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Abstract: Unconventional folded shielded coplanar waveguide (FS-CPW) has yet to be fully investigated for 

tunable dielectrics-based applications. This work formulates designs of FS-CPW based on liquid crystals (LC) for 

electrically controlled 0-360˚ phase shifters, featuring a minimally redundant approach for reducing the LC 

volume and hence the costs for mass production. The design exhibits a few conceptual features that make it stand 

apart from others, noteworthy, the dual-strip structure with a simplified enclosure engraved that enables LC 

volume sharing between adjacent core lines. Insertion loss reduction by 0.77 dB and LC volume reduction by 

1.62% per device are reported at 77 GHz, as compared with those of the conventional single-strip configuration. 

Based on the proof-of-concept results obtained for the novel dual-strip FS-CPW proposed, this work provides a 

springboard for follow-up investible propositions that will underpin the development of a phased array 

demonstrator. 
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1. Introduction 

Millimetre-wave (mm-Wave) mobile broadband terminals [1] are all the rage at the moment and 

becoming a prime need for wireless communication [2-4], detection [5], and sensing [6]. The technology 

realisation is increasingly relying on continuously tunable liquid crystals (LC) [7-9] based mm-Wave beam 

steering flat-panel [10] antennas array (static and fault-tolerant), in place of the conventional parabolic 

dishes [11] with a mechanically rotating mechanism (bulky and maintenance-intensive). The recent 

decade has witnessed a significant boost in long-range automotive radars at 76-81 GHz [12] with a 

threefold increase in resolutions than the traditional 24 GHz ones [13], though costs reduction remains 

challenging for a wider commercialisation. As an enabler for amplitude and phase control of mm-Wave 

signals, LC-based phase-shifting solution has been on industrial and academic research’s radar as one of 

the cost-effective answers for such high-accuracy-oriented beam-steering applications. A comprehensive 

review conducted by [14] has painted the present and past picture of LC-based microwave and mm-Wave 

reconfigurable devices. The chief disadvantages of LC in these frequency ranges have also been heavily 

exploited in the past two decades [15], among them, moderate to slow tuning speed (mainly limited by 

the fall time associated with the energy stored in LC) [16], and the constraint of insertion loss [17] versus 

the device’s footprint [18] remain largely unsolved.   

Nevertheless, it has continually been believed that the LC-related phase-shifting technology roadmap 

could navigate such challenges [15] towards scalable phased-array beam steering at mm-Wave 

frequencies. Repeatable voltage-controlled [19,20] and laser-driven all-optically-controlled [21,22] phase 
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shifting with continuous tuning (analogue resolution) have been experimentally verified in our previous 

prototypes [19-22] realised in a shielded coplanar waveguide (SCPW) configuration. Among state-of-the-

art phase shifter configurations realised by LC tunable dielectrics, the main drivers for developing SCPW 

[19] against conventional coplanar [23,24] or single-conductor-oriented waveguide structures [25] are 

summarised in Table 1. 

Table 1. Comparison of LC Device Structure Candidates at mm-Wave. 
Topology LC initial alignment 

by rubbing 
Driving voltage 
(power consumption) 

Footprint Planarity System 
integration 

Waveguide Difficult High Large No Difficult 

SCPW Ease Low Compact Yes Ease 

However, there has not been much thought devoted to optimising the device’s footprint, as most 

designs disseminated are straight-transmission-line [26] (see Figure 1 below for our demos) or straight-

waveguide [25] based prototypes for proof of concept, which struggles to keep up with the 

miniaturisation demand [2,9]. Input to designing potentially meandered core-line structures with bespoke 

packaging enclosures is needed from both simulations and experiments. While classic electromagnetics 

[27] sheds light on perturbations of characteristic impedance and equivalent electrical length due to the 

bending discontinuity, no research has investigated the bending-induced perturbed dielectric volume of 

LC, which is closely connected with the insertion loss and phase-shifting range as well.  

This work bridges the gap for miniaturisation by folding the LC-SCPW instead of using high 

permittivity lossy materials. Compared with straight-line designs [28], bending adds a new dimension for 

optimisation. Not only the PCB footprint can be reduced, but also the required LC volume may be 

reduced, as adjacent core lines in the meandered structure exhibit an opportunity to share a local LC 

volume for producing phase shifts. Note that experimentally characterising such effects would be 

technically demanding due to a host of non-deterministic manufacturing variables involved, such as the 

surface roughness [29] of conductors, multi-step treatments of the alignment layer [19], uniformity of the 

LC layer, etc. Fortunately, the research topic could be approached by high-fidelity simulations. The main 

parameter of research and optimisation interest is the dielectric volume of LC as determined by the 

bending structure. Given the same type of LC material at the same frequency, such an upgrade requires 

the effective core line length to be doubled, for which miniaturisation by bending is explored. A new 

meandered dual-strip SCPW structure is proposed with a proof-of-concept design at 77 GHz. A stepwise 

approach is followed, from the first design with a meandering core line (single-strip) for miniaturisation 

(as compared with the previous straight one), to a novel meandering dual-strip design.   

 
Figure 1. Demo of a straight-line LC-SCPW 0-180˚ continuously variable phase shifter upgrading towards a 0-360˚ 

shifting solution by doubling the effective line length 
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2. Single and Dual-strip Meandered SCPW Phase Shifter Designs 

For the meandered two-port SCPW phase shifter design, the GT7-29001 type of LC is attempted as it 

exhibits the highest device’s figure-of-merit (FoM) for the bespoke SCPW structure, as evidenced by our 

latest work [30]. The LC’s dielectric constant ranges from 2.46 to 3.53, with the loss tangent ranging from 

0.0064 to 0.0116 assuming negligible dispersions from 19 GHz to 77 GHz. Taconic’s TLY-5A fiberglass 

substrate with ULPH (ultra-low-profile half oz) Cu is attempted for the non-tunable substrate material, in 

place of the mainstream Rogers’s RT/duroid 5880 laminates with Rolled Annealed (RA) Copper. They 

exhibit comparable properties in the datasheet regarding dielectric, thermal (coefficient of thermal 

expansion), and mechanical properties (including surface roughness). The TLY-5A substrate is 0.51mm-

thick, with permittivity of 2.17 and loss tangent of 0.0009 at the targeted frequency range. 

As mentioned in the motivation section, one of the main deliverables of this proposal is extending the 

existing phase-shifting range of SCPW from the 0-180˚ by a straight line (as shown in Figure 1) towards 0-

360˚. Given a same operating condition with the same device’s cross-section design, such an expansion 

results in the length of the core line to be doubled (as illustrated in the bottom right of Figure 1 for our 

fabricated demo), for which meandering is necessary for miniaturisation. In recognition of the phase shift-

insertion loss non-linearity, it will be interesting to see if the insertion loss of a folded design could be less 

than double of the existing 0-180˚ demo or not. The cross-sectional design of the single-strip folded 

shielded CPW (FS-CPW) is similar to that of the straight SCPW we fabricated [31]. 

Concerning cost reductions, a scarcity of integration on the LC materials’ cost saving is well worth 

pondering. Particularly for mass production, the required usage (volume) of LC per device could tip the 

balance in the budget. Reasonably reducing the LC volume towards minimal redundancy is proposed in 

this work with a dual-strip FS-CPW design. Because insertion loss is largely attributed to the dielectric 

volumetric loss in the LC [19,26], a decreased LC volume is instrumental for reducing the dielectric loss 

and hence the insertion loss. Furthermore, the folded dual core-line configuration allows the enclosure for 

the entire LC layer to be a lump cavity, i.e., without the need for machining a meandered cavity. This 

modular solution means improved reconfigurability, and reasonable reduction in complexity and costs, 

because one type of enclosure is compatible with diverse core-line configurations. 

Limitations do remain to be seen, as the bending could give rise to elevated radiation losses as well as 

degraded tunability (due to changing mm-Wave field directions at the bend with regard to the fixed 

mechanically anchoring alignment direction). The trade-off between the added bending losses 

(mismatching, radiation, etc.) versus the reduced LC volumetric loss is investigated for the first time in 

this work. 

 
Figure 2. Geometry sketch of a meandered single-strip LC-FS-CPW (design 1) 

Two designs of similar LC-FS-CPW geometries yet different modes are proposed, modelled, and 

compared, as schematically sketched in Figures. 2 and 3 (core line depicted in red, grounding enclosure in 

yellow, and filled LC in green). Both designs aim for a maximum phase shift of 360˚, while differing only 

on the grounding enclosure’s inner arrangement. The core-line width is determined by the necessity to 

match the characteristic impedance. In Figure 2, port 1 (input) and port 2 (output) are separated by the 

enclosure’s metal bar in the middle, making the two ports electromagnetically decoupled. Note that the 

phase shifter device is in principle reciprocal, i.e., port 2 could be treated as input and port 1 as output 

accordingly. In Figure 3 with the middle bar removed, both terminals share the same LC layer, resulting 

in a new dual-strip FS-CPW geometry. Both models are based on a uniform core line without connectors-
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interfaced tapers. Tetrahedral meshing is self-adapted, with finer meshes tailored for local bending 

sections (with higher field gradients), and coarser meshes applied for straight-line regions. 

 
Figure 3. Geometry sketch of a novel meandered dual-strip LC-FS-CPW (design 2) 

3. Computational Modelling Results and Discussion 

Ansys HFSS (high-frequency structure simulator) is used as the main solver for key performance 

items quantified, including insertion loss and the total volume of LC at the central frequency of 77 GHz, as 

well as the wide-band performance (insertion loss and return loss) across 76-81 GHz.  

Firstly, Figure 4 compares the dimensions for both configurations achieving the targeted 0-360˚ 

phase-shifting functionality, as well as the maximum insertion loss (minimum 𝑆21). Note that the LC 

volume refers to the total volume of the main cavity layer (140 µm-thick defined by the enclosure wall) 

plus the two thin coplanar channels (depth of 17 µm as per the Cu electrode thickness).  

 
Figure 4. Performance comparison of single-strip versus dual-strip designs of LC-FS-CPW phase shifters at 77 GHz 

(both exhibiting a phase-shift range of 0-360˚) 

From the radar chart in Figure 4 above, the new dual-strip FS-CPW structure reduces the insertion 

loss (of single-strip one) from -6.74 dB to -5.97 dB, with the LC volume decreased by 0.031 mm³ (1.62% by 

volume) per device. Albeit not a noticeable change for a single device or a small-scale array (such as 4-

element patch arrays [32,33]), it can result in a significant cutting of material costs for mass production in 

feeding a large phased-array antenna encompassing hundreds [34] if not thousands [35] of radiating 

elements targeting an ultra-high beam accuracy. 

As observed from pie charts in Figure 5, sources of insertion loss are decomposed based on field 

calculations with HFSS, quantifying the power dissipation by material absorptions (dielectrics, 

conductors), reflection, and radiation. First, the dielectric loss in Taconic’s TLY-5A substrate is 

infinitesimally small (0.68% of the input power) to make a difference. Comparing design 2 (dual-strip) 
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against design 1 (single-strip), the decreased LC volume accounts for a 0.5% reduction in the LC dielectric 

loss, albeit radiation and crosstalk losses increase by 5%.  

 
Figure 5. Power dissipation analysis of two designs at 77 GHz (input power assuming 100%) 

The elevated radiation and crosstalk observed from Figure 5 (design 2 as compared with design 1) 

are evidenced and graphically represented in Figure 7 (design 2) as compared with Figure 6 (design 1), 

respectively, where the electric field intensity (V/m) is quantified on right-angled bending corners of both 

designs. It is worth noting the difference in the color scale bar between Figures 6 and 7, i.e., the peaking 

value of the electric field intensity is reduced by 16% for design 2 as compared with design 1, the results of 

which also agree with the reduced dielectric and metal losses shown above in Figure 5.   

Regarding limitations of the designs, radiation loss dominates among the insertion loss sources (for 

both designs) according to Figure 5. Ongoing optimisation work will thereby centre accordingly upon the 

following two regimes prior to fabrication. First, mitigating radiation by means of mitered or rounded 

bends, and second, coupling independently by core line spacing, whilst maintaining the advantage of the 

shared LC layer for facilitating compact and modular phase shifters integration with each array element. 

 
Figure 6. Electric field intensity of the LC layer in a meandered LC-FS-CPW (design 1, phase=0, zooming in the bend, 

top view) 
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Figure 7. Electric field intensity of the LC layer in a meandered dual-strip LC-FS-CPW (design 2, phase=0, zooming in 

the bend, top view) 

The macroscopic performance results across the spectrum of 76-81 GHz are shown in Figure 8 below 

for the insertion loss (IL), and Figure 9 for return loss (RL). Both maximum (max.) and minimum (min.) 

values of IL are presented, corresponding to the LC directors at the perpendicular and parallel state (with 

respect to the mm-Wave field), respectively. As evidenced in Figure 9, design 2 (the dual-strip one with 

the LC layer unified) is far better impedance-matched (i.e., less reflection loss) across the entire 76-81 GHz 

band, in particular a reflection loss as low as -38 dB is reported at the targeting central frequency of 77 

GHz. The results will agree with the loss decomposition analysis reported in Figure 5.  

 
Figure 8. Insertion loss comparison between meandered single-strip (design 1) vs. dual-strip (design 2) LC-FS-CPW 

phase shifters 

While this work focuses on insertion loss analysis of the meandered LC-FS-CPW under the targeted 

phase shift of 360˚, future work will quantify different bending scenarios (e.g., chamfered bend) on 

linearity of the phase shift as a function of driving voltages. Another scope is optimising the LC-FS-CPW 

phase shifter device’s figure-of-merit (i.e., the ratio of the maximum differential phase shift to the 

maximum insertion loss) by incorporating the latest observations from [36]. Last but not least, the FS-CPW 

proposed is envisaged to be versatile and expandable by folding more turns to allow the LC volume to 

decrease more, i.e., further mitigation of insertion loss is possible. 
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Figure 9. Return loss comparison between meandered single-strip (design 1) vs. dual-strip (design 2) LC-FS-CPW 

phase shifters  

4. Conclusion  

To support the continually multiplying applications in LC mm-Wave devices and systems, this 

feasibility study unlocks the miniaturisation of state-of-the-art CPW phase shifters by proposing a folded 

dual-strip shielded CPW (FS-CPW) mock-up for 76-81 GHz, instead of a single-strip design. As evidenced 

by the loss-decomposition analysis, the required LC volume and dielectric loss are both reduced for 

material costs saving. Particularly, the LC volume is reduced by 1.62% per device, an indication of 

substantial material costs saving for large antenna arrays. The forward transmission 𝑆21 improves from -

6.74 dB to -5.97 dB, i.e., an appreciable mitigation of insertion loss, which is less than double of the 0-180˚ 

design. Another advantage lies in the modular enclosure that could be flexibly applied for different core 

line configurations, with significantly reduced costs for mass production, and cost-effective integration 

with beam-steering antennas arrays. The configuration also helps pave the way to improve enormous 

varieties of components and devices, e.g., filters [37], resonators, impedance adapters [20], and couplers. 

Nevertheless, there remains a lot of work on a shorter latency to enable car radar applications [38] and 

hence to make this competitive in the current industry landscape. 
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