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Abstract—This paper aims to take a step in the direction of an 

emerging technology with the possibility to explore the mostly 

vacant bands of higher frequency. Liquid Crystal is an 

interesting substance in that it presents an anisotropy of 

electrical properties controllable to a degree. With it, it is possible 

to form an electronically-controlled steerable beam: angle-varied 

collimation is achieved through phase-modulating the cells of a 

reflectarray—enabled by exploiting the permittivity-shifting 

properties of the LC, when voltage is applied across its volume. 

This work expands on an existing reconfigurable reflectarray, 

adding an axis of freedom in regard to the beam’s directionality. 

This is done from the ground up, evaluating the phase-law for the 

unit cell; independently generating the differential phase at each 

cell, represented as nodes; applying the concepts to a full wave 

3D simulator and verifying the resulting radiation patterns. The 

operating frequency is 62.5 GHz. The results were mostly 

positive, with a scan loss of around 1 dB and a bi-dimensional 

scan range of −24° to 24°. The maximum directivity recorded was 

25.60 dBi, with radiation efficiency of approximately 25%. The 

SLL varies, its best value −20.5 dB and its worst −7.8 dB. The 

angular errors are under 5°, which is smaller than the beam 

width of approximately 6°. 

 
Index Terms—Liquid Crystal, mmWave, Reflectarray, 

Steerable, Phase-shift, Patch 

 

I. INTRODUCTION 

he constant demand for the ability to deliver an ever-

increasing volume of information is ubiquitous in the 

topic of technological advancement in the field of 

Telecommunications. In essence, there is a severe shortage of 

usable spectrum for the frequency ranges of systems in use 

with the antennas in current widespread operation. 

 

Creative solutions are required, and this prototype makes 

use of higher frequencies, which begets the main benefit of 

keeping away from the densely occupied bands. The 

frequency band between 27 GHz and 300 GHz remain largely 

unused [1]. There are drawbacks, however, as V-band contains 

oxygen’s absorption peak, in addition to the increased free 

space path loss due to the very high frequency, making line of 

sight critical [2].  

Due to these phenomena, the tendency is to lean towards 

applications that are compatible with point-to-point 

 
 

communication rather than a broadcast signal. As such, 

directivity and manoeuvrability are of utmost importance in 

this context, and a dynamically reconfigurable RF frontends 

are desirable. Many implementations already exist for 

reconfigurability, but only a subset of these operate in 

frequency ranges this high. This work pertains to the method 

of variation of dielectric properties by means of Nematic 

Liquid Crystal (NLC) as a specialised medium composing the 

substrate. Liquid Crystal is well suited for a phase-shifting 

medium at these frequency bands due to lower dielectric 

losses at higher frequencies [3]. 

With fast reconfigurability, it becomes possible to track 

targets such as moving receivers, or adapt the area of effective 

illumination, enabling the use of Liquid Crystal technology 

with specialized areas in the field of telecommunications such 

as development of the 5G network (which promises great data 

transfer speeds as well as data diversity and inevitably 

volume, if it is to be the backbone of IoT), 

intercommunication of autonomous vehicles, satellite 

communications as well as space missions in general. The 

concept of electrically controlled dielectric is contrasted to 

mechanically moving parts, such as MEMS and translation 

lenses, both designed to conduct beam-steering. Of these, the 

latter is typically slow to react, cumbersome to integrate in 

streamlined designs and usually present limited angular 

resolution [4]. 

In terms of cost-effective implementations of phase-shifting 

for reconfigurable antenna arrays, this direction of 

investigation is very promising due to its ease of fabrication 

and low manufacturing costs. This is because the LC substrate 

is generally integrated in every cell in one process (many 

implementations utilise capillary action to deliver the LC into 

the cavity). This bypasses the step of requiring separate 

integration of each cell’s components, as they may number in 

the hundreds or thousands in the array [5,6]. Additionally, the 

array can be designed to be maximally flat and thus easy to 

integrate on the profile of a vehicles, such as the roof of a car 

or train, or even the fuselage of an aircraft, space shuttle or 

satellites. Finally, another main advantage is low energy 

consumption, in regard to beam reorientation; to maintain a 

static radiation pattern, the mechanism employs a stationary 

electric field, relying on passive elements in conjunction with 

the biased LC. 

The main objectives of this endeavour revolve around 

breaking into the practical prototyping and spearheading the 
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investigation and development of LC-based electrically 

steerable antennas in V-band and facilitating access to 

information relevant to this field, in the environment of the 

Instituto de Telecomunicações, Lisbon. 

II. DESIGN OF CONCEPT 

As a starting point, the investigation of the use of NLC in 

the conception of highly-directional and electronically 

steerable antennas at millimetre wave frequencies utilizes the 

concept of a planar reflectarray as presented in the 

Reflectarray section of [3]. 

The objective of this reflectarray is to form a planar wave 

with the characteristics described above, from the reflection of 

an incident spherical wave from a waveguide feed positioned 

above the reflectors. This is achieved by modulating the 

incident wave’s phase at spatially sampled points, 

corresponding to the centre of each unit cell. 

To elaborate: visualising EM waves as rays, the phase shift 

achieved in each cell of this reflectarray results from the path 

travelled of each ray inside the cell’s mutable effective 

permittivity. As such, its variation induces a shift in phase 

(∆ϕ = −2∙∆n∙k0∙d , with wavenumber k0, thickness d and 

refractive index anisotropy ∆n = √εr,⊥−√εr,∥). 

In reality, the shift in phase, for a select frequency, is 

caused by virtue of a shift in the cell’s resonant frequency, due 

to the change of permittivity brought by the realignment of the 

anisotropic LC’s rod-like molecule by means of an applied 

electric field [7]. Simplifying, the cases of orthogonal and 

parallel orientations of the LC molecules are represented by 

their measurable relative permittivities εr,⊥ and εr,∥, different in 

value due to the anisotropic properties of the LC. 

Thus, varying the permittivity in this volume results in a 

shift in phase of the ray incident upon a given cell.  

 
Figure 1: An Electrical Field applied to a cell causes the realignment of the 

LC molecule, as represented by the lighter blue 

 

The structure is built upon a ground plane, split into cells. 

The substrate above this is a certain thickness of Nematic 

Liquid Crystal. On top of this substrate, sandwiching the NLC, 

are the square isogeometrical microstrip patches, arranged in a 

regular grid, centred on top of each unit cell (Figure 2). These 

are devised to be electrically connected column-wise with thin 

microstrip filaments, held at a reference ground voltage 

relative to the ground segments, to which the individual cells’ 

required voltages are applied. In this way, the biasing of the 

Nematic Liquid Crystal layer is performed. 

 

 
Figure 2: Layer view of prototype, with inclusion of filament 

 

Criteria for Parameters 

As mentioned above, the structure and choice of elementary 

patch type, as well as the feed method and frequency were 

based on the implementation in [3], that is, a planar reflective 

array with identical square patches spaced out equidistantly in 

a grid. The square geometry was the only investigated patch 

geometry but many more are available [8] and could possible 

yield higher phase ranges. More complex, intricate geometries 

weren’t investigated as the on-site lab’s method of 

photolithography could only just reach the edge precision of 

the order of magnitude necessary for the squares projected in 

the subsequent section. 

The projected operating frequency is 62.5 GHz. This value 

was selected because of the ease of measurement of the 60–

65 GHz frequency band in the RF laboratory available on-site. 

This frequency band is close enough to the projected 77 GHz 

in [3] and its physical components small but not unfeasible to 

physically construct as a functioning prototype. 

The NLC substrate thickness of 0.254 mm was chosen from 

the highest observed experimental use of an NLC layer. The 

range of NLC layer depth as observed in past literature ranges 

from 0.05 to 0.254 mm [3], [9]. Values larger than these do 

not permit the NLC molecules furthest from the boundaries to 

conform to the boundaries’ alignment layers, lowering the 

permittivity dynamic range Δεr. 

The cells are 2.5 mm by 2.5 mm, that is, the edge length is 

approximately half of the operating wavelength. Despite 

slightly undersampling, this spatial sampling rate is sufficient 

in the Institute of Telecommunication group’s experience. 

A reflectarray of 21 by 21 elements was projected and 

simulated, measuring (52.5 mm)2, though a larger array was 

considered, as the illumination taper could be improved. 

Besides simply broadening the array and changing the F/D, it 

would be worth investigating an improvement on the array’s 

feed. In this work, a simple type of horn antenna was 

employed as feed: an open waveguide WR-15 was used, with 

dimensions 3.76 mm by 1.88 mm.  

 

Patch Size versus Phase Range 

The dimensions of the square patch were obtained by 

simulating the unit cell geometry in a full-wave 3D modelling 

program called CST [10], sweeping a range from 0.8 to 

2.2 mm and taking the difference of phase corresponding to 

the dielectric permittivity of the substrate set to its extreme 

values of 2.46 and 3.28 [6]. The resulting phase differential 

was compiled into Figure 3, and the value of 1.2 mm is 

selected for the patch, with maximal phase range Δφ = 174.1°. 
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Figure 3: Phase Range achieved versus Patch size 

 

The resulting measure of simulation accuracy Cells Per 

Wavelength (CPW) which produced agreeing results 

(comparing solvers in CST) was 45 mesh cells per wavelength 

using the Time Domain solver. 

The usage of filaments along columns to enable the task of 

biasing a grid of patches can be seen in [8]. In order to control 

each cell’s applied voltage to the NLC inside it, they require 

an electrical connection imposing a given voltage. Since this 

project makes use of a linearly polarised waveguide as 

reflectarray feed, it is possible to introduce a thin filament of 

microstrip connecting the patches by columns, as the incident 

wave is polarised in a direction perpendicular to the length of 

the filament. Its effect on the phase range can be considered 

negligible. 

The phase is then discretised in order to allow for a digital 

interpretation of this range. Six bins were deemed sufficient 

for this stage of testing. The phase-law used in this work are 

the values of Table I. To follow through, a voltage table is 

required to map these values of permittivity to the 

corresponding voltage that must be applied to each cell. 

 

III. REFLECTARRAY SIMULATION 

The reflectarray design is replicated in the modelling tool 

available in CST, with the aforementioned dimensions. The 

metallic portions of the reflectarray are created (patches and 

groundplane) and only after, via a scripted macro, are the solid 

blocks representing the dielectric substrate of NLC generated. 

This script directly takes the matrix of relative permittivities 

generated externally, and effectively creates each cell with the 

desired characteristics. 

Sufficient angle pairs were simulated and performance 

indicators extracted, and approximate symmetry is assumed 

throughout (while the geometry of the reflectarray with only 

patches is rotationally symmetrical, the addition of the 

filament may have a small effect, as well as the choice of 

vertical polarization). It is to be noted that the full scanning 

range for the collimated beam is taken to be all combination 

angles (θO, θB) between −24° and 24° for each degree of 

freedom. The system of coordinates differs from spherical as 

illustrated in Figure 4. 

 
Figure 4: Coordinate system defined for directional bearing [11] 

 

The radiation pattern represented in Figure 5 is the best 

reproduction that was possible with the variations of substrate 

permittivity due to severe limitation and discretisation of the 

phase-law of the unit cell. 

 

 
Figure 5: Illustrative image of beam-forming at 0º tilt in CST 

 

Simulation Results 

Taking an example of angle pair (θO = 6°, θB = 12°), the 

main planes of radiation are shown in Figure 6, with visible 

merging side-lobe, causing angular deviation. This is due to 

lack of resolution of phase, because of the discretisation 

procedure as well the limits imposed.  

TABLE I 

PHASE DEPENDENCE OF PERMITTIVITY 

 

RELATIVE PERMITTIVITY Phase Range 

2.46 0° 

2.68 -34.3° 

2.83 -69.2° 

2.97 
-105.4° 

3.11 -140.6° 

3.28 -176° 
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Figure 6: Main planes of radiation (θO, θB) of a beam with bearing (6°, 12°) 

 

Recorded in Table II are the extracted values of Directivity 

achieved by the final simulated pencil beam, at the angle 

combinations indicated. These present a relatively low scan-

loss, and are promising as a first stage approximation of the 

prototype designed. Relative to the equivalent ideal aperture 

(31.77 dBi), these values represent a radiation efficiency of 

approximately 25%. 

 
TABLE II 

DIRECTIVITY [DBI] MEASURED AT TILT ANGLE PAIRS 

 0° 6° 12° 18° 24° 

0° 25.10 25.35 25.36 24.96 25.13 

6° - 25.60 25.13 25.32 24.45 

12° - - 24.52 24.54 24.02 

18° - - - 24.57 24.50 

24° - - - - 24.56 

 

Sidelobe Level 

Another important figure is the measured SLL (Sidelobe 

Level). This was obtained by observing the two main planes of 

the beam in cartesian representation and noting down the least 

negative value; these are recorded in Table III. As SLL is a 

measurement of directional purity of the beam, with lower 

values implying less intense sidelobes. It is favourable for the 

values of SLL to be −15 dB or more negative. Defining 

−10 dB as the maximum acceptable threshold, there are indeed 

combinations of angle which do not fall within. 

The reason for the worst value to be at the angular pair 

(6°, 24°), is that there is a requirement for large jumps in 

phase in order to represent it accurately, whereas (0°, 24°) 

conforms to the simpler, more linear case of unidimensional 

panning. Inexact collimation is the result of these large jumps 

in phase which are bluntly approximated due to the phase 

restrictions applied. 

 
TABLE III 

SIDELOBE LEVEL [DB] MEASURED AT TILT ANGLE PAIRS 

 0° 6° 12° 18° 24° 

0° −11.5 −11.6 −9.6 −11.3 −11.1 

6° - −13.0 −11.2 −13.4 −7.8 

12° - - −10.1 −9.3 −10.4 

18° - - - −12.2 −10 

24° - - - - −20.5 

Angular Error 

When tuning the angle, it is expected that the maximum of 

the main lobe points exactly in that direction. This was not the 

case in many angle pairs. In Table IV, the angle error of the 

maximum is recorded. The largest discrepancies are explained 

with similar reasons as in the preceding subsection, in that 

(6°, 24°) presents the least exact collimation, due to inability 

to accurately replicate large phase jumps with the imposed 

limitations. 
TABLE IV 

MAXIMUM ERROR OF ANGLE IN BEARING OF BEAM AT TILT ANGLE PAIRS 

 0° 6° 12° 18° 24° 

0° 0° 0.5° 1° 0.5° 1° 

6° - 0.5° 0.5° 1° 4.5° 

12° - - 0.5° 3° 3.5° 

18° - - - 0.5° 2.5° 

24° - - - - 1.5° 

IV. CONCLUSION 

In summary, this work explained the functioning and 

demonstrated the proof of concept of a two-dimensionally 

steerable beam reflectarray, utilizing NLC substrate whose 

permittivity is controllable. Further development of this 

technology will certainly open many doors in the field of 

Telecommunications. It is sorely required in order to improve 

issues of bandwidth shortage, as well as allowing for novel 

forms of high capacity telecommunication in the context of 

space exploration missions and even satellite communications. 

The final prototype tested was a reflectarray of 21 by 21 

elements. Its unit cell consisted of identical square patches, 

and its substrate simulated to mimic the effective permittivity 

of a selectively biased Nematic Liquid Crystal. 

While the final simulated results yielded less than hoped in 

regard to directivity, with a maximum value of directivity of 

25.60 dBi, representing a radiation efficiency of 

approximately 25%. This is under the 40–60% generally 

accepted as satisfactory for a practical antenna. As proof of 

concept, it is redeeming that the scan loss measured was 

around 1 dB, and only certain angles provoked slight de-

collimation of the pencil beam. This is seen at the angles 

where the SLL is worse, ranging from −20.5 dB to −7.8 dB. 

At these angles, an angular error was presented, confirming 

the slightly incorrect collimation of the beam, caused by 

imposed designed limitations, as to approach realism.  
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