 
from Merck KGaA, Frankfurt Str, 250, 64293, Darmstadt, Germany and 
Department of Electrical and Electronics Engineering, North Trace 
Campus, University of Adelaide, Adelaide, South Australia (SA), Australia. 

This appendix includes the complete agreement and the final approval signed by 
both institutions.  
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A.1    Transfer agreement 
……………………………………………………….....------ 

A material transfer agreement (MTA) was organized by Merck KGaA, Frankfurt Str, 

250, 64293, Darmstadt, Germany (hereinafter referred to as “MERCK”) and School of 

Electrical and Electronics Engineering, North Terrace Campus, University of 

Adelaide, Adelaide, South Australia (SA), Australia (hereinafter referred to as 

“RECIPIENT”).  

 

Through signing this agreement, the university had the legal right to purchase liquid 

crystal (licristal) and the newly developed mixture (GT3-23001) for validation and 

testing. However the final data and written article needed to be reviewed by the 

Merck (PM-LR1 department) in Germany before public publishing. A copy of the 

final agreement approval is presented in Fig. A.1  
 

 

 
 

Figure A.1.  

 

 

 

Final material approval. According to this agreement the University of Adelaide was given the 

legal right to purchase, test and validate newly developed liquid crystal mixtures from Merck.  
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Physical constants   

The physical constants used in this thesis are in accordance with a recommendation 

of the Committee on Data for Science and Technology (Mohr and Taylor 2005). 

 

Quantity                                                             Symbol     Value 

vacuum permittivity (electronic constant)                        8.8541 187 817 …× 10-12  F/m 

vacuum permittivity (magnetic constant)                        4  × 10-7  N/A2 

speed of light in vacuum                                                      299 792 458 m/s 
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Acronyms   

FSS frequency selective surfaces, 3 

MEMS micro-electromechanical systems, 5 

CPW coplanar waveguide, 6 

BST barium strontium titanate, 9 

MOCVD metalorganic chemical vapour deposition, 9 

IDC interdigitated capacitor, 10 

SRR split ring resonators, 10 

RHCP right-hand circular polarization, 11 

LHCP left-hand circular polarization, 11 

DCBRA dual-offset contour beam reflector antenna, 13 

LCP liquid crystal polymer, 36 

ISM industrial, scientific and medical, 43 

PEC perfect electric conductor, 47 

CST Computer Simulation Technology, 48 

DSTO Defence Science and Technology Organization, 55 

TUD Technische Universität Darmstadt, 68 

PI polyimide film, 68 

LCD liquid crystal display. 71 

SIR stepped-impedance resonators, 79 

LCP liquid crystal polymer, 79 

MRR multi-layer ring resonator,80 

ADS advanced design system, 82 

ELC electric inductor capacitor, 93 

ANFF Australian National Fabrication Facility, 109 
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