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Abstract—We designed, fabricated, and characterised novel 
all-optically driven passive phase shifters (0-π) at X band based 
on nematic liquid crystals (GT3) admixed with mesogenic azo 
dye (CPND7). Thanks to the functional mixture, the developed 
all-optical phase tuning device enables the removal of voltage-
driven networks required by conventional tunable solutions. 
The embedded light intensity-dependent impedance matching 
mechanism allows the insertion loss equalisation inherently 
between phase delaying states, hence removing bulky amplifiers 
or attenuators for amplitude compensations. The highly scalable 
planar standalone technology is envisaged to complement the 
existing electronically steered phased array antenna systems 
targeting continuous broadband connectivity for SATCOM on 
the move, and holistically address the future communications 
demand from various sectors of the economy.  
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I. INTRODUCTION 

With the maturity of 5G millimetre-wave technologies, the 
Internet of Everything [1] is projected to see globally 
increasing realisation. Within the current framework [2], 
however, delivering high-speed stable broadband internet 
remains challenging for areas with unreliable, unaffordable, or 
unavailable access, hence the need for research and 
development into 6G communication network and beyond [3], 
targeting improved quality of service (QoS) that is unbounded 
by the existing terrestrial infrastructure’s limitations [4]. For 
instance, the basic broadband connectivity solutions available 
nowadays rely upon maintenance-intensive mechanically 
stabilised parabolic dish antennas [5], which are heavy and not 
low-profile. Instead, the envisioned 6G hardware will rely 
extensively on satellite links via phased array antennas as 
evidenced by SpaceX’s Starlink [6], as well as novel artificial 
intelligence [7] based architectures.  

Among the phased array beam steering technologies, our 
pioneering work on all-optically addressed microwave phase 
shifter based on the photoisomerisation of mesogenic 
azobenzene (azo) liquid crystals (LC) [8] offers a bias-
network- free solution to partially address the 6G challenge in 
terms of the steering performance degradation due to beam 
squinting [9], power consumption issues (in most tunable 
dielectrics and magnetic bias waveguide approach) [10][11], 
and insertion loss unbalance (in existing LC-based variable 
phase shifters) [11]-[13]. The developed bias-free phase-
shifting solution in this work is envisaged to be used in 
analogue or digital beamforming in a smart and energy-
efficient way, targeting a moving-parts free, robust, and 
passive electronically steerable antenna array system with low 
energy consumptions onboard.  

II. METHODS AND RESULTS 

A. From Functional Materials to Device Prototype 

The material synthesis and device design were 
investigated and firstly reported in our pioneering work [8], 
while this paper steps forward for system-level evaluations 
towards futuristic applications. Fig. 1 provides a summary 
from azo LC’s photochemically-induced tuning, to phase 
shifter devices fabrication (see Fig. 2 for the prototyping 
process from photolithography to capillary filling), towards 
the envisioned system integration into each phased array flat 
panel onboard the states-of-the-art Starlink satellite.  

 
Fig. 1. Progressing from material synthesis to device fabrication, and the 
envisaged phrased array system integration for a Starlink satellite.  
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Fig. 2. Selected illustration of the device prototyping process (a) post-etch 
microstrip delay line on transparent substrates before stripping photoresist 
AZ4562; (b) rubbed substrates assembled prior to Azo LC filing; (c) device 
with Azo LC filled and characterised by VNA via coaxial connectors.  



B. Device Performance Characterisation 

The fabricated azo-LC filled phase shifters are 
characterised optically (using laser and photodiodes) and 
electronically (using a vector network analyzer), hence 
quantifying the light (465 nm wavelength laser) illuminating 
response concerning the tunable phase delay shown in Fig. 
3(a), and the forward transmission (insertion loss) reported in 
Fig. 3(b). As demonstrated by Fig. 3(a), continuous phase 
tuning (0-π) is realised for the X band with enhanced signal-
to-noise ratios, thus outperforming the conventional digital 
delay lines in terms of the phase-shifting (beam steering) 
resolution. More importantly, a nearly flat response in the 
insertion loss is evidenced in Fig. 3(b) for the device tuned at 
diverse phase delaying states, which is highly desirable for 
removing the traditional amplitude-compensating networks 
[14]. By way of illustration, the measured insertion losses at 8 
GHz are stabilised at around –2.26 dB, with an average 
variation of less than ±4.4% for all phase delaying states. The 
reasonably small deviation indicates a joint effect of the 
statistical errors by simulation and the tolerances in 
fabrication as well, with an implication that the amplitudes 
could further be homogenised by means of process control 
[15][16] in the development lifecycle.     
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Fig. 3. Measured (a) differential phase delay (shift); (b) insertion loss of the 
phase shifter at different frequencies and illumination intensities (different 
supply currents of the laser).  

Based on the validation of results by measurements, the 
advancement by this work is two-fold. First, as distinguished 
with the states of the art microwave liquid crystal technology 
[11][17], the novel azo LC mixture material proposed in this 
work exploits an alternative tunability-enabling possibility, 
i.e. all-optical driven for the first time in the microwave 
passive tunable electronics regime without a bias network 
[18]. Second, the amplitude balancing of insertion loss 
exhibits an evolutionary advantage against existing phased 
array architectures with additional amplitude control 
networks. However, there remains a gap from evolutionary to 
revolutionary, due inherently to the reasonably slow tuning 
response [19][20] of LC materials.   

III. CONCLUSION AND OUTLOOK 

This work pushes the limits of phase-delaying based beam 
steering with novel optically tunable azo liquid crystals as a 
functional material to cope with the emerging market demands 
of enhanced hardware and smart devices with 
reconfigurability. The agile bias-network free low-profile 
architecture is scalable to THz with an enormous amount of 
throughput for the 6G framework and bridging the rural fixed 
broadband gap. Based upon the future leap forward towards 
phased array system integration, tracking (tuning) speed 
improvement (lower latency), and industrial implementation 
to meet the regulatory standard, tremendous use cases could 
be envisaged, e.g. affordable broadband access onboard trains, 
streamlined cruise and aircraft operations with ubiquitous 
connectivity. The embedded redundancy allows failure 
resistance without the loss of service in vibration and thermal 
environments on vehicles (aircraft or spacecraft) and 
satellites. Furthermore, the proposed optically enabled 
microwave beam steerer can revolutionise the bulky parabolic 
dish for radio astronomy delving into the origin of the universe 
and life [21], the origin of the cosmic magnetic field [22], the 
nature of gravity [23], and the search for extraterrestrial 
civilization [24].  
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