
 

  

Abstract—In the trajectory of millimeter-wave (mmW) 

reconfigurable components advancement leveraging liquid 

crystals (LCs), a comprehensive array of planar and non-planar 

transmission lines, along with their diverse iterations, has 

emerged over the past two decades. This study introduces a 

unified framework for impedance characterization and 

benchmarking employing three distinct methodologies, i.e., Zpi 

(power-current), Zvi (voltage-current), and Zpv (power 

voltage). These frameworks are applied to three types of 

phase-variable transmission lines, namely, inverted microstrip 

line (IMSL), strip line (SL), and coaxial line (CL), each 

integrated with highly anisotropic nematic LCs as electronically 

tunable mediums. While these three topologies feature dual 

conductors, their fundamental disparity lies in the presence or 

absence of non-tunable dielectrics, thus influencing the 

interaction of mmW power with the transmission lines. 

Computational benchmarking at 60 GHz affirms the 

phenomenon of Zpi>Zvi>Zpv across the three topologies, albeit 

with varying degrees of deviation contingent upon geometric 

aspect ratios of the core line width to the LC layer thickness, as 

well as the permittivity ratio between tunable (LC) and 

non-tunable dielectrics (specifically pertinent to IMSL). 

Notably, aiming for 50 Ω at 60 GHz and with identical LC 

permittivity, the maximum deviation among the three 

impedances is 2.496 Ω for the IMSL, followed by 2.015 Ω for the 

strip line, and a minimal 0.254 Ω for the coaxial counterpart. 

Arguably, the deviations reduce with the enhancement of 

shielding towards a true TEM mode. Based on the impedance 

characterizations, a conservativeness assessment of TE11 cutoff 

guard band allowance for 300 GHz LC-filled coaxial phase 

shifters is conducted. Extending the implications of these 

findings, such a nuanced understanding of impedance 

characteristics and deviation patterns is instrumental in 

optimizing the design and performance of mmW reconfigurable 
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components utilizing LC-based transmission lines towards 

enhanced adaptability and performance in diverse applications 

such as 5G/6G wireless communication networks, radar 

systems, and beyond. 

 
Index Terms—characteristic impedance, coaxial, delay line, 

inverted microstrip, liquid crystal, millimeter-wave, phase 

shifter, strip line, terahertz, 60 GHz  

 

I. INTRODUCTION 

EMATIC liquid crystal [1] is well-recognized as a 

functionally anisotropic dielectric material (molecules 

in nanoscale), featuring an electronically (or magnetically) 

variable electric permittivity (dielectric constant in the 

macroscopic scale) that can be leveraged for electromagnetic 

(EM) wave speed control (i.e., phase shifting or time 

delaying of an EM wave signal), and hence the wavefront 

manipulation (e.g., beamforming and beam steering) if 

grouping the various phase-shifted radiators in an array [2]. 

The underpinning components enabled by the nematic liquid 

crystal for realizing these wavefront (beam) reconfigurability 

are arguably phase shifters.  

The full-stack developments of nematic liquid crystal 

(abbreviated as LC)-enabled dielectric-tunable transmission 

line phase shifter devices have been evidenced in our pilot 

works reported in [1][2], targeting 54 GHz to 66 GHz 

beam-steering applications, e.g., WiGig (Wireless Gigabit) 

[3], and intelligent reconfigurable surfaces (IRS) [4], albeit 

tremendous challenges remain for global commercialization 

at a reasonable cost whilst upholding undegraded 

performance (e.g., the phase-shifting precision, the 

phase-controlling stability or uncertainty, the response speed, 

the temperature stability or reliability, the insertion loss 

predictability, the mixed-signal integrity, among many others 

[5]).   

Various complementary techniques [5] have been 

implemented afterwards to upgrade the relevant device’s 

figure-of-merit [6], minimize the insertion loss imbalance [7] 

(amidst diverse tuning states of LCs by applying different 

amplitudes of the voltage), reduce the footprint (by 

meandering the shielded coplanar waveguide [8]), and so on, 

in addition to many fundamental science contributions [9] 

from the foundational electromagnetic science parlance to the 

betterment of the overall application system performance.  

Specifically, we identified three different types of 

characteristic impedance (Z) characterizing methods (i.e., 
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power-current, power-voltage, and voltage-current) when 

studying the behavior of Z versus  (the LC thickness) for 

LC-filled coaxial phase shifters at the unlicensed 60 GHz 

band [10], wherein we concluded that the power-current and 

voltage-current methods closely agree (with each other), 

while the power-voltage technique shows a lower estimate by 

simulation (albeit the deviation is less than 0.4 Ω for the 

coaxial situation [10]). 

There is, however, to the best of our knowledge, a lack of 

cross-referencing or generalization to the mainstream planar 

transmission line structures, e.g., strip lines (SL) [11][12], 

microstrip lines [13][14][15], and more specifically, inverted 

microstrip lines (IMSL) [16][17] that suits the LC 

accommodating purpose. 

 To this end, this work explicitly bridges this gap by 

compiling the up-to-date results of the planar (IMSL and SL) 

ones (besides those from the non-planar coaxial ones that 

have already reported [6][10]) and verify the applicability of 

the three characteristic impedance (Z) characterization 

approaches (power-current, power-voltage, and 

voltage-current), i.e., we seek to understand the deviations 

encountered amidst the Z results that diverse characterizing 

methodologies deliver, and if the implications apply to all the 

transmission lines as mentioned above.  

This paper is decomposed into two main parts. Section II 

comparatively studies (by simulation) the characteristic 

impedance characterization of SL, IMSL, and coaxial delay 

lines (all based on the LC-combined technology) with three 

distinct computationally-measuring approaches (numerically 

simulated and benchmarked with theatrically derived results 

at 60 GHz by way of illustration). Based on the insights and 

conclusions drawn from section II (informing the LC-based 

phase shifter device design at an early stage of the device’s 

geometry regulation, i.e., as per the 50 Ω standard of 

impedance matching), section III follows as an applied study 

into one of the three transmission line topologies (i.e., the 

LC-filled coaxial delay line) for achieving a variable phase 

shifter. More specifically, we advance the existing design 

knowledge from 60 GHz to 300 GHz (i.e., 0.3 THz), wherein 

a guard band allowance (by percentage) is defined and 

evaluated to keep away from the higher-order-mode cutoff 

conservatively.  

II. METHODS AND RESULTS 

With a dedicated finite-element method (FEM) based 

full-wave electromagnetic (EM) solver, the input wave port 

impedances (Z) of the LC-filled phase shifting devices are 

computed at 60 GHz in the aforementioned three 

characterization paradigms, i.e., power-current (Zpi), 

power-voltage (Zpv), and voltage-current (Zvi), for three 

geometry types of IMSL, SL, and coaxial phase shifters, all 

filled with the nematic LCs of the similar material grade 

[18][19][20], i.e., with a dielectric constant (Dk) of 3.3 at the 

maximally achievable dipole moment state. Readers 

interested in delving into the mechanism of the variable 

dipole moment of LCs can refer to [1] for more physics and 

mathematics. 

The formulas for the three calculation paradigms are 

mathematically summarized and described by (1)(2)(3) 

below, respectively, while the analytical expression 

(TEM-mode assumed) for the coaxial topology [6] is 

governed by (4), wherein  represents the effective 

dielectric constant (Dk) of the medium (media) surrounding 

the wave-guiding conductors for a transmission line or a 

waveguide,  represents not only the filled LC thickness 

for the tunable dielectric layer sandwiched, but also the 

spatial distance between the core and ground conductors, and 

 indicates the diameter of the core conductor. 

 

                                                                             (1) 

                                                                              (2) 

                                                                                (3) 

                                              (4) 

 

For the IMSL and SL phase shifters, the filled dielectric 

thickness (i.e., the nematic LC thickness of ) is fixed at 

0.1 mm for a decent trade-off between the tuning speed and 

the insertion loss. Note that the trade-off competition here has 

yet to constitute a geometry optimization that is being 

conducted. Based on the assumption of =0.1 mm, a 

parametrization against the core line width ( ) is carried 

out.  

Since voltage is not uniquely defined for quasi-TEM 

structures, the computational results of the Zpv, Zvi, and Zpi 

are envisioned to be away from equalizing, with the 

deviations differing in different topologies, due to the various 

paths used to compute the voltage.  

The input port impedance characterization results for the 

LC-filled SL phase shifter are plotted in Fig. 1. Looking more 

closely at the  of 90 µm (wherein the 50 Ω impedance 

matching is obtained for the Zpi metric), a 2.015 Ω deviation 

is evidenced amidst the three methods. 

 

Fig. 1.  Full-wave FEM characterization and theoretical benchmark of Z for 
LC-filled strip line phase shifter at 60 GHz, with nematic LC fully biased at 

Dk=3.3 (saturated state). 
 

A similar working principle is applied to the LC-filled 

IMSL phase shifter at the maximally biased LC state. Here 

the air-box radiating boundary (as per the real-world practice 

for a device without installing metal enclosures) applies as 

per our latest work analyzed from the angle of device 

packaging and symmetry [9]. As observed from Fig. 2, the 
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computed Z deviations of up to 2.496 Ω amidst the three 

approaches are acquired and illustrated at 60 GHz, 

parameterizing  at which Zpi of 50 Ω is obtained at 

 of 0.1616 mm. The results of various Z for the 

LC-filled coaxial one are shown in Fig. 3, with the maximum 

deviation (at Zpi of 50 Ω) limited to less than 0.254 Ω amidst 

the three methods as well as the theoretical approach. 

 
Fig. 2.  Full-wave FEM characterization of Z for LC-filled IMSL phase 
shifter at 60 GHz, with nematic LC fully biased at Dk=3.3 (saturated state). 

 

Fig. 3.  Full-wave FEM characterization and theoretical benchmark of Z for 

LC-filled coaxial phase shifter at 60 GHz, with nematic LC fully biased at 

Dk=3.3 (saturated state). 

 

If we replace the LC material with a new one that exhibits 

the maximally achievable Dk of 3.68 at the saturated bias, the 

conducted 50 Ω search for the  is shown in Fig. 4. 

Comparing the results of Fig. 4 with those in Fig. 2, the 

increased Dk of the filled dielectric tends to reduce the Z, and 

hence relatively lower values of  are evidenced (in Fig. 

4) for the 50 Ω match, i.e., 0.145 mm here (<0.1616 mm for 

IMSL with Dk of 3.3 in maximum). This well agrees with the 

physics of the tunable dielectrics. At  of 0.145 mm (50 

Ω for Zpi), the maximum deviation amidst the three 

approaches is within 0.6027 Ω, i.e., far lower than that of the 

LC IMSL design with Dk=3.3. Note that the results shown 

for both the LC IMSL designs (Dk=3.3 at Fig. 2, and 

Dk=3.68 at Fig. 4) are obtained by simulations in a unified 

computational framework (i.e., following the same regulation 

of the adaptive meshing and convergence). 
 

Fig. 4.  Full-wave FEM characterization of Z for an LC-filled IMSL phase 

shifter at 60 GHz, with nematic LC fully biased at Dk=3.68 (saturated state 
of a new grade of nematic LC material). 

 

In summary, an electromagnetically closed structure (e.g., 

coaxial) is likely to exhibit the lowest deviation in Z amidst 

the diverse characterization methods of Zpi, Zpv, and Zvi. 

For the same geometry type (e.g., the semi-open IMSL), 

using the LC material with a higher achievable Dk tends 

mitigating this discrepancy between Z using diverse 

characterization approaches.  

Interestingly, comparing our results (insights) derived 

from our LC-based transmission lines (planar IMSL and 

non-planar, i.e., coaxial and SL) with previous people’s 

analysis into waveguides [21], the key pattern is reshuffled, 

i.e., Zpi>Zvi>Zpv (derived in this work on transmission 

lines) as compared with Zpv>Zvi>Zpi (derived by [21] on 

rectangular waveguides WR-90 and WR-42, as well as 

circular waveguides). The comparison is qualitatively 

summarized in Table I below. More specifically, the 

computed characteristic impedances of both transmission 

lines and waveguides exhibit the averaged (more precisely, 

intermediate) level when using the voltage-current approach 

(Zvi) to calculate. 

 
TABLE I 

RESULTS COMPARISON OF CALCULATION-APPROACH-DEPENDENT 

IMPEDANCE CHARACTERIZATIONS 

Z Status 

This work on three 

transmission lines 
filled with LC 

Rectangular and circular 
waveguides [21] 

Highest Zpi Zpv 

Intermediate Zvi Zvi 

Lowest Zpv Zpi 

 

Based on the foundational results and observations 

obtained above on the impedance characterization for 

LC-embedded transmission line design, an LC-filled coaxial 

phase shifter is continued to be investigated in a case study 

upscaling from 60 GHz to 0.3 THz (i.e., 300 GHz), as 

elaborated in section III. 
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III. CONSERVATIVENESS ASSESSMENT OF GUARD BAND 

ALLOWANCE FOR LC TERAHERTZ COAXIAL PHASE SHIFTERS 

Our foundational works on LC coaxial phase shifter at 300 

GHz [22][23] feature the extensiveness in terms of offering a 

differentiated methodology and purpose of existing studies, 

such as coaxial transmission line design, suppression of 

higher-order modes, constitutive loss quantification, 

leveraging analytical and simulation-based approaches, 

primarily aimed at addressing the varying levels of tension 

between THz frequency challenges and protocols. One of our 

unanswered questions, however, is the conservativeness of 

the guarding band boundary (25% defined in our first 

documented design [22]), and the resultant phase shift 

compromise (to be further elaborated in this work). 

A. Perturbing Guarding Band and Benchmark Results 

To further the previous 300 GHz critical structure 

identification (TE11 mode cutoff with 25% guarding band 

applied, i.e., pushing the cutoff frequency from the 300 GHz 

upwards to 375 GHz), the solutions of LC thicknesses and 

core line diameters for the filled LC’s dielectric constant (Dk) 

from 1 to 5 are plotted in Fig. 5.  

By investigating the redundancy level that is perturbative 

from 0% (no allowance) to 50% by design, the corresponding 

critical structural geometry of the 300 GHz operation device 

is derived mathematically (as per the assumptions detailed in 

[22]) from the LC thickness of 0.1148 mm and the core line 

diameter of 0.07688 mm (0% allowance) to the LC thickness 

of 0.07653 mm and the core line diameter of 0.05125 mm 

(50% allowance), all based on the 50 Ω matched at the LC 

isotropic state (Dk=2.754). 

Fig. 5.  Analytical solutions of LC-filled coaxial critical structure sizes for 
TE11 mode-cutoff at 375 GHz (25% allowance reserved for 300 GHz 

operation, critical geometry identified based on critical wavelength 

formulation proposed in [22]). 

 

Accordingly, the maximum differential phase shifts (Fig. 

6), maximum insertion losses (Fig. 7), and hence the resulting 

figure-of-merit (FoM, see Fig. 8) are quantified and 

compared with the analytical results (scaled from 60 GHz to 

300 GHz based on electronics theory). All the scattering 

parameters are renormalized to 50 Ω for emulating the 

connectors’ effect in practice. In accordance with the 60 GHz 

characterization results [6] for the LC-filled coaxial phase 

shifter’s FoM (102.46°/dB) and the phase shifting capability 

per unit length and per unit gigahertz (1.884°/dB/GHz), the 

theoretically predicted differential phase shift that can be 

achieved at 300 GHz should be 565.327°, whereas the 

simulated result here gives 206.087° as confirmed by the 

semi-theoretical result of 206.6812° (for the 0% allowance 

one), i.e., a 63.5% decline is evidenced (benchmarked with 

the 565.327° prediction by scaling from 60 GHz to 300 GHz). 

This also leads to a 64.7% slump in the claimed FoM (from 

102.46°/dB at 60 GHz to 36.16894°/dB at 300 GHz). 

Fig. 6.  FEM-based full-wave simulated maximum differential phase shift of 
300 GHz LC coaxial phase shifter designs based on guard band perturbating 

from 50% (1.5 times the operational frequency) to 0% (no reservation), 
number of modes set as 1 on both ports to enforce single-mode-only input 

and observation (results benchmarked by semi-theoretical semi-numerical 

study incorporating effective permittivity computed for coaxial transmission 
line at extreme tuning states of LC). 

 

Fig. 7.  FEM-based full-wave simulated performance of maximum 

differential phase shift and maximum insertion loss of 300 GHz LC coaxial 

phase shifter designs based on guard band perturbating from 50% (1.5 times 
the operational frequency) to 0% (no reservation), number of modes set as 1 

on both ports to enforce single-mode-only input and characterization. 
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Fig. 8.  FEM-based full-wave simulated FoM of 300 GHz LC coaxial phase 

shifter designs based on guard band perturbating from 50% (1.5 times the 

operational frequency) to 0% (no reservation), number of modes set as 1 on 
both ports to enforce single-mode-only input and observation. 

 

Comprehensively, although the decrease in FoM is 

partially due to the surge in the insertion loss, which has well 

been explained in our loss decomposition study [6][22], the 

phase shifting degradation has yet to be interpretable from the 

mmW electronics theory. From the phase-shifting gap 

observed between the theoretically scalable electronics and 

computational electromagnetics, we arguably predict the 

existence of higher-order modes that occur at the THz range. 

These parasitic modes not only dissipate the transmission 

power of the fundamental coaxial TEM mode, but also 

reduce the effectiveness of the tunable dielectrics in 

reconfiguring the phase of interest. 

B. Application Scopes at THz 

Like inkjets are for more than printing [24], terahertz 

(THz) is for more than imaging, it can build high-data-rate 

communications [25] and much more [22]. Ultra-high-speed 

wireless communications, technically possible at 

sub-millimeter-wave (sub-mmW) and THz frequencies, are 

essential for the development of next-generation networks 

(such as 5G and beyond) [4], targeting not only ground 

applications (e.g., cloud XR, data center, indoor hotspots), 

but also space (e.g., intersatellite communication [7], 

spaceship communication), and even chip-to-chip 

communication [26]. Therefore, the scientific and technology 

community will gain a great deal from any research that 

presents new ideas or even enhances current technologies.  

Among the tsunami of new technologies and research 

efforts, liquid crystal (LC) enabled reconfigurable 

components have been gaining traction in the recent two 

decades [5] due to their continuous tunability (i.e., 

high-resolution tuning) when exposed to a 

low-power-consuming voltage driving field [27] in place of 

power-hungry magnetic tuning [28]. The tuning functionality 

can be multi-purpose by design, e.g., phase [22][23], 

amplitude [7], frequency [29], polarization [30]. Relevant 

demos have been evidenced in the realms of microwave [7], 

mmW [31], and catching on to THz [32] recently, driving 

new waves of fast-growth innovation and companies spun 

out. By way of illustration, Fig. 9 below depicts the wide 

scopes of applications in astrophysics, detection, sensing, 

biomedical, farming, and even for the cultural heritage 

protection [33]. 

Fig. 9.  A sketch of potential applications of LC-filled transmission 
line-based phase shifters in planned terahertz communication spectrum from 

252 GHz to 333 GHz. 

IV. DISCUSSION AND CONCLUDING REMARKS 

A. Summary of New Contributions and Implications 

At the outset of the paper, this work contributes a unified 

impedance characterization framework by benchmarking 

three methods, i.e., Zpi (power-current), Zvi 

(voltage-current), and Zpv (power voltage) for three distinct 

types of phase-variable transmission lines, i.e., inverted 

microstrip line, strip line, and coaxial line, all filled with 

highly anisotropic nematic LCs embedded as electronically 

tunable media. While the three topologies all exhibit two 

conductors, the main difference is de facto the existence of 

non-tunable dielectrics or not, and thus the impact from the 

mmW power shared with them.  

First, the 60 GHz computational benchmark results in this 

work validate that the Zpi>Zvi>Zpv phenomenon applies for 

the three transmission-line topologies but varies in the 

deviation levels that are a function of the geometry aspect 

ratio of core line to LC layer thickness, as well as the 

permittivity ratio of the tunable (LC) to non-tunable 

dielectrics (for IMSL only). Based on identical LC 

permittivity at 60 GHz, the maximum deviation amidst the 

three impedances of IMSL is 2.8 Ω, while the strip line 

exhibits 2.01 Ω, and it drops to 0.4 Ω for the coaxial one.  

Expanding on the implications of these results, a more 

sophisticated comprehension of impedance properties and 

deviation patterns is crucial for improving the performance 

and design of mmW reconfigurable components that use 

LC-based transmission lines. This will lead to increased 

adaptability and more precise performance prediction in a 

variety of applications, including radar systems [34][35], 

5G/6G wireless communication networks and high-precision 

detection [36]. 

Another implication from the applied study reported in 

section III is the polyimide (PI)-free liquid crystal (LC) phase 

shifter, which has the advantage of quicker tuning response 

than conventional PI-rubbed alignment-based devices. One 

of the technical realization possibilities in terahertz is 

structuring the LC layer coaxially, thus reconfiguring 

between the isotropic LC status (no PI anchoring required) 

and the saturated LC status (low-frequency voltage applied to 

the core line and outer conductor for dipole reorientations). 

While the phase shifting and dissipative loss were 
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numerically predicted at 0.3 THz and compared with the 60 

GHz design in the millimeter-wave regime laying out in our 

first feasibility study, one unanswered question is the 

conservativeness of the TE11 cutoff guard band proposal we 

conceptualized for the 0.3 THz LC coaxial phase shifter 

designs.  

Specifically, a 25% guarding band was reserved away 

from the TE11 mode cutoff frequency, resulting in a reduced 

device footprint, tighter tolerances in manufacturing, and 

hence a surge in the overall costs. The guard banding 

redundancy level is thereby reinvestigated in this work by 

parametrizing from 50% (i.e., the 0.3 THz TEM operated 

device is designed as per the 0.45 THz TE11 cutoff standard) 

downwards to 0% (i.e., no guard banding protection), 

figuring out the updated patterns of the phase shifts 

(differential) and forward transmission coefficients (insertion 

loss) to answer the question concerning the possibility of 

relaxing the conservative assumption for staying away from 

the vulnerability of higher-order modes for a reduced cost 

and enhanced manufacturability. Results reveal that the 

full-wave scalability theory from microwave electronics fails 

to interpret the significant degradations of phase shifting 

capability per unit length and per unit frequency (by 63.5%), 

as well as the figure-of-merit (decline by 64.7%) in the 0.3 

THz designs (as compared with the 60 GHz ones), for which 

photonics is envisaged to decipher the struggled 

higher-order-mode quantification problem. 

B. Scope for Future Research 

In future work, we will present a comprehensive analysis 

and results, encompassing not only the operational case for 

the lowest dielectric constant (Dk) tuning state with liquid 

crystal (LC) but also the scenarios without LC. These include 

pre-injection and post-disposal states, where the cavity is 

dielectrically filled with air by default, as illustrated in Fig. 

10. To enhance accuracy, we will introduce LC-specific 

closed-form expressions along with discrete air-filled states 

(Dk of 1.00059), replacing the traditional formulas that 

account solely for the LC Dk tuning range. Consequently, the 

device's maximum operational impedance, inclusive of 

pre-commissioned and decommissioned states, is expected to 

increase by a factor of 1.659, assuming the lowest operational 

Dk of LC is 2.754, as reported in [6] and [22].  

Fig. 10.  A schematic representation of air-filled dielectric state in 

LC-enabled coaxial phase shifter (prior to LC injection or post-disposal of 

LC), to be incorporated into the analysis of device's various operational 
states in future work. 

For the applied study into the 0.3 THz LC-filled coaxial 

phase shifter, future work underway is committing the ideas 

towards unifying the insertion loss degradation (observed in 

the past) and the phase shift compromise (raised in the 

current work) from mmW to THz, igniting the ambition of 

achieving an operational THz coaxial LC phase shifter 

rollout without sacrificing the phase-shifting scalability. 

Leveraging state-of-the-art LC photonics at THz [37] and 

beyond [38] both computationally and experimentally will be 

attempted to probe and validate the theoretical scalability 

limit of LC-combined mmW electronics [39] towards THz 

[40] and optical wavelengths [41].  

Specifically, new paradigms (addressing the 

computational vulnerabilities as spotted in [42]) and 

algorithms (beyond conventional FEM [43][44][45]) will be 

proposed to complement the full-wave theoretically scalable 

electronics in addressing the inferior characterization 

accuracy problem in the THz regime. 
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