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Abstract: This work serves as the first simulation investigation to tackle the liquid crystal (LC)-
filled coaxially structured continuously variable phase shifter at 60 GHz, wherein the LCs act as
single tunable dielectrics fully occupying the millimeter-wave (mmW) power transmitted (i.e., free
of leakage or interference). Impedance and effective dielectric constant computations are settled,
followed by the quantification of the interplay between the dielectric thickness and the dielectric
constant (Dk) for a controlled 50 Ω impedance. Geometry’s aspect ratio (AR) effects are exploited
for the coaxially accommodating topology filled with mmW-tailored LCs with an operatable Dk
range of 2.754 (isotropic state) to 3.3 (saturated bias state). In addition to the proposed structure’s
noise-free advantages, a novel figure of merit (FoM) enhancement method based on Dk-selection-
based impedance matching is proposed. The optimum FoM design by simulation exhibits a 0–180.19◦

continuously variable phase shift with a maximum insertion loss of 1.75871 dB, i.e., a simulated
FoM of 102.46◦/dB when the LC-filled coaxial geometry is 50 Ω and matched with the Dk of 2.8,
corresponding to the dielectric thickness of 0.34876 mm and line length of 15.92 mm. The envisioned
device fabrication and assembly processes are free of the conventional polyimide alignment agent
and the related thermal and electrical concerns. Significant cost reduction and yield improvement can
hence be envisaged. The topology can also serve as a test structure for broadband characterizations
of LC materials and new electro-optical effects.

Keywords: microwave; millimeter-wave; phase shifter; insertion loss; figure of merit; coaxial; delay
line; liquid crystal; impedance matching; dielectric loss; conductor loss; 60 GHz

1. Introduction

In recent decades, a surge of interest has been registered in the electronically reconfig-
urable microwave (MW) [1] and millimeter-wave (mmW) [2] components with low power
consumption [3] and nonmechanical movements [4]. This is due to the growing demand
for flexible and adaptable MW and mmW systems for use in both communications [5–8]
and noncommunication applications [9,10], as illustrated by Figure 1 below.

The targeted reconfigurable modality of either phase (e.g., wavefront phase control for
beam steering [11]), frequency (e.g., tunable resonance for band-pass, band-stop filters [2],
and spatial filtering such as frequency-selective surfaces [12]), amplitude (for variable
attenuation [13]), or polarization (e.g., smart antennas [14,15]) is envisaged to be adaptively
modulated to meet the dynamically changing requirements of agile environments or appli-
cations. In the context of the increasingly congested frequency spectrum and complicated
systems, reconfigurability is thus highly sought after (or mandatory in the future electronics
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roadmap) to achieve increased system efficiency, improved performance, and reduced time
(and cost) on development and maintenance.
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Figure 1. Illustration of mmW reconfigurable applications (60 GHz and beyond). 

Reconfigurable MW components (e.g., phase shifters [16,17]) are designed to be dy-
namically adjustable, allowing them to change their electrical characteristics (e.g., wave 
speed and output signal phase) in response to changing modalities (e.g., temperatures, 
electric fields, magnetic fields, and light intensity). This is conventionally achieved 
through the use of active or passive components, such as MEMS (microelectromechanical 
systems) [2], varactors [18], or solid-state switches (e.g., p-i-n diodes [6], field effect tran-
sistors), wherein the high-precision structure paĴerning for higher frequencies can resort 
to state-of-the-art micro- [19] and nanomachining [20,21] techniques. These devices are 
ultra-fast responders, but their resolution is limited spatially (e.g., limiting the accuracy 
of beam steering angles).  

Liquid crystals (LCs) in the nematic phase [22] are remediating this spatial resolution 
challenge due to their continuous tunability [23], which is subjective to external stimuli, 
e.g., low-frequency low-amplitude electric voltage bias (of low power consumptions) for 
our enclosed coplanar waveguide phase shifter filled with LCs [24] or high-current-driven 
magnetic bias (of higher power consumptions) for certain metallic waveguides [25] and, 
more recently, dielectric waveguide-based topologies [26] that accommodate LCs. The na-
noscopically molecular orientations of LCs can be macroscopically represented by direc-
tors [22,27] that are controllable by these external stimuli (electric, magnetic, temperature, 
or deformation fields). Fundamentally, their molecular shape anisotropy [24] and the re-
sulting produced variable dipole moments can be exploited to develop a variable dielec-
tric constant (dependent on the interacted field direction) for reconfigurable phase and 
wavefront steering applications (e.g., tunable filters [28], variable phase shifters [29], tun-
able antennas [30], and antenna arrays [31]). Arguably, the 5G/6G, IoT, vehicle, and satel-
lite markets are becoming growth engines for the LC mmW industry.  

In realizing these applications, how to accommodate LCs (liquid-like dielectric with 
fluidity) in a suitable transmission line (or waveguide) structure (with low insertion loss 
and a high tuning range) is of research interest. However, the status of LC mmW compo-
nents is still primarily limited to planar, low-speed tuning applications. New methods and 
structures should be in place to increase their acceptance in wider scenarios targeting 
wider stakeholders. Pondering about the year just past, we proposed a novel, partially 
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Reconfigurable MW components (e.g., phase shifters [16,17]) are designed to be dy-
namically adjustable, allowing them to change their electrical characteristics (e.g., wave
speed and output signal phase) in response to changing modalities (e.g., temperatures, elec-
tric fields, magnetic fields, and light intensity). This is conventionally achieved through the
use of active or passive components, such as MEMS (microelectromechanical systems) [2],
varactors [18], or solid-state switches (e.g., p-i-n diodes [6], field effect transistors), wherein
the high-precision structure patterning for higher frequencies can resort to state-of-the-art
micro- [19] and nanomachining [20,21] techniques. These devices are ultra-fast responders,
but their resolution is limited spatially (e.g., limiting the accuracy of beam steering angles).

Liquid crystals (LCs) in the nematic phase [22] are remediating this spatial resolution
challenge due to their continuous tunability [23], which is subjective to external stimuli,
e.g., low-frequency low-amplitude electric voltage bias (of low power consumptions) for
our enclosed coplanar waveguide phase shifter filled with LCs [24] or high-current-driven
magnetic bias (of higher power consumptions) for certain metallic waveguides [25] and,
more recently, dielectric waveguide-based topologies [26] that accommodate LCs. The
nanoscopically molecular orientations of LCs can be macroscopically represented by direc-
tors [22,27] that are controllable by these external stimuli (electric, magnetic, temperature,
or deformation fields). Fundamentally, their molecular shape anisotropy [24] and the
resulting produced variable dipole moments can be exploited to develop a variable di-
electric constant (dependent on the interacted field direction) for reconfigurable phase
and wavefront steering applications (e.g., tunable filters [28], variable phase shifters [29],
tunable antennas [30], and antenna arrays [31]). Arguably, the 5G/6G, IoT, vehicle, and
satellite markets are becoming growth engines for the LC mmW industry.

In realizing these applications, how to accommodate LCs (liquid-like dielectric with
fluidity) in a suitable transmission line (or waveguide) structure (with low insertion loss and
a high tuning range) is of research interest. However, the status of LC mmW components
is still primarily limited to planar, low-speed tuning applications. New methods and
structures should be in place to increase their acceptance in wider scenarios targeting
wider stakeholders. Pondering about the year just past, we proposed a novel, partially
shielded coplanar waveguide with metasurfaces for LC phase shifters beyond 67 GHz [32],
79 GHz meandering enclosed coplanar variable delay lines in LCs encapsulated within
independent and shared cavities [33], and a 60 GHz 0–360◦ passive analog delay line in
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LC technology based on a novel conductor-backed fully enclosed coplanar waveguide [34].
These structures are compact and planar (semi-planar) in nature, meaning that the core line
is semi-open or partially open and, hence, is vulnerable to electromagnetic interference
(crosstalk) [35], higher-order modes [24], noises, and related unstable problems [36] that
can compromise the device’s performance and reliability, in particular at higher-frequency
mmW regimes.

The classically established coaxial structure, featuring a fully enclosed core line (i.e.,
anti-interference), however, is seldom reported in the use for LC MW or mmW components.
The coaxial transmission line structure features excellent shielding against electromagnetic
interference (EMI). Furthermore, the fully enclosed metal housing also provides mechanical
stability, making them well suited for use in harsh environments. The combination of
the coaxial structure with the tunable LCs is arguably a novel approach to phase shifting.
By quantifying the performance (advantages and limitations) of this type of device using
Ansys HFSS (a high-frequency structure simulator in version 2022 R1), the simulated
evaluation to be reported for the first time in this work will provide important insights
into its behavior, which can be used to optimize the design of the device and improve its
performance for reconfigurable mmW applications.

2. Materials and Methods
2.1. Tuning Mechanisms and Tuning States Investigations

Macroscopically, the tuning mechanism of the phase shifter is illustrated by our device
prototype of an LC-filled enclosed coplanar waveguide (ECPW) delay line [24] shown in
Figure 2. Note that the conveyance of low frequency (LF) bias voltage signal is along the
same signal path as the radio frequency (RF) signal to be transmitted. To avoid the possibly
disruptive effect of the LF (DC) bias going further down the RF path (e.g., towards the
vector network analyzer for device characterization or towards an antenna radiator in a
phased array system), a pair of three-port bias tees (e.g., models from Picosecond Pulse
Labs or equivalent vendors encompassing a coaxial bias insertion tee and DC blocking
capacitor inside the block) can be implemented accordingly to decouple the mixed signals,
thus ensuring that the targeted RF signal output path is free of the LF bias component.
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of an LC-filled ECPW 0–180◦ variable delay line (phase shifter) device [24] with mixed signals of RF
(for transmitting) and LF (for LC biasing) decoupled by bias tees.
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To distinguish the two signals (LF and RF) in Figure 2 for ease of understanding, lines
and characters in red represent the RF signal to be transmitted, while the flow of the LF
voltage bias is denoted in black. Note that the real device shown in Figure 2 (with measured
performance documented in [24]) is for illustration purposes only, i.e., without indicating
any measurement results to be reported from the current simulation-only study into the
LC-filled coaxial structure in this work.

Looking analytically into the standalone LC-based phase shifter itself (as bounded by
the dashed box in purple from Figure 2 above), the obtained differential phase shift ∆Φ21 is
mathematically governed by Equation (1), where c is the speed of light, f is frequency, L is
the length of the delay line, and εeff1 and εeff2 are the two states of the effective dielectric
constant induced by diverse bias voltages, respectively.

∆Φ21 = ω∆t =
2πfL

c
|√εeff1 −

√
εeff2|. (1)

Similar equations have been reported extensively in a majority of papers [26,29] con-
cerning LC-based mmW phase shifting devices, whereas very seldom does it fundamentally
understand the quintessence underpinning the tuning problem, i.e., the distinction between
the tuning range (tunability) of LC materials and the tuning range of the whole delay line
(phase shifter) device. As such, the concept of wave-occupied volume ratio (colloquially
referred to as mmW power concentration ratio) between tunable dielectrics and nontunable
dielectrics was first theorized in our past works on multidielectric-encompassing delay line
systems (e.g., inverted microstrip [29], floating-electrode-free coplanar [37], and enclosed
coplanar [24]), which demystifies the distinction between a device’s tuning range and a
materials’ tunability. Compared to our established LC-based inverted microstrip [29] or
enclosed coplanar waveguide phase shifters [24] that encompass multiple dielectrics (i.e.,
LCs as tunable dielectrics and a PCB as a nontunable dielectric), the LC-filled coaxial phase
shifter proposed in this work is arguably a single-dielectric delay line (signal propagating
purely in LC tunable dielectrics without the nontunable dielectric PCB part), with LCs
entirely enclosed by two concentric spherical conductors (core line and outer housing).

In this work, the core line geometry of the proposed coaxial delay line is as per the
state-of-the-art, commercially available 1.85 mm coaxial connectors tailored for 60 GHz
and beyond to minimize geometry discontinuity and related higher-order modes, i.e., with
the core line’s diameter measuring 0.009 inch (0.23 mm). The dielectric material filling the
coaxial cavity is the GT3-24002 type of LC with the material’s dielectric constant maximally
characterized as 3.3 [17] at the saturated bias state (i.e., denoted as Dk∥ for the molecular
directors in parallel with the mmW polarization), with the corresponding dissipation factor
(DF∥) reaching its lowest point of 0.0032 at 60 GHz [24].

Note that the minimally achievable Dk⊥ of 2.5 (with DF⊥ reaching a highest point
of 0.0123) [24] for planar transmission line structures (wherein the planar alignment of
polyimide is well established) does not apply to the proposed coaxial structure due to
the technically demanding task of mechanically rubbing a radial (nonplanar) structure to
produce surface-anchoring-based pre-alignment (discussed later in Sections 3.3 and 4). As
such, the coaxial approach will be free of mechanical rubbing (pre-alignment treatment)
and functions purely on an electrical bias field. Upon removal of the voltage bias (or
reducing it below the Fredericks transition threshold [22,24]), the Dk state of the LCs will
be homogeneous and isotropic-like (Dkiso), which can be mathematically described by
Equation (2) for uniaxial nematic LC molecules that are anisotropic.

√
Dkiso=

√
Dk∥ +

√
Dk⊥ × 2

3
, (2)

where Dkiso denotes the dielectric constant of LCs derived at the isotropic state, Dk∥
denotes the dielectric constant of LCs at the saturated bias state (directors reoriented in
parallel with the mmW polarization), and Dk⊥ represents the dielectric constant of LCs at
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another extreme state with directors perpendicular to the mmW polarization. For the GT3-
24002 grade of LCs employed, Dkiso can be derived as 2.754 as per our past experimental
characterization knowledge of Dk∥ = 3.3 and Dk⊥ = 2.5 for V band (60 GHz) [17]. Similarly,
the dissipation factor at the isotropic state (DFiso) is derived as 0.0111.

Note that we do not intend to utilize the conventionally complex and power-consuming
magnetic-driving approach for the LCs pre-alignment (as adopted by LC waveguides [25]).
Instead, we rely purely on the isotropic state of the LCs (free of rubbing-based pre-
alignment) as one of the extreme states, which simplifies the fabrication (reduced cost)
and enables low-power control with ease, albeit at the cost of partially compromising
the operational range of Dk (from 2.754 to 3.3) as compared to planar structures with the
fully exploited range of Dk (from 2.5 to 3.3) for the same LC material (GT3-24002). The
experimentally characterized dielectric properties are shown in Figure 3, with the analytical
working range of Dk highlighted from 2.754 (isotropic state) to 3.3 (saturated bias state as
sketched, wherein the LC directors are fully in line with the mmW polarization at 60 GHz)
and the nonoperational range of Dk from 2.5 to 2.754.
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Figure 3. Dielectric characterization of LCs (GT3-24002) by experiments and their theoretically
operational tuning states achievable in our proposed coaxial delay line structure at 60 GHz.

2.2. mmW Power-Occupying Volume Ratio in Tunable Dielectrics

Despite the truncated (reduced by almost a half) tuning (working) range of the LCs,
the proposed coaxial structure exhibits its own advantage in terms of the mmW power-
occupying volume ratio (mmW-PoVR) in the tunable dielectrics, as compared with the
multidielectric type of topology that encompass other nontunable dielectrics (e.g., inverted
microstrip and coplanar-related structures, as mentioned earlier, that include PCB substrates
that are not tunable). The significance of mmW-PoVR was first raised by us [24,37] and
was evidenced in our enclosed coplanar waveguide [24] and inverted microstrip line [29]
phase shifter prototypes, where the mmW signal being transmitted was partially occupying
the tunable dielectrics (LCs), whereas another portion is dissipated in nontunable regions
(i.e., PCB substrate). From the deviation between the LC material’s intrinsic figure of merit
(FoM) [17] and the delay line device’s FoM [11] observed in our previous analysis, we have
identified that the mmW-PoVR can enhance or degrade the overall tunability (operational
tuning range) of the phase shifter device.

For the coaxial topology proposed in this work, 100% of the mmW-PoVR in the part of
the tunable dielectrics can be theoretically idealized (due to the fully enclosed nature of the
topology). As such, the effective permittivity of the transmission line can be equivalent to the
Dk of the filled LCs (macroscopically), as illustrated in Figure 3 shown earlier for the fully
saturated state where LC molecular directors align with the polarization radially. To facilitate
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a wider comparison with other topologies of multidielectrics, we push our mmW-PoVR
definition further by quantifying it without loss of generality in Equations (3) and (4):

∆ε = |εeff − DkLC|, (3)

mmW − PoVR =

(
1 − ∆ε

DkLC

)
× 100%, (4)

where εeff denotes the effective permittivity of the device, and DkLC is the dielectric constant
of LCs operated in the device. Note that εeff is intricately dependent on the device’s
geometry (e.g., the thickness of the LCs) and the materials (LCs and other dielectrics, if any)
at a specific frequency. As discussed above, the εeff and DkLC are theoretically idealized as
equal, hence the 100% mmW-PoVR. To verify this idealization, we also conduct full-wave
simulations in Section 3.1 to quantify the ∆ε and mmW-PoVR numerically.

Excitingly, the idealized 100% mmW-PoVR in the tunable dielectrics of the coaxial
structure implies a maximumly achievable transfer rate of a wave-guiding (transmitting)
device structure that fully transfers the tuning capability of tunable dielectrics (i.e., LCs in
this work) to the differential phase shift of the phase shifter device. As such, the unique
advantage of the coaxial topology in the mmW-PoVR may tip the balance and enable it
to compete with (or even outperform) established planar solutions in LC-based phase
shifters (inverted microstrip [29] and coplanar-adapted structures [24,32–34]). To answer
this interesting question, the results of the performance evaluation and comparison are
presented in Sections 3.3 and 3.4 based on the standalone device evaluations without the
external bias tees. How the decoupling network can perturb the differential phase shift
and insertion loss will be investigated in future experimental endeavors, as discussed
in Section 3.4.

Note that the methodology proposed here (from Sections 2.2–2.5) is not only targeting
a simplified yet accurate design process but is also embedding our strategic thinking rooted
in device physics for maximizing the possibility of obtaining an enhanced performance, for
which we raised the unconventional concept of mmW-PoVR (Section 2.2), investigated the
aspect ratio effect (Section 2.3), proposed the novel Dk-dependent impedance matching
baseline approach (Section 2.4), and implemented the dissipative loss decomposition
analysis (Section 2.5).

2.3. Cross-Sectional Geometry Investigations through the Lens of Aspect Ratio

In the optimization roadmap of LC-based tunable mmW devices, material dielectric
response and the device structure (geometry) have played a big part. Notably, the advance-
ment of material synthesis by molecular mechanism innovation has been incremental and
cost-prohibitive, whereas the room for the device’s geometry optimization remains vast
and relatively inexpensive. While the variation of a single parameter in a transmission line
geometry could tip the balance of the device’s overall performance, it is more fundamen-
tally an aspect ratio-inspired problem for most two-dimensional (2D) geometries (where
the critical features lie in the 2D cross-section, and the propagating statistics happen along
the line length, which is integrated).

The first attempt at capturing the aspect ratio (AR) effect was reported in [37] for
our designed 60–90 GHz fully symmetric coplanar waveguide (CPW) phase shifter with
LCs filled into the two symmetric channels, characterized by the aspect ratio of the LCs’
thickness (TLC) to the channel width (Wgap), as depicted in Figure 4.
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LC-filled coaxial delay line model (this work).

For LC-based variable delay lines, it is crucial to maintain a consistent impedance
along the length of the line for optimal signal transmission. The aspect ratio influences
the characteristic impedance of the coaxial line. Altering the dimensions changes the
capacitance and inductance per unit length, impacting the impedance and hence the signal
integrity and reflections. Equation (5) represents the characteristic impedance (Z0) of a
coaxial transmission line with an inner core line diameter of Dcore, an LC dielectric thickness
of TLC, and an LC dielectric constant of DkLC.

Z0 =
60√
DkLC

ln
(

Dcore + 2TLC

Dcore

)
. (5)

Given a controlled characteristic impedance of Z0 = 50 Ω, Equation (5) can be rear-
ranged to Equation (6) below:

TLC = Dcore(e
5
√

DkLC
6 − 1)/2. (6)

Note that Equation (6) can be further arranged as the geometry aspect ratio (AR) of
TLC to Dcore in Equation (7) below:

AR =
TLC

Dcore
= 0.5(e

5
√

DkLC
6 − 1). (7)

In this work, the coaxial AR effect parameterized with the Dk of the LCs is quantified
in Section 3.1 for 50 Ω maintained LC-filled coaxial delay lines at 60 GHz.

2.4. Novel Impedance Matching Baseline Method for FoM Enhancement

In the optimization roadmap of LC-based mmW tunable phase shifters, one of the
grand challenges is producing the required phase shift (e.g., 0–180◦) within the insertion
loss limit (e.g., <2 dB [29]), for which the metric of figure of merit (FoM) is widely accepted
to take into account both the maximally achievable phase shift (∆Φmax) and maximally
induced insertion loss (ILmax), as mathematically shown in Equation (8) below:

FoM =
∆Φmax

ILmax
, (8)
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where ∆Φmax is calculated by differentiating the two achievable extreme states of the
effective permittivity at a specific frequency (e.g., 60 GHz), and the ILmax computation is
performed by identifying the highest insertion loss among all tuning (biasing) states at the
same frequency. From our past research and experimental results into the multidielectric
type of LC-filled phase shifter [11,24], the ILmax primarily happens at the lowest operational
Dk state, where the dissipation factor (DF) of the LCs is at its maximum (as characterized
in Figure 3 in Section 2.1).

In this work, we propose and carry out a novel dynamic Dk matching approach
for advancing the frontiers of our knowledge into an LC-filled single-dielectric delay line
system (i.e., coaxial phase shifter). By parametrizing the Dk baseline for a perfectly matched
impedance (50 Ω), the resultantly induced, diversely corresponding TLC (for each Dk
baseline) can affect the electric field intensity distribution, hence perturbing the metal and
dielectric losses (surface and volume integral ones, respectively) as well as the phase tuning
range (mmW-PoVR as discussed above). The TLC here underpins twofold significance. For
the conductor loss, TLC represents the distance between the two conductors (core line and
grounding housing) to impact the intensity of the electric (E) field (in particular the E field
peaking at the edges of the core line). For the dielectric loss, TLC indicates the thickness
of the tunable dielectrics, which not only impacts the E field intensity (distribution and
peaking, etc.) but also affects the volume of the dielectrics (volumetric loss).

By way of illustration, we show our simulated insertion losses of a 1 mm long coaxially
structured LC delay line from 54 GHz to 66 GHz for the two extreme bias states plotted
in the same graph, i.e., isotropic state (Dkiso = 2.754, DFiso = 0.0111) and saturated bias
state (Dk∥ = 3.3, DF∥ = 0.0032). Two designs are shown and compared, i.e., Figure 5a
on a geometry with 50 Ω impedance matched at the saturated biased Dk = 3.3 state
(corresponding to TLC = 0.41 mm) versus Figure 5b on another geometry that is 50 Ω
impedance matched at the isotropic Dk = 2.754 state (corresponding to TLC = 0.34 mm).
Both designs are 1 mm in length, differing in the TLC due to the different Dk matching
baselines chosen.
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From Figure 5b above, concerning the results of the 1 mm long coaxial delay line’s cross-
sectional geometry design (i.e., TLC) with its impedance perfectly matched at the Dk state of
2.754 (isotropic state of LCs), we observe that its insertion loss for the Dk = 3.3 state (wherein
the LCs are fully biased to the saturated status) is contrarily reducing with frequency, as
compared with the majority of situations (i.e., insertion loss increases with frequency).



Electronics 2024, 13, 626 9 of 22

This unconventional behavior is due to the return loss (impedance mismatching) that
dominates the total dissipation, which contributes to the elevated insertion loss of the
specific frequencies. As evidenced by our simulated return loss in Figure 6a compared
with Figure 6b (representing the design from perfectly matching to least matching for the
Dk = 3.3 bias state), there is a significant increase in S11 (return loss) by approximately
30 dB for the saturated bias state (Dk = 3.3).
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The reason for this domination of the return loss is that the 1 mm length for the
loss density integration contributes relatively little to the LC volumetric loss and metal
losses. In summary, deciding which geometry design matched which Dk of the LCs (which
determines the required TLC) is arguably an optimization problem, as it can drastically
impact the device’s performance and even tip the balance of the frequency response, i.e.,
return loss can dominate over dielectric and metal losses. As such, we investigate the
optimum Dk matching baseline in this work as a novel method for enhancing the overall
FoM of the LC-filled phase shifters at 60 GHz. The optimization results for a 0–180◦ phase
shifter will be reported in Section 3.3. Furthermore, we propose a loss decomposition
analysis approach in the following Section 2.5 to quantify each loss component (dielectrics
and metals).

2.5. Loss Components Decomposition Analysis

Experimental measurements via a vector network analyzer (VNA) can provide trans-
mitted and reflected power information, wherein the insertion loss (IL) and return loss (RL)
are obtained. Nevertheless, these fail to convey the specific loss dissipated in the materials
composed, i.e., conductor loss, dielectric loss, radiation loss, etc. Instead, in silico analysis
by full-wave simulations enables us to understand each loss element with unprecedented
detail, i.e., not only the total conductor loss and dielectric loss can be identified but also
the detailed power dissipated on the core line’s outer surface, the outer conductor’s inner
surface, and the LC volume can be quantitatively specified, respectively.

Based on our established loss characterization study for the LC-based inverted mi-
crostrip [29] and enclosed coplanar waveguide [24], transferrable approaches are applied to
decompose the loss elements of the LC-filled coaxial delay line proposed in this work. The
phasor form of the conductor loss and dielectric loss per unit length (i.e., cross-sectional
study) is theoretically derived using a cylindrical coordinate (r, ∅) in Figure 7, wherein
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r = 0 denotes the center of the core line, r = Dcore/2 represents the surface of the core line,
and Dcore/2 < r < Dcore/2 + TLC indicates the enclosed (filled) LC region.
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As such, the phasor form for the core line’s ohmic conductor loss per unit length
(Pcores0

), as well as the outer conductor’s conductor loss per unit length (Phousings0
), is

derived in Equations (9) and (10) below, respectively, where σ denotes conductivity and µ

denotes permeability.

Pcores0
= Is0

2R =

[∫
r=Dcore

2

∫ ∅=2π

∅=0
σEs(r, ∅)0d∅dr

]2

×
√
πfσµ

σπDcore
, (9)

Phousings0
=

[∫
r=Dcore

2 +TLC

∫ ∅=2π

∅=0
σEs(r, ∅)0d∅dr

]2

×
√
πfσµ

σπ(2TLC + D core)
. (10)

As per the transferrable experience from our past LC loss dissipation analysis on
the enclosed coplanar [24] and coplanar waveguides [37], the phasor form for the LCs’
dielectric loss per unit length (PLCs0

) of the LC-filled coaxial delay line in this work is
derived in Equation (11) below:

PLCs0
= 2πfε0DkLCDFLC

∫ r=Dcore
2 +TLC

r=Dcore
2

∫ ∅=2π

∅=0

∣∣∣∣ →
Es(r, ∅)0

∣∣∣∣2d∅dr. (11)

Based on the cross-sectional phasor forms, the total loss of the entire device takes
the integral operations on the line length, for which full-wave simulation using an HFSS
(high-frequency structure simulator) is employed to quantify our analytically derived
power dissipation of conductors (by surface integral) and dielectrics (by volume integral)
for our LC-filled coaxial delay line.

2.6. Development Procedures and Protocols

The overarching target of this work is to modulate the 60 GHz signals with low levels
of losses and decent tunability in the phase shift (per unit length or unit weight), making it
well suited for real-world applications, e.g., mmW instrumentation and communication sys-
tems. The technical routes we developed encompass the aforementioned mathematical and
computational framework as well as other physics-inspired work packages, commencing
on characteristic impedance, effective dielectric constant, and hence the mmW-PoVR char-
acterizations, followed by the deployment of the proposed novel Dk-dependent impedance
matching approach and the loss decomposition analysis for obtaining optimum perfor-
mance properties of phase shifting and insertion loss, concluded by the comprehensive
performance metrics (FoM and beyond).
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From the phase tuning perspective, the optimization is arguably dealing with the
competition among the mmW-PoVR (advantageous for the device’s tuning capability per
unit length), the truncated Dk tuning range available (disadvantageous for the device’s
tuning capability per unit length), and the resultantly derived line length for realizing
a required phase shift function. From the insertion loss perspective, the optimization
roadmap has been detailed in Sections 2.4 and 2.5 regarding the competition among various
loss components dissipated on metal surfaces and consumed in the dielectric volume
of LCs.

Phase depths (maximum phase tuning ranges) of 0–180◦ are targeted as proof-of-
concept (e.g., for use in intelligent reflecting surfaces [7,38]). By capturing the necessary
line length in accordance with a fixed phase shift requirement (i.e., 180◦), the corresponding
maximum insertion loss is derived. This approach is useful to rule out the deficiency of
the FoM metrics with diverse line lengths. However, it is challenging to formulate a fair
comparison with other people’s work that measured and reported different line lengths,
different frequencies, and different phase shifting ranges, etc. As such, the results bench-
mark and performance comparison are conducted at the same designed frequency (i.e.,
60 GHz) and phase shifting range (i.e., 0–180◦) for diverse LC-filled delay line topologies,
as will be presented and discussed in Section 3.4.

3. Simulation Results and Discussions
3.1. Impedance Calculations and Aspect Ratio Effects

The molecular shape anisotropy of LCs not only induces variable dipole moments
for the electric permittivity variation but also causes the characteristic impedance of the
device to be variable (bias-dependent). As such, it is essential to gain a comprehensive
grasp of the impedance calculations. The obtained characteristic impedance (Z0) at 60 GHz
is plotted in a contour map parameterized with LCs’ dielectric thickness (TLC) and LCs’
dielectric constant (DkLC) in Figure 8 below, with the core line’s diameter fixed at 0.23 mm
(for interfacing typical V band connectors at both terminals).
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From Figure 8, the required LCs’ thickness (TLC) is increasing with the LCs’ dielectric
constant (DkLC ranging from 2.5 to 3.3) for a controlled impedance of 50 Ω. The required
elevation of TLC has significant implications for both the performance (insertion loss [29],
phase shifting capability [37], response time [39], and power consumption [40]) and the
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device’s manufacturability [36], as per our past semi-empirical studies and experimental
results [11,24]. Arguably, the rising of TLC mitigates the peaking for electric field intensity,
hence reducing both the phase shifting capability and the insertion loss (in particular
reducing the conductor loss as evidenced by [29]). The overall FoM (i.e., the ratio of the
maximally achievable differential phase shift to the maximally observed insertion loss)
normally rises with TLC first and then levels off (as observed from [24] at 140 µm, for exam-
ple). With the further increase in TLC, however, not only does the enhancement in the FoM
become incremental or even compromising, but it also incurs power consumption concerns
(biasing voltage can drastically increase beyond a hundred volts [25]), manufacturability is-
sues (technically demanding to maintain the flatness of the LCs’ layer sandwiched between
conductors), and most notably, the drastically increased response time problem (due to a
loss of the mechanical anchoring by the polyimide alignment that acts as the key enabler for
LCs’ reorientation once removal from voltage bias). Thereby, the results in Figure 8 provide
a design guideline for coaxially structured LC delay lines in terms of the LCs’ selection, i.e.,
a lower DkLC arguably contributes to a faster tuning speed of the device, albeit at the risk
of elevating the insertion loss.

If we view the results of Figure 8 from the lens of aspect ratios (AR) of TLC to Dcore,
we obtain a quasilinear relationship between AR and DkLC (between 2.5 and 3.3 in this
work), as observed in the zoom-in view of Figure 9a below. Instead of the requirement
on increasing TLC with DkLC, Figure 9a indicates that it is the AR that matters instead of
the pure dependence on TLC. This finding inspires a new way to drastically improve the
coaxial-type LC device’s tuning speed, i.e., by reducing Dcore without increasing TLC, AR
will rise and satisfy the impedance matching constraint. To test the validity of this for a
wider range of Dks (not necessarily LCs), Figure 9a presents the extended view of AR vs.
Dk for Dks up to 50. Interestingly, the relationship between AR and Dk becomes nonlinear,
and the nonlinearity becomes more significant with the increases in Dk (upwardly concave),
as evidenced by Figure 9b, produced by taking a second-order derivative of the curve from
Figure 9a. This indicates that the further increase in Dk (material selection problem) is
detrimental to the device’s fabrication feasibility, as the drastically increased AR results
in a slump in Dcore, which challenges the microfabrication of existing coaxial core lines.
Assuming the Dcore is fixed at the minimally achievable value, the drastically increased AR
will require a surge in TLC, resulting in a surge in power consumption and response time
(for obtaining the maximally achievable phase shift).
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in this work; (b) second-order derivatives of AR to Dk for 50 Ω with varied Dk between 1 and 50.
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It is worth noting that the implications obtained here are not constrained to design-
ing LC-filled coaxial reconfigurable devices but also apply to those with other tunable
dielectrics, e.g., ferroelectrics and other dielectrics with far higher dielectric constants, for
which the manufacturing tolerance and feasibility of the device is deteriorated significantly
due to the nonlinearity of AR vs. Dk observed for an extended Dk.

3.2. Effective Permittivity and mmW-PoVR Quantifications

Computationally obtained results of the effective permittivity (εeff) for the coaxial delay
line are compared with the LCs’ intrinsic dielectric constant (DkLC), with their deviation
∆ε (governed by Equation (3)), and plotted in Figure 10a below versus the variation of TLC.
Correspondingly, the mmW-PoVR of interest is deduced in Figure 10b, as per Equation (4)
(raised in Section 2.2).
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Figure 10. 60 GHz simulation results for: (a) deviation between computed effective permittivity of
the coaxial delay line device and LCs’ intrinsic dielectric constant (macroscopically) at various LC
thicknesses; (b) derived mmW-PoVR in tunable dielectrics (LCs) of various thicknesses for the coaxial
delay line.

As observed in Figure 10a, the deviation of the εeff prediction (i.e., ∆ε) reduces with
the rise in TLC, i.e., tightly matched with Figure 10b, i.e., the mmW-PoVR is rising towards
99.9% (approaching 100% for the theoretically transverse electromagnetic mode). The delay
line filled with LCs where the Dk = 3.3 (saturated bias state) exhibits a slightly higher
mmW-PoVR than that with the Dk = 2.5 state (for various TLC). Arguably, the theoretically
idealized 100% of mmW-PoVR in LCs holds true for the proposed coaxially structured
phase shifter in this work, which indicates the maximally efficient phase shifting geometry
possible, as the tuning of the dielectrics is entirely converted to the phase tuning of the
delay line without dissipating in any other nontunable dielectrics. As confirmed by the
theoretical and simulated results comparison conducted in Figure 10, we have identified
a simplified design process for estimating the effective permittivity that can be used to
accurately predict the maximum phase shifting range of the proposed LC-filled coaxial
phase shifter.

Nevertheless, as mentioned earlier in Sections 2.1 and 2.2, the idealized 100% mmW-
PoVR computed for the coaxial delay line with LCs is practically compromised significantly
in the achievable tuning range due to the technically demanding alignment process [37] for
the nonplanar structure, indicating that the overall merit of the coaxial structure may not
surpass other planar structures (e.g., the inverted microstrip [29] and enclosed coplanar
waveguide [24]) that exhibit a far lower mmW-PoVR but with a wider achievable tuning
range of the material’s permittivity. The comparison results among these structures will be
quantified and discussed later in Section 3.4.
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3.3. Evaluation of Phase Shift and Insertion Loss Variations across Various Tuning States

Phase shifting and insertion loss performance optimization and hence the FoM en-
hancement at 60 GHz based on the proposed Dk baseline impedance matching approach is
investigated, with the parameterization results reported in Figure 11a for the differential
phase shift, Figure 11b for the maximum insertion loss, and Figure 12 for the derived FoM.
Note that each of the Dks in the horizontal axis corresponds to a specific TLC for 50 Ω, the
data of which have been mapped in the contour results shown earlier in Figure 8.
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baseline for 50 Ω matching of our LC-filled coaxial phase shifter.
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Figure 12. Simulated FoM versus selected Dk baseline for 50 Ω matching of our LC-filled coaxial
phase shifter model at 60 GHz.

As observed from Figure 12, the highest FoM is obtained when selecting a Dk of 2.8
(the corresponding TLC of 0.34876 mm) as the baseline for 50 Ω matching. As such, the
optimum cross-section geometry is determined as TLC = 0.34876 mm. The line length to
meet the maximum differential phase shift requirement of 180◦ is hence proportionally
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derived as 15.92 mm according to Figure 11a. This optimally designed device structure is
then simulated across 54 GHz to 66 GHz, with the differential phase shift and insertion loss
(at both the most lossy and least lossy states) presented in Figures 13a and 13b, respectively.
The proposed loss components decomposition analysis is applied to this optimum structure
at 60 GHz, with the results identified in Figure 14 for these two extreme states.
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Note that the metal losses here are idealized by accounting for perfectly paĴerned 
surfaces only (i.e., free of roughness). Under this assumption, the core line’s metal loss 
reports 2.365% and 2.9% for the isotropic state and saturated bias state of LCs, respec-
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mmW electric field redistribution, i.e., with the increase in the Dk, mmW power (field 
intensity) becomes more concentrated (peaking) on the core line’s surface. For both states, 

Figure 13. Key simulated performance results for the optimally designed LC-filled coaxially struc-
tured 0–180◦ phase shifter (TLC = 0.34876 mm, line length = 15.92 mm): (a) maximally achievable
differential phase shift versus frequency (54–66 GHz); (b) insertion loss versus frequency (54–66 GHz).
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Figure 14. Simulated 60 GHz power transmission and dissipation decomposition for the opti-
mized LC-filled coaxially structured 0–180◦ variable phase shifter design (TLC = 0.34876 mm, line
length = 15.92 mm): (a) Dk = 2.754 state (LCs at isotropic status); (b) Dk = 3.3 state (LCs at saturated
bias status).

As observed from Figure 14 regarding the two extreme tuning states, the dielectric
loss of LCs dominates for both cases. For the isotropic state where the dielectric dissipation
factor (DF) of LCs reaches the maximum (among the workable tuning states of the coaxial
structure), the dielectric loss of LCs occupies 30.333%, which overwhelms other loss com-
ponents (e.g., return loss of 2.365%). There is a slump in this percentage (dielectric loss of
LCs) for the saturated bias state (wherein the DF of LCs reaches the minimum), with the
dielectric loss of LCs declining to 10.8%.



Electronics 2024, 13, 626 16 of 22

Note that the metal losses here are idealized by accounting for perfectly patterned
surfaces only (i.e., free of roughness). Under this assumption, the core line’s metal loss
reports 2.365% and 2.9% for the isotropic state and saturated bias state of LCs, respectively.
The rise in this figure (for the same geometry but different Dk states) is due to the mmW
electric field redistribution, i.e., with the increase in the Dk, mmW power (field intensity)
becomes more concentrated (peaking) on the core line’s surface. For both states, the outer
conductor dissipates less than 1% of the input power due to the far lower mmW field
intensity at the outer conductor’s inner surface.

3.4. Performance Comparison with Other States-of-the-Art Structures and Discussions

The overall performance comparison is quantified in Table 1, highlighting the pro-
posed LC-filled coaxial topology against other state-of-the-art transmission line structures
reported at the same frequency of 60 GHz, using the same grade of LCs (GT3-24002), and
meeting the same phase shifting requirement of 0–180◦ for a relatively fair comparison. The
figure of merit (FoM, as defined by Equation (8) in Section 2.4) that represents the trade-off
between the maximum phase shifting capability (in degree) and the worst-case (maximum)
insertion loss (in dB) is compared. Arguably, the mainstream FoM metric as adopted in
Table 1 has imperfections in terms of the effectiveness and fairness regarding devices of
different line lengths, the deficiency of which was first raised in our past characterization
work [17], for which the interested readers can refer to for delving further into this issue.

Table 1. 60 GHz performance evaluation of various phase shifter device structures filled with the
same type of LC (GT3-24002).

Structures FoM
(◦/dB)

Line Length
(mm)

Workable Range
of Dk

PI Requirement
(Baking, Rubbing)

CTE *
Mismatch
Problem

Inverted microstrip model [29] 112.17 13.50 2.5–3.3 Required Significant

Enclosed coplanar model [24] 109.09 14.32 2.5–3.3 Required Significant

Enclosed coplanar measured [24] 40.79 15.75 2.5–3.3 Required Significant

Coaxial model (this work) 102.46 15.92 2.754–3.3 Not required Minimized

* CTE refers to the coefficient of thermal expansion.

Notably, with the proposed coaxial approach, the conventional LC-filled MW devices
fabrication and assembling process (which is time-consuming and cost-prohibitive in
materials and clean-room facilities) can be dramatically simplified. To be more specific,
the following conventionally key steps can all be eliminated, including the spin-coating of
polyimide (PI) as an alignment agent (wherein spin-coater and PI are required), the 200 ◦C
baking of the PI layer for solvent evaporation (time consuming and prone to tarnishing [41]
of the plated gold), and the mechanical rubbing of the coated PI (wherein high-precision
roller and pressure control systems are required). The removal of the above steps not only
significantly speeds up the prototyping, reducing costs (materials and facilities), but also
mitigates the vulnerabilities of performance degradation due to fabrication errors and
manufacturing tolerances issues, hence improving yields. Furthermore, the thermal issue
(which happened during the conventional baking PI step) will be addressed concerning the
undesirable tarnishing (oxidized copper migration into the plated gold as observed in our
experiments [24,41]) and hence the elevated conductor loss and insertion loss [41]. Instead,
there will be no PI and no baking required in this work, i.e., the substrate assembling can
be performed at room temperature. Moreover, the removal of PI also contributes to fewer
dielectric losses at mmW frequencies, thus reducing insertion loss.

Note that the inverted microstrip by design as we reported [29] does not take into
account the PI layer in the computation models, for which the insertion loss and hence
FoM performance have been overestimated. As evidenced by our measurement results for
our fabricated enclosed coplanar waveguide phase shifter at the same 60 GHz frequency,
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the FoM (by measurement) is significantly compromised compared with the designed
(predicted) values. Arguably, the PI-related process can play a big part in the elevated
insertion loss. Moreover, the recipe of 200 ◦C baking for the PI processing also leads to a
significant mismatch in the coefficients of thermal expansion (CTE) for the multimaterial
system that occurred for LC-filled inverted microstrip and enclosed coplanar structures (as
per our experimental observation of the substrates’ deformation [24] that compromises the
flatness of the sandwiched LC layer and causes performance instability in our LC-filled
enclosed coplanar phase shifter). For the proposed coaxial topology, the free nature of the
PI film processing and hence the removal of the high-temperature baking largely eliminates
the CTE-induced deformation concern. Working in harsh environments, the lack of a third
constitutive material (i.e., a solid PCB dielectric substrate required in other structures) also
largely mitigates the possibility of the CTE mismatch problem. From these observations, the
proposed coaxial solution can largely enhance the robustness of the LC mmW phase shifter
device, thus expanding the horizons of their potential applications in harsh environments
(e.g., space and other mission-critical use cases).

It is worth noting that the results on FoM and line length reported in Table 1 are all
based on straight delay lines without meandering the core line. Examining the required line
length for achieving the same phase shift of 180◦, the coaxial method is 1.6 mm longer than
our past enclosed CPW design and 2.42 mm longer than our inverted microstrip solution.
This is due to the limited tuning range of the Dk as evidenced in the table for the coaxial
one, which overwhelms its advantage in mmW-PoVR as mentioned earlier in Section 2.2.
While coaxial is a nonplanar solution, it exhibits the unique property of flexible, conformal
circuitry. Future research will thus target a meandering coaxial for ultra-compact solutions.

In terms of frequency scalability, the coaxial method exhibits a plug-and-play design
advantage with a replaceable core line of different sizes possible to cater to different op-
erating frequencies. Compatible with industry-standard coaxial connectors at various
frequencies (e.g., SMA, 1.85 mm connectors, etc.), the coaxial solution is arguably less
challenging in impedance matching than other established structures (e.g., LC-based in-
verted microstrip, LC-based coplanar-adapted geometries, etc.). Note that the comparison
of the modeling results in Table 1 has yet to consider the connectors. Another immedi-
ate advantage of using the proposed coaxial structure for the LC delay line device is the
mode-mismatch-free property when connectors (coaxial) are installed. Although the coaxial
connectors on both sides may exhibit dissimilar dielectrics and geometry size as compared
to the LC-filled coaxial delay line, the discontinuity due to this is minimal when compared
to the planar structures of the LC delay line (e.g., inverted microstrip [29] and enclosed
coplanar [24]) as their interfaced geometries are vastly changed, stimulating higher-order
modes, as visualized in [42].

It is also worth noting that decoupling between the low frequency (LF) biasing field
and the mmW transmitting field is mandatory if targeting industry-standard product
delivery of a phased array system in mission-critical applications, in particular for power-
consuming LC-accommodating structures (e.g., waveguides that can normally require high
voltage bias beyond 100 V [43–47]). However, for the proof-of-concept standalone device
physics characterization stage of LC-based low-power-consuming (e.g., bias voltage up to
20 V [11,24,41]) transmission lines (instead of the power-consuming waveguides [43–47]),
the LF-mmW decoupling network is not necessarily needed for the modern generation of
vector network analyzers (VNA), wherein a port bias is normally embedded in the VNA
for the input of an amplified LF bias signal limited up to 30 V. As such, the complicated de-
coupling network is not encompassed within our computational modeling frameworks in
this work. Nevertheless, for follow-up developments of a real-world phased array feeding
system, suitable connector mounting and LF-mmW decoupling network implementation
(e.g., by embedding bias tees [48–50], introducing additional biasing networks [51–54], or
relying on novel structural mechanisms [55,56]) should be conducted as per the application
specifications to address the limitations of the current work’s analytical and numerical eval-
uations. More specifically, the perturbations in the achievable differential phase shift, return
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loss, and insertion loss due to the addition of the decoupling network (e.g., bias tees as
depicted in Figure 2) will be experimentally quantified as ongoing optimization endeavors.

Grounded in the FoM enhancement achieved by this work, future endeavors will also
target the insertion loss balancing by default for beam steering applications, i.e., without
external interface control or compensation in amplitude using amplifiers or attenuators
that are bulky, complex, and cost-prohibitive. However, this might compromise the conven-
tionally defined FoM. To measure success, a bespoke FoM shall be devised and employed
to consider the insertion loss balancing among all tuning states, e.g., a fluctuation factor
(FF) can be introduced in the denominator of the updated FoM′ as Equation (12) below:

FoM′=
∆Φmax

ILmax × FF
. (12)

For other specific applications, cross-disciplinary approaches, and cross-departmental
metrics (e.g., flow dynamics [57,58], thermal stability [59,60], resilience, robustness, manu-
facturability, radiation hardness [61,62], etc.) could be conceived to complement the FoM′

discussion as kicked off from Equation (12). For instance, the ultra-fast response is desired
but not a must for certain applications, e.g., space-based radio instrumentation, whereas
radiation hardness is mandatory.

4. Concluding Remarks and Outlook

The ongoing 5G services [63–66] and upcoming 6G ecosystem [67–74] will be heavily
relying on microwave (MW) and millimeter-wave (mmW) beam steering, for which tunable
dielectrics such as liquid crystals (LCs) have been identified as one of the potentially
enabling materials for generating continuously variable phase (time) delays electronically to
feed antenna arrays passively. As we continue to push the boundaries of mmW technology
by exploring its combination possibilities with LCs for efficient reconfigurability, this
feasibility study indicates that an LC-based coaxial phase shifter is a promising candidate
for expanding the portfolio of existing LC-based reconfigurable devices with an enhanced
electromagnetic shielding capability (against instabilities and interference vulnerable at
higher-frequency mmW) as well as a simplified manufacturing possibility (lower cost and
cycle time).

In recognition of the LC-filled coaxial topology’s main limitation on the relatively
lower tuning range of the dielectric constant (Dk) per unit length (as compared with
planar solutions such as inverted microstrips and enclosed coplanar waveguides), we thus
propose to compensate it with a particular focus on exploitable strategies likely to reduce
the insertion loss for a decent figure of merit (FoM) that can compete with the established
planar solutions. The overarching purpose of the FoM optimization is met in this work by
proposing a novel impedance matching baseline approach that examines the most suitable
Dk state of LCs for the 50 Ω perfectly matching status, which transfers to the key geometry
parameters, i.e., the corresponding thickness of the LC dielectrics (which also defines the
distance between the core line and the outer conductor housing). Notably, the device
fabrication and assembly processes are envisaged to be free of the conventional polyimide
(PI) film as an alignment agent, hence mitigating the conventionally reported PI-induced
thermal and electrical concerns. Significant cost reduction and yield improvement can be
envisaged for expanded application scenarios in harsh environments.

The coaxial delay line can also be utilized to characterize LCs’ dielectric response, i.e.,
as an integrated dielectric measurement apparatus in addition to a phase shifting/time-
delaying device. Existing treatments and predictions are largely based on the two extreme
states (Dkmax and Dkmin) at equilibrium, whereas the intermediate states have yet to be
clearly characterized for a wider variety of candidate LC materials at the mmW regime. As
such, the topology feasibility study as inspired by this work can serve as a test structure for
broadband characterization of LC materials and new electro-optical effects, i.e., exhibiting
significant potential to accelerate advanced LC material exploration and design tailored
for mmW frequencies and beyond. Last but not least, new opportunities are emerging to
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develop data-driven, computationally inexpensive software for automatically designing
LC-based coaxial phase shifters to facilitate near-real-time analysis and scaling up analyses
for phased array antennas’ feed.
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