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Table 4.3 below summarises the e-field sensing parameters estimated for MDA-05-

2782 infiltrated LMA 8 PCF in both transmitted and reflection modes. It is possible 

to increase reflected power using a reflective coating at the open end of the PCF, 

improving the sensitivity of the device in reflection mode. 

 

Sensor 

configuration 

Sensitivity 

(dB per 

kVrms/mm) 

Measurable e-field 

intensity range 

(kVrms/mm) 

Estimated 

resolution 

(Vrms/mm) 

Transmitted mode 

(in-line type) 

~  10.1 2.35 – 4.95 ~ 1 

Reflected mode 

(end-point type) 

~  4.55 2.35 – 5.14 ~ 2.2 

 

 

4.3.4 Temperature Dependence of the LCPCF Probe 

It is well known that temperature dependence of the transmission properties of PCF 

is minimal. However, the LC material used for infiltration has a temperature 

dependent refractive index [115]. The temperature dependence of the infiltrated 

PCF was studied at an operating wavelength of 1550 nm in order to evaluate the 

effect of temperature on the device performance and sensitivity. The infiltrated 

section of the fiber was subjected to different temperatures using a Peltier module in 

the range from 10°C to 90°C, while the electric field was varied. The transmission 

plots at different temperatures as obtained with a change in electric field intensity in 

the range from 0 – 6 kVrms/mm are shown in figure 4.14.   

Table 4.3: Comparison of e-field sensing parameters of MDA-05-2782 infiltrated 

LMA-8 in transmitted and reflected modes. 
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Figure 4.15 shows the plot obtained for reflection mode. As can be observed from 

the plots the sensor maintains its linear response in the electric field range from 

2.35 kVrms/mm to 5.14 kVrms/mm. To evaluate the change in the sensitivity of the 

sensor with changes in temperature, a linear fit was performed on the individual 

plots at each temperature for both the transmission and reflection modes in the 

linear electric field range from 2.35 kVrms/mm to 5.14 kVrms/mm. Figure 4.16 

shows the sensitivity variation for the sensor in both reflection and transmission 

modes at different temperatures in the range from 10°C to 90°C.  

The refractive indices (both ne & no) of the LC decrease with an increase in 

temperature up to the NLC isotropic temperature (clearing point), resulting in a 

decrease of the effective refractive index of the cladding. In the temperature range 

from 10°C to 40°C it was observed that the change in the sensitivity was minimal 
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Figure 4.14: Transmission responses of the sensor versus electric field intensity at 

different temperatures from 10°C to 90°C. 
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(< 5 %), suggesting that the operation of the sensor is not influenced by temperature 

fluctuations within the range of typical room temperatures up to 40°C.  

At temperatures above 40°C the slope of the transmission versus electric field 

intensity plots, decreases and therefore the sensor sensitivity decreases for both 

operating modes. This is due to the fact that the effective refractive index of the 

cladding decreases at a lower rate with temperature for a temperature range from 

10 °C to 40 °C, while above 40 °C the rate of this decrease is higher as the 

temperature approaches the clearing point (106 °C) of the NLC material used.  

For the temperature range from 40°C and up to 90°C there was a significant change 

in the sensitivity of the sensor in both the transmitted mode and reflected mode but 

the response (transmitted & reflected) of the sensor maintained it’s linearity in the 
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Figure 4.15: Reflection responses of the sensor versus electric field intensity at 

different temperatures from 10°C to 90°C. 
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measurable electric field range. To maintain accuracy across a broader range of 

operating temperatures, the sensor requires an associated means of active 

temperature monitoring and correction. 

 

4.4 Summary 

The application of nematic LC infiltrated solid core PCF as an all-fiber based 

electric field intensity measurement device was studied and experimentally 

demonstrated in this chapter. A performance evaluation and feasibility study of 

NLC infiltrated PCFs for use as fiber optic electric field sensors was performed in 

the telecommunication window at 1550 nm. Three different commonly available 

PCFs and two different NLCLC materials were used. The infiltrated PCFs, guiding 

light through the PBG mechanism, were found to respond to high voltages applied 

to them by means of electrodes. The transmitted power through the infiltrated PCFs 
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Figure 4.16: E-field sensitivity variation with temperature change for transmission 

and reflection modes. 
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is found to vary linearly with voltage in different voltage ranges for all the three 

PCFs studied. The MDA-05-2782 infiltrated LMA-8 fiber showed a linearly 

decreasing transmitted power response with increasing voltage in the voltage range 

from 330 V to 860 V. The slope of the linear response shows that compared to the 

other two PCFs, LMA-8 fiber can provide better resolution in a wider high 

voltage/high electric field range. 

The electric field sensing mechanism of a nematic LC infiltrated PCF is intrinsic to 

the LCPCF structure which results in a simple sensor structure. The sensor, based 

on the electrical tunability of the infiltrated PCF is shown to have a linear 

transmission and reflection responses with changing electric field intensity. The 

sensor probe consists of less than 1 cm long infiltrated section of a solid core PCF 

and has a diameter of ~ 125 microns. A simple all-fiber design for the sensor makes 

it compact and allows for easy integration and coupling with interconnecting fiber 

optics. A light intensity based measurement scheme is employed with the sensor 

operating in the telecommunications window at 1550 nm. The device is capable of 

operating as an in-line sensor in the transmitted mode and also as an end point 

sensor in the reflected mode. The temperature dependence of the sensor probe at an 

operating wavelength of 1550 nm has been studied and the sensor has a moderate 

temperature sensitivity in a room temperature environment. For a high temperature 

environment as in the case of the measurement of electric fields at high power 

electrical facilities and high voltage transmission lines, the device can be operated 

with calibration correction for temperature, which requires the addition of a 

temperature monitor. As an inherent electric field sensing devices LCPCFs can also 

be used for high voltage sensing with the voltage being applied using a fixed 

electrode configuration. 
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Chapter 5 

Frequency Dependence of Liquid Crystal 

Infiltrated Photonic Crystal Fiber devices 

 

5.1 Introduction 

The electrical tunability of propagation properties of LCPCF facilitated by an 

externally applied electric field leads to various important applications with the 

advantage of an all-fiber device configuration.  In chapters 3 and 4 of this 

dissertation the application of the electrical tunability of LCPCF in all-fiber tunable 

devices and an electric field sensor was studied.  

Liquid crystal materials are characterized by electric permittivity [118], which is 

frequency dependent in the range from THz to frequencies below 1 kHz [119-121]. 

As a result infiltration of liquid crystals into a PCF leads to the propagation 

properties of the LCPCF being highly dependent on the frequency of the applied 

electric field. In chapter 4 the use of a nematic LC infiltrated PCF for sensing of an 

electric field was demonstrated. However given the wide range of frequencies that 

can arise with electric fields, it is important to understand how the frequency of the 

electric field influences such a sensor.  

For most of the experimental studies and demonstrations of electrical tunability of 

LCs, the applied electric field used is usually an AC field (voltage) with a frequency 

in the range of ~ 1 kHz [10]. The use of AC fields (voltages) in experimental 
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studies of LCs is a precautionary measure which avoids degradation of the LC 

material caused by DC induced space charge defects in the LC. For the same reason 

LCPCF electrical tunability studies usually are performed by applying AC fields (or 

voltages) in the region of ~ 1 kHz. 

L. Scolari et al have demonstrated the frequency tunability of a nanoparticle doped 

liquid crystal filled PCF for application as a gain equalization filter [122]. The 

response and relaxation times of nematic LC mixtures to an electric field are 

typically in the order of milliseconds [123] and hence the propagation properties of 

nematic LC infiltrated PCF depend on the frequency of the applied electric field at 

frequencies close to 1 kHz. In this chapter an experimental study of the dependence 

of the transmission properties of a nematic LC infiltrated PCF on the frequency of 

an applied electric field in the range from 50 Hz – 1 kHz is performed and the 

results are presented. The time varying transmission response of the LCPCF on the 

application of a sinusoidal AC field is observed to be of a periodic nature in the 

frequency range from 50 Hz – 1 kHz. As a result and with the use of an appropriate 

sin
2
 fitting function the main parameters of the applied AC field can be extracted.  

Consequently, in this chapter the potential application of LCPCF as an all-fiber 

sensor for a fiber based electric field frequency monitor is demonstrated in the 

range of frequencies from 50 Hz to 1 kHz. The additional advantage of a LCPCF 

sensor to simultaneously detect and measure the frequency and amplitude of the 

electric field signal in a larger electric field range at 50 Hz voltages/ electric field is 

also demonstrated.    

In section 5.2 the theoretical background is given and the analysis of the time 

varying transmission response of the LCPCF is performed and presented. The 

sin
2
 fitting function and its importance in terms of extracting the applied electric 



100 

 

field parameters are also explained in this section. In section 5.3 a study performed 

on the transmission response of the LCPCF with electric fields at different 

frequencies is presented. The results with the use of a sin
2
 fitting function on the 

time varying transmission response to extract the frequency and amplitude of the 

applied electric field are also presented.  

 

5.2 Time Varying Transmission Properties of LCPCFs 

5.2.1 Background for Frequency Dependence of LCPCF 

On the application of an external electric field, the NLC molecules undergo 

reorientation which changes the effective refractive index of the holey cladding 

region and allows for the tuning of photonic bandgap transmission. Since the 

response times of NLC mixtures (switch ON and switch OFF) are usually limited to 

the order of ~ msec, the time response of the transmission through the LCPCF will 

strongly depend on the frequency of the applied electric field. The application of an 

AC electric field with a frequency in the order of 1 kHz will produce an amplitude 

modulated time varying transmission response strongly dependent on the applied 

electric field frequency.  

The extinction ratio of the amplitude modulated transmission response depends on 

the amount of tilt attained by the NLC molecules as they re-orientate under the 

action of the field. For a given electric field strength the maximum tilt of the NLC 

molecule is defined as the angle between the orientation of the NLC molecule (NLC 

director) in the absence of the field and in the presence of the field. For LC mixtures 

which create planar alignment within the holes of the PCF, a simple planar 

approximation can be assumed to describe the behaviour of LC molecules under the 

effect of an applied electric field. The hole diameter of the PCF can be taken as the 
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thickness of the LC layer, provided the field is applied perpendicular to the length 

of the fiber. Under these conditions it can be assumed that the maximum tilt of the 

NLC molecule is obtained in the case of planar aligning LCs. This is in comparison 

with splay aligning liquid crystals, which in the absence of electric field have a 

certain amount of pre-tilt with respect to the fiber axis. When compared to the LC 

molecules in a planar alignment to that of an LC in a splay alignment, with the 

electric field acting perpendicular to the length of the fiber in both cases, there is a 

larger number of LC molecules with an inclination to the electric field direction, 

that is orthogonal to the length of the fiber (Figure 5.1).  

This implies that on the application of the electric field and with the LC molecular 

reorientation, the LC director in the planar aligning case tilts towards the electric 

field direction at an angle larger than that for the splay aligning case. In the case of 

a planar aligning LC a higher change in the field induced birefringence is obtained 

which implies that the maximum extinction ratio for the time varying transmission 

Figure 5.1: Schematic showing the orientation of LC molecules within PCF holes 

for both planar and splay alignments. 

Planar alignment Splay alignment
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response for a given electric field strength is obtained in the case with planar 

aligning liquid crystals.  

The NLC molecules within the PCF micro-holes reorient under the influence of the 

electric field above the Freedericksz transition threshold. Above the threshold field 

the molecules tend to reorient increasingly towards the direction of the applied field 

which results in a change in the effective refractive index of the cladding. The 

maximum field induced change in the effective refractive index of the cladding in 

this case results when the field is acting perpendicular to the fiber axis. 

On the application of the AC field above the threshold electric field strength and as 

the amplitude of the electric field signal undergoes a sudden change, the NLC 

molecules re-orientate. The reaction time within which the NLC molecules 

reorientate when the electric field is turned on is given as [10]: 

                                      
1

2 2( ).( )
ON

II thE E

γ
τ

ε ε⊥

=
 − − 

                                  5.1 

where, γ1 is rotation viscosity of the NLC, ε|| and ε┴ are dielectric permittivities of 

the NLC which are dependent on the applied electric frequency and Eth is the 

threshold electric field. 

The relaxation time within which the NLC director decays under the influence of 

the LC molecular forces, when the field is switched off, is given as [10]: 

                                                 

2

1

2

11
( )

OFF

d

K

γ
τ

π
=                                                  5.2 

where K11 is the splay elastic constant of the NLC. The NLC molecules re-orientate 

dynamically under the influence of the alternating field and produce a time varying 

transmission response for the LCPCF which is dependent on the reaction and 

relaxation times of the infiltrated LC mixture. 
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5.2.2 Experimental Setup for studying the LCPCF Frequency 

Dependent Transmission Response 

For these experiments the commonly available solid core PCF, LMA-10 was used. 

The LC used for infiltration of the PCF was the low molecular weight NLC 5CB 

(Merck). The specifications and properties of the LC and PCF used for the study are 

provided in tables 3.1 & 3.2 in chapter 3. For the fabrication of the LCPCF, the 

sample preparation methods described already in chapter 4 were used.    

Prior to LC infiltration a section of LMA-10 PCF was spliced to an SMF fiber using 

a conventional fusion splicer for coupling of light into the PCF with minimized 

losses. The spectrum of the spliced PCF was observed in the wavelength range from 

1500 nm to 1600 nm to make sure that there was no interference pattern formation 

due to splicing and that the transmission response was flat. This ensured that the 

true spectral response of the LCPCF is obtained after infiltration. The infiltration of 

the PCF was carried out at a temperature above the isotropic temperature (~ 40 °C) 

of the NLC. This allows for the NLC molecules to attain a uniform planar 

alignment as the sample cools down to room temperature. The LC infiltration length 

obtained within the PCF was ~ 0.5 cm.   

The experimental set-up to study the frequency dependent transmission response of 

the infiltrated PCF is as shown in figure 5.2. The electric field was applied to the 

infiltrated PCF sensor head with the use of two electrodes in such a way that the 

field acts perpendicular to the length of the PCF. In this arrangement the sensor has 

the highest sensitivity to the applied electric field, for the reasons explained in the 

previous section. Light from a tunable laser source at 1550 nm is coupled into the 

infiltrated PCF. The light transmitted through the infiltrated end is collected by butt-

coupling using an SMF fiber and is coupled into a high-speed optical powermeter 



104 

 

for detection and measurement. In order to avoid any movement of the PCF section 

under the electrodes on the application of the electric field, the infiltrated end of the 

PCF was firmly glued between the electrodes. 

The time response of the transmittance through the infiltrated PCF was recorded 

using the high-speed powermeter for frequencies of the applied electric field in the 

range from 50 Hz – 1 kHz. The powermeter employed had an unaveraged 

measurement speed of 10
6
 measurements per second, which is more than adequate 

for optical power measurements where variations occur in the low kHz region. The 

electric field was applied in the form of a sinusoidally varying positive polarity 

waveform using a combination of a high voltage power supply (1000 V) modulated 

by a standard waveform generator. 

On splicing the PCF with a standard SMF 28 fiber a splicing loss of ~ 1 dB is 

obtained. The insertion loss at 1550 nm on infiltration of 5CB into the PCF is 
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Figure 5.2: Schematic of the experimental set-up used to study the frequency 

response of LCPCF. 
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estimated as ~1 dB. The spectrum of 5CB infiltrated LMA-10 showed a flat 

response in the wavelength range from 1500 nm – 1600 nm. The broadband 

spectrum of the 5CB infiltrated LMA-10 sample (figure 5.3) in the wavelength 

 

range from 600 nm – 1700 nm shows the presence of photonic bandgaps. As can be 

observed from the figure 5.3, the wavelength region from 1300 nm to 1600 nm is a 

region of photonic bandgap transmission for the liquid crystal/PCF combination. 

This wavelength region is useful for various broadband applications such as for all-

fiber based variable optical attenuators as described in chapter 3 and also for single 

wavelength applications such as for all-fiber based electric field sensing studied in 

chapter 4.  
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Figure 5.3: Broadband transmission spectrum of LCPCF at room temperature in the 

absence of an external electric field. 
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5.2.3 Analysis of the Time Varying Transmission Response of the 

LCPCF 

In order to study the time varying transmission response of the infiltrated PCF at 

1550 nm, a square wave electric field signal with an intensity ~ 1.8 kVrms/mm was 

applied and the time response was recorded with the high-speed powermeter. Figure 

5.4 shows the input squarewave signal (@ 5 Hz) along with the infiltrated PCF 

transmittance.  

As can be seen, the transmittance response is similar for both the low and high half-

periods of the applied squarewave signal. The NLC molecules undergo a 

reorientation when there is a change in the electric field strength, this happens twice 

during each cycle of the input signal. With the reference to figure 5.4, at the 

beginning of each half cycle and as the electric field amplitude undergoes a change, 

Figure 5.4: LCPCF transmission response to a 5 Hz squarewave signal at 1.8 

kVrms/mm, shown with the input waveform. 
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the NLC molecules re-orientate with a time constant as given by equation 5.1. 

Initially the LC molecules reorientation causes degradation of the periodic structure 

quality in the holey region of PCF and the decrease in the transmission response 

takes place. Once the LC molecules assume the new orientation (in this case along 

the direction of the electric field) the periodic structure quality improves and the 

transmission returns to its high value. This switch ON response is comparatively 

fast and depends on the applied electric field strength. The switch ON time in this 

case is estimated as τON ~ 4 msec. At high electric field intensities above the 

threshold electric field the switch ON time of the NLC reduces to values in the 

order of 1 msec in accordance with equation 5.1. Given the millisecond order 

switch ON time of the infiltrated NLC, the LC molecules in the holes of the PCF 

will re-orientate dynamically in phase with applied electric field at frequencies 

below 1 kHz.  

As a result, an LC infiltrated PCF can be used for detection and measurement of the 

frequency and amplitude of an applied electric field in the frequency range from 50 

Hz – 1 kHz. On the application of a sinusoidally varying electric field, the 

transmission response of the infiltrated PCF is observed to be periodical with a 

frequency that is twice that of the frequency of the input signal. This is in 

accordance with the explanation given above. Figure 5.5 shows the transmission 

response of the LCPCF at 1550 nm when a sinusoidally varying electric field with 

the amplitude of ~ 2.5 kVrms/mm is applied at a frequency of 500 Hz. As can be 

observed the transmission response is periodically varying with a frequency of 

1 kHz.  
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5.3 Applications of LCPCF for the Estimation of Multiple 

Parameters for a Variable Electric Field 

5.3.1 Combined Influence of Frequency and Electric Field Strength on 

the LCPCF Transmission Power Response. 

The transmission response of the LCPCF at different frequencies of the applied 

electric field from 50 Hz – 1 kHz with the electric field intensity varying from 0 –

 5.0 kVrms/mm is shown in figure 5.6. It should be mentioned that all the 

measurements for this section using the high-speed powermeter are averaged over 

time, with a sampling rate of ~ 1000 measurements per reading. For all frequencies 

the LCPCF transmittance varies with increasing electric field intensity above the 

Figure 5.5: LCPCF transmission time response to a sinusoidal electric field 

waveform with amplitude of ~ 2.5 kVrms/mm and a frequency of 500 Hz. 
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threshold electric field. The threshold electric field for molecular orientation 

decreases as the frequency of the input signal is increased from 50 Hz to 1 kHz. 

This behaviour for the LCPCF is found to be similar to that obtained by L. Scolari 

et al [121]. The transmittance response above the threshold field is observed to be 

close to linear with an increasing electric field but the region of linearity is found to 

increase as the frequency is lowered.  A notable feature in the transmittance 

response with increasing electric field is the appearance of transmission peaks in the 

electric field range from 2.5 kVrms/mm to 3.5 kVrms/mm at higher frequencies. 

This is because on the application of an electric field above the threshold and with 

the reorientation of the LC, anisotropy is introduced. As a result the infiltrated 

section of the PCF under the action of the electric field behaves as a variable 

retarder introducing a phase delay between both orthogonal components of the 

modes propagating through the photonic liquid crystal fibre.  
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Figure 5.6: Frequency dependence of the transmission response of LCPCF with 

varying electric field intensity at 1550 nm. 
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This phase retardation is expressed as [124]: 

                                                                                        5.3     

where ∆n is the effective birefringence of the liquid crystal and l is the length of the 

infiltrated section of the PCF.  

The effective birefringence of the infiltrated section of the PCF is set by the average 

orientational state attained by the NLC molecules at each electric field intensity. In 

this case, the transmission of the linearly polarized input light from the tunable laser 

source by the LCPCF with an increasing electric field shows oscillatory behaviour 

as the transmittance is related to δ as [125]: 

                                                                                                   5.4 

At 50 Hz the transmission response is observed to be linear for the entire electric 

field range above the threshold electric field from 1.5 kVrms/mm to 4.5 kVrms/mm. 

At frequencies above 100 Hz due to lower thresholds for molecular reorientation, 

transmission responses show several minima and maxima at electric field intensities 

above 2.5 kVrms/mm. At very high field intensities (for example, as in the case of 

fields of the order of 3.5 kVrms/mm) the transmission increases as a consequence of 

the improved periodicity of the holey region infiltrated with the LC.  As the LC 

molecules regain their long range orientation order in the direction of the applied 

field, the larger LC-silica refractive index contrast provides better mode 

confinement and the guided light throughput increases. 

 

 

 

 

2 /l nδ π λ= ∆
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5.3.2 Application of LCPCF for Frequency Monitoring of an External 

Electric Field 

The dynamic properties of LCPCF in responding to a periodically varying electric 

field offer the possibility to measure an unknown repetition frequency for an 

applied electric field. In order to demonstrate this, the transmission response of the 

LCPCF was recorded at an electric field intensity of ~ 2.5 kVrms/mm for 

frequencies from 50 Hz – 1 kHz at increments of 50 Hz. The time responses of the 

infiltrated PCF transmission for an applied electric field with frequencies of 250 Hz, 

500 Hz, 750 Hz and 1 kHz are shown in figure 5.7. In order to estimate the 

frequency (f) and other parameters such as the amplitude (A) of the applied electric 

field from the captured time response of the LCPCF, it is necessary to use a fitted 

function. A good candidate function is a sin
2
 function as follows:   

                                   ( ) ( ){ }2sin 2 . .T t A f tπ=                                                5.5                                         

with A being the amplitude and f the frequency of the applied waveform. 

For each case in figure 5.7 a sinusoidal fitting based on equation 5.5 is also shown. 

To demonstrate the ability to measure an unknown frequency, the repetition 

frequency was estimated using this sinusoidal fitting. The estimated frequency in 

each case, obtained as a result of fitting, when compared to the known applied 

frequency was found to be within a ~ ± 0.5% error margin. Figure 5.8 shows the 

plot of applied frequency with the percentage error in the measurement of frequency 

using the LCPCF device in the frequency range from 50 Hz – 1 kHz. This suggests 

that equation 5.5 is a good approximation for the time response of the LCPCF 

transmission in this frequency range and can be used to extract the frequency of an 

externally applied sinusoidally varying electric field with fixed amplitude. It should 
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Figure 5.7: LCPCF transmission time response at frequencies, (a) 250 Hz, (b) 500 

Hz, (c) 750 Hz, and (d) 1 kHz, shown along with a sin
2
 fitting. 
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transmittance at different electric field intensities above the threshold electric field 

is recorded for a frequency of 50 Hz. As in the previous case a sin
2
 fit based on 

equation 5.5 is performed on the time response for the transmittance of the LCPCF 

in an electric field range from 1.5 kVrms/mm – 3.0 kVrms/mm. Figure 5.9 above 

shows the transmission response recorded at different electric field intensities along 

with the sin
2
 fit based on equation 5.5. The fitting parameters such as the amplitude 

A and the frequency f with increasing electric field intensity as obtained for each 

parameter are shown in figure 5.10.  

It is observed that the frequency of the periodic variations in the transmission 

response is maintained at 50 Hz as the electric field intensity increases. Also, the 

amplitude of the periodic transmission response is found to increase linearly with 

increasing electric field intensity in this range. 

It is worth noting that given the dynamic response of the structure to AC fields and 

the demonstrated ability to measure both amplitude and frequency, the development 

of a fiber based electrical signal waveform monitor using an LCPCF based sensor 

may be feasible. This may be possible if the time varying nature of an unknown 

electric can be reproduced in the transmission response of an LCPCF with enough 

fidelity, so that it is possible to envisage estimating not just the amplitude and 

frequency of the electric field but also the actual waveform shape itself. The simple 

all-fiber design of the sensing scheme proposed here provides the advantage of 

immunity from unwanted electromagnetic interference and the safety provided by 

dielectric isolation in high electric field environments.  
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5.4 Summary 

In this chapter the dependence of the transmission response of a nematic liquid 

crystal infiltrated photonic crystal fiber on the frequency of an externally applied 

electric field was experimentally studied and presented in the frequency range from 

50 Hz – 1 kHz. It was demonstrated that due to the millisecond order response time 

of the NLC to an applied electric field, the time varying transmission response of 

Figure 5.10: Fitting parameters; (a) Amplitude and (b) Frequency, as obtained by 

performing of a sinusoidal fitting of the LCPCF transmission response at 50 Hz. 
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the LCPCF is highly dependent on the frequency of the input signal waveform in 

the frequency range from 50 Hz – 1 kHz. The LCPCF transmission response on the 

application of a sinusoidally varying electric field is found to vary periodically and 

it has been demonstrated that the transmission response can be approximated using 

a sin
2
 function. Subsequently, the fitted function can be used to retrieve the input 

waveform parameters such as frequency and amplitude. The input frequency could 

be measured using the LCPCF device with an accuracy of 99.5 % in the frequency 

range from 50 Hz – 1 kHz. For the case of electric field signals with a frequency of 

50 Hz the measured amplitude is found to vary linearly and the measured frequency 

is maintained at 50 Hz for an electric field range from 1.5 kVrms/mm – 3.0 

kVrms/mm.  

The results obtained with the studies as presented in this chapter show that the 

assumed sinusoidal function used for the theoretical fitting is a good approximation 

to the time varying transmission response of the LCPCF. The fitting function can be 

used to extract the parameters such as frequency and amplitude of the AC signal. 

The ability to detect the frequency of the applied AC field is an added advantage for 

the LCPCF based electric field sensor. These results demonstrate the application of 

a liquid crystal infiltrated photonic crystal fiber based sensor for fiber based 

electrical signal frequency monitoring in the frequency range from 50 Hz – 1 kHz 

and potentially an all-fiber based waveform monitor for electrical signals at a 

frequency of 50 Hz.  
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Chapter 6 

Polarimetric Electric Field Sensors based on 

LCPCFs 

 

6.1 Introduction 

Polarimetric optical fiber sensors based on highly birefringent fibers have been 

extensively investigated for sensing of hydrostatic pressure, strain, vibration, 

temperature, acoustic waves etc [126, 127]. Most of these sensors are based on 

interferometric schemes employing high birefringent (HB) fibers. In an HB fiber 

strong asymmetries are introduced in order to remove the quasi-degeneracy of two 

orthogonally polarized modes and to allow for a single polarization mode to 

propagate. In polarimetric sensors a phase delay in the orthogonally propagating 

polarization modes induced by external parameters is used for the detection and 

measurement of the unknown parameters. A polarization maintaining photonic 

crystal fiber (PMPCF) with its elliptical core is an HB fiber and has been employed 

for various sensing applications for pressure, stress and vibrations [128-130]. 

In this chapter a liquid crystal infiltrated PMPCF is used in a polarimetric 

measurement scheme for electric field sensing. In chapter 4, planar aligning nematic 

liquid crystal infiltrated PCF was introduced as a novel technology for fabrication 

of all-fiber electric field sensors for the measurement of electric field intensity. The 

use of a liquid crystal infiltrated circular core PCF allows for the measurement of 
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electric field intensity in a range of fields as determined by the threshold electric 

field and electric field induced photonic bandgap of the LCPCF structure. A 

selectively infiltrated PMPCF was employed for the study. The polarization effects 

in a selectively infiltrated PMPCF were studied [131, 132]. In this chapter nematic 

LC infiltrated elliptical core PMPCF with an optimized infiltration length is used in 

a polarimetric sensing scheme. The optimization of the length of the infiltrated 

region of the LCPCF subjected to an electric field makes it possible to obtain a 

linear transmission response for a given electric field range. A lower threshold 

electric field and improvement in overall measurable electric field range is obtained 

with the use of splay aligning nematic liquid crystals. With the use of an elliptical 

core PCF the sensor head is also shown to have a useful directional sensitivity to the 

applied electric field. This property of the LC filled PMPCF is made use for the 

demonstration of an all-fiber based directional electric field sensor. 

In section 6.2 the working principle and experimental setup for an LC infiltrated 

PMPCF based polarimetric electric field sensor is described. Section 6.3 describes 

experimental studies and results obtained with infiltration length optimization. The 

results obtained with two LCPCF samples with both planar aligning and splay 

aligning nematic LCs are presented. In section 6.4 the directional electric field 

sensitivity of an LC filled PMPCF sensor head is studied and presented.    

 

6.2 Polarimetric Electric Field Sensing Scheme with LCPCFs 

6.2.1 Background for the Polarimetric Sensing Scheme for Electric 

Field 

In a polarimetric measurement scheme an optical sensing device, under the 

influence of the parameter to be sensed, is located between an optical polarizer and 
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a polarization analyser. The sensing device splits the incident light wave into two 

orthogonal linearly polarized waves. These two waves propagate with different 

phase velocities in the polarizing device and their phases are shifted by a quantity φ. 

The magnitude of this phase will depend on the parameter being sensed and thus by 

measuring the phase shift it is possible to quantify the unknown physical parameter, 

assuming a suitable calibration has taken place.  

A cross-sectional view of the PMPCF used for the experiments is shown in 

figure 6.1. The birefringent axis of the PMPCF is along a direction orthogonal to the 

axis passing through the centre of the two large holes as shown in figure 6.1. On 

infiltration of the two large holes of the PMPCF with an NLC mixture the 

birefringent axis undergoes a 90° rotation [133]. The refractive index of the two 

holes is now set by the effective refractive index of the infiltrated NLC mixture. On 

the application of the electric field the LC molecules undergo reorientation and 

align themselves along the field direction. The reorientation of the NLC molecules 

changes the effective refractive index within the large holes which changes the 

phase birefringence of the fiber. The overlap of the propagating core mode of the 

PMPCF with the infiltrated LC in the two large holes allows for the fiber to exhibit 

a large variable birefringence on the application of an external electric field. Under 

these conditions the infiltrated PCF behaves as a variable phase retarder, with the 

retardance increasing with an increase in the length of the infiltrated section 

subjected to the applied electric field.  

In a fashion similar to a Polarization Maintaining (PM) fiber, the PMPCF with its 

elliptical core supports two eigenmodes, with dominant electric field components in 

x and y directions (Figure 6.1). The eigenmodes are characterized by their effective 
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refractive indices nx and ny. On infiltration and on the application of the electric 

field, the fiber birefringence changes to: 

                          
( ) ( )0 0y x yE xEN n n n n∆ = − − −

                                                       6.1 

where ny0 and nx0 are the effective refractive indices in the absence of an electric 

field and nyE and nxE are the effective indices with the applied electric field. The 

phase retardance for the light propagating through the infiltrated PCF is given as: 

                       0 E
φ φ φ= +

, where  0E
NLφ κ= ∆

                                                6.2 

φ0 is the inherent retardance of the infiltrated PCF and φE is the phase retardance 

induced by the electric field, κ0 = 2π/λ is the wavenumber, λ is the free space 

wavelength and L is the length of the infiltrated section under the influence of the 

applied electric field. 

Figure 6.1: Selectively infiltrated PMPCF probe showing the axes orientation and 

applied field direction. The hole geometry of the PMPCF used for infiltration is 

shown in the bottom left. 
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Direct measurement of the effective indices of the modes of the infiltrated PMPCF 

is difficult and thus in order to characterize the retardance induced by the applied 

electric field it is convenient to express the field-induced phase retardance using the 

characterisation term Eπ as follows: 

                                                
E

E

E π

φ π
∆

=

                                                           6.3 

where ∆E is the change in electric field intensity. The sensor characterization term 

Eπ can be measured by converting the phase shift into a change in the light intensity 

transmitted by the fibre using a linear polarizer. If the input and output polarizers 

are parallel and are at 45° with respect to the infiltrated PCF optical axis (ny), the 

output intensity is given as, 

                                    

0
01 sin

2

I E
I

Eπ

φ π
  ∆ 

= + +  
                                                 6.4 

The transmitted intensity varies sinusoidally with the electric field intensity with a 

period set by the electric field induced phase retardance term which depends on the 

length of the infiltrated section under the influence of the external electric field. The 

sensitivity of such a PMPCF fibre sensor to an electric field increases with a 

decrease in the value of Eπ. Since Eπ is inversely proportional to the length of 

infiltration, the sensitivity of the device will increase as the length of the infiltrated 

section subjected to the applied electric field increases. The optimization of the 

length of the infiltrated region of the LCPCF subjected to an electric field makes it 

possible to obtain a linear transmission response for a given electric field range. 
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6.2.2 Experimental Setup for Polarimetric Electric Field Sensing 

The polarization maintaining PCF used for the experiments is the commercially 

available PM-1550-01 (Figure 6.1). The presence of two large holes around the core 

of the PCF introduces a nonaxisymmetric distribution of effective refractive index 

around the core. A non-circular core combined with a large air-glass refractive 

index step in the PCF creates a strong form birefringence [134].  It has five rings of 

air-holes around its solid core. The small holes are of diameter ~ 2.2 µm and the 

two large holes defining the birefringent axis of the fibre have a diameter of 4.5 µm. 

The fiber has non-circular core, with a major axis 5.4 µm long and a minor axis 

4.3 µm long. The intrinsic birefringence of the PMPCF is ~ 4.0 x10
-4 

[135].  

For the experiments the two large holes of the PMPCF were infiltrated with NLC 

mixtures. The nematic LC mixtures used for infiltration were MDA-05-2782 and 

MLC-7012 (Merck). The ordinary and extraordinary refractive indices of MDA-05-

2782 are ~ 1.49 and ~ 1.61 respectively measured at 589.3 nm and the isotropic 

temperature of material is ~ 106 °C (Merck datasheet). The MLC-7012 material has 

an ordinary refractive index of ~ 1.464 and an extraordinary refractive index of 

~ 1.53 measured at 589.3 nm (Merck datasheet). It has an isotropic temperature of 

91 °C. The specifications and properties of the LC materials and PCF used for the 

studies in this chapter are given in table 6.1 and 6.2 below. 

In order to examine and ascertain the alignment of the nematic LC mixtures in the 

holes of PM-1550-01 PCF, the NLC mixtures where infiltrated into a silica 

capillary with ~ 5 µm inner diameter, which is of the order of the diameter of the 

large holes of PM-1550-01. The NLC infiltrated capillaries were then observed 

under a polarizing microscope. The alignment of MDA-05-2782 was found to be 

planar, whereas MLC-7012 was found to have a splayed alignment.  
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A section (~ 30 mm) of the PMPCF is initially spliced to a Polarization Maintaining 

(PM) fiber pigtail using a standard fusion splicer. The fusion current, fusion time 

and number of arc discharges are optimized to achieve minimal air-hole collapse of 

the PMPCF at the splice joint and also to ensure minimal degradation of the PM 

fiber structure at the splice joint [98]. The splice loss for the PMPCF to PM fiber 

joint is estimated to be ~ 6 dB.  

 

LC ∆n ∆ε TC (°C) 

MDA-05-2782 0.164 (589.3 nm; 20 °C) 7.2 (1 kHz; 20 °C) 102 

MLC - 7012 0.066 (589.3 nm; 20 °C)  91 

 

 

PCF d (hole diameter) Λ (pitch) 

PM-1550-01 

Large hole – 4.5 µm 

Small hole – 2.2 µm  

4.4 µm 

 

 

The sensor head is a < 1 mm NLC infiltrated section of the PMPCF (Figure 6.1). 

Selective infiltration of the two large holes was performed by collapsing the smaller 

holes around the core using a standard fusion splicer. In order to achieve this, the 

cleaved end of the PMPCF is kept between the electrodes of the fusion splicer and 

Table 6.2: Specifications of the PCFs used for the study. 

Table 6.1: Properties of the LC materials used for the study. 
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controlled arc discharges are applied. The offset distance from the centre of the 

electrode axis, fusion current, fusion time are optimized in order to collapse all the 

smaller holes around the core leaving only the two large holes open [136]. A 

microscope image of the arc-treated end of the PMPCF is shown in figure 6.2. 

Subsequently, the PCF was infiltrated with a nematic LC mixture by dipping the 

cleaved end of the PCF into a drop of the NLC mixture at room temperature. The 

infiltrated PCF is observed under a polarising microscope to ascertain the quality of 

infiltration and care is taken to ensure that both the holes of the PMPCF are evenly 

infiltrated. Uneven infiltration results in high insertion loss and sinusoidal spectral 

interference patterns. After infiltration the collapsed end is cleaved off resulting in 

the total length of infiltration within the PCF after cleaving in the order of ~ 1 mm. 

This is done to minimise the insertion loss of the sensor, which increases with an 

increase in the length of infiltration. For MDA-05-2782 filled PMPCF an 

infiltration length of ~ 0.8 mm was observed using the polarizing microscope by 

cleaving after infiltration and for the MLC-7012 filled sample the infiltration length 

Figure 6.2: Microscope image of the cleaved end of the PMPCF after arc treatment 

with the fusion splicer.  
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achieved using the same method was ~ 1.6 mm. The disparity between the lengths 

achieved and the 1 mm desired length is a result of the limited accuracy with which 

the cleave length can be set. Furthermore due to the limitations of the translation 

stage of the polarizing microscope the measurement accuracy for the total 

infiltration length is ± 0.1 mm. The infiltration of the LC mixture into the PCF 

introduces an additional insertion loss of ~ 6 dB at 1550 nm for both the NLC 

samples. 

To test the feasibility of utilizing the selectively infiltrated PMPCF sensor head for 

polarimetric electric field sensing the experimental set-up shown in figure 6.3 was 

employed. Light at 1550 nm from a tunable laser source was linearly polarised 

using a polarization controller (DPC5500; Thorlabs) and coupled into the input PM 

fiber with the selectively infiltrated PMPCF spliced to its other end. The PMPCF is 

clamped on to a precision bare fiber rotator and the rotator is mounted on an XYZ 

Tunable Laser

PMPCF
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Splice
Joint
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Figure 6.3: Schematic of the experimental set-up for polarimetric e-field sensing. 
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nano-positioner stage (1.0 µm translation accuracy). The infiltrated end of the PCF 

is positioned between two electrodes with a spacing of ~ 150 µm between them. 

The fiber axis (ny) of the PCF is arranged to be parallel with the electric field 

direction as in figure 6.1. This was done by using the fiber rotator and by viewing 

the end facet of the PMPCF under a high resolution digital microscope. The 

transmission of the infiltrated PCF in the presence of an external electric field is 

found to be dependent on the orientation of the fiber optical axis with respect to the 

direction of the electric field. With the axis of the fiber aligned along the electric 

field direction, the electric field induced birefringence change is maximised. The 

directional sensitivity of the sensor head is explained in detail in section 6.3 below.  

The light transmitted by the PMPCF after passing through the infiltrated section 

was butt-coupled to an output PM fiber pigtail and then coupled to an in-line 

polarimeter (IPM5300 Thorlabs). The butt coupling at the infiltrated end was done 

using another XYZ nano-positioner stage. The output from the polarimeter is passed 

through a free-space analyser and coupled to the optical detector to record the value 

of transmittance.  

The electric field was applied to the infiltrated PCF using a combination of a high 

voltage power supply modulated by a standard waveform generator operating at 

1 kHz. This provides a positive polarity voltage waveform that varies in time 

sinusoidally from zero Volts up to a peak value, Vpeak, with an average value of 

Vpeak/2. The maximum value of Vpeak used in the experiment is 1000 V. The 

relationship between the Vpeak value and the RMS value is given by: 

Vrms = (3/8)
1/2

 Vpeak. Since the distance between the electrodes in the experimental 

arrangement was ~ 150 µm, in effect the sensing device is subjected to electric field 

intensity in the range from 0 to 4.1 kVrms/mm. 
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In order to study the influence of the length of the infiltrated section within the 

electric field on the output transmittance, the infiltrated section was translated 

between the electrodes, using the input nano-positioner stage, in fixed length steps. 

The polarized transmittance was recorded in the range from 0 to 4.1 kVrms/mm. It 

should be mentioned that although a sinusoidally varying AC field was applied to 

the sensor head the polarized transmission data provided by the high-speed optical 

power meter is averaged over time. It is also possible to alter the infiltration length 

by altering the quantity of LC material introduced into the PMPCF, but achieving 

the equivalent fine increments in the infiltrated length for the purpose of this study 

would involve micro litre control of the infiltrated LC quantity which is difficult to 

realise experimentally. It is for this reason that translation of the infiltrated section 

with respect to the electrodes is used as a more practical alternative. 

 

6.2.3 Experimental Results and Discussion 

A. MDA-05-2782 Infiltrated PM-1550-01 

The length of infiltration could not be estimated with accuracy better than 0.1 mm 

due to the limitation of the experimental setup. For this reason, the initial 

adjustment for a length of the infiltrated section within the electrodes area was done 

by translating the PMPCF into the space between the electrodes up to the point 

when a noticeable change (~ 1 dB) in the output transmittance was observed 

between the zero and maximum values of the applied electric field. This length of 

the infiltrated section within the electrodes was taken as the reference point. The 

infiltration length within the electrodes was incremented in 20 µm steps from the 

reference point and the electric field was varied from 0 to 4.1 kVrms/mm in each 

case. The polarized transmission at 1550 nm for MDA-05-2782 infiltrated PM-



129 

 

1550-01 for different lengths of the infiltrated section subjected to varying electric 

field is shown in figure 6.4. For the sample infiltrated with MDA-05-2782 the 

electric field threshold for LC molecular reorientation was estimated to be 2.0 

kVrms/mm. As discussed in the previous chapter, the relatively large threshold is 

due to the planar alignment of this material within the holes of the PCF. As longer 

lengths of the infiltrated section of the PCF are subjected to an electric field, the 

field induced phase retardance of the PMPCF increases. The polarised transmitted 

power decreases monotonically until the length of the infiltrated section subjected 

to electric field produces a phase change of π/2. Beyond this and as the length of the 

infiltrated section subjected to electric field is increased further, the π/2 phase 

retardance is attained at lower electric field strengths, above which the transmitted 

power increases again. From figure 6.4 it can be observed that for the case of 80 µm 
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Figure 6.4: Transmission response of MDA-05-2782 filled PM-1550-01 at 1550 nm 

with varying electric field intensity obtained for different lengths of the infiltrated 

section between the electrodes. 
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and 100 µm infiltration lengths the phase retardance of π/2 is attained at electric 

field intensities of ~ 3.4 kVrms/mm and ~ 2.9 kVrms/mm respectively. 

As can be observed from figure 6.4, the transmitted intensity above the threshold 

shows that the 60 µm infiltration length case provides the largest change in 

transmittance while also providing a monotonically decreasing response. Figure 6.5 

shows the normalized transmittance response for the 60 µm sample along with a 

sinusoidal fit based on equation 6.4 for an electric field range from 2.0 kVrms/mm 

to 4.1 kVrms/mm. The value of the sensor characterization term Eπ estimated from 

the fit was ~ 2.35 kVrms/mm. The built-in retardation term φ0 in equation 6.4 is a 

measure of the inherent phase retardance of the PMPCF and the phase retardance 

due to the infiltrated section outside the electrodes. It depends on various 

parameters such as temperature and mechanical stress the PCF is subjected, and 

thus varies between measurements. In order to provide an estimate of the sensitivity 
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Figure 6.5: Transmission response (dots) with 60 micron length of infiltrated section 

within the electrodes and its sine fit (solid red line). 
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of the device a linear response for an electric field can be assumed in the range from 

3.4 - 4.1 kVrms/mm for the 60 µm sample. A linear fit for the data in this range 

provides an estimate of the sensitivity of the device as ~ 20 dB per kVrms/mm. 

Assuming a resolution of 0.01 dB for the optical power measurement system, the 

estimated resolution of the device over this e-field intensity range was ~ 5 x 10
-5

 

kVrms/mm (50 Vrms/m). 

The PMPCF samples infiltrated with nematic LCs, have a planar alignment within 

the holes of the PCF and thus demonstrate a threshold behaviour for the 

reorientation of the LC molecules. Therefore the field induced birefringence change 

can only be obtained above a threshold electric field. The LCPCF sensor’s lower 

electric field measurement range in this case is limited by the threshold electric field. 

 

B. MLC-7012 Infiltrated PM-1550-01 

Nematic LC mixtures with a splayed alignment do not show threshold effects [137]. 

Figure 6.6 shows the polarized transmittance at 1550 nm for MLC-7012 infiltrated 

PMPCF recorded for different lengths of the infiltrated section within the electrodes. 

The initial adjustment for the length of the infiltrated section was carried out as 

explained in the section above. The infiltration length was incremented in steps of 

50 µm from the reference point for this sample. Unlike the MDA-05-2782, the 

reorientation of the LC molecules within the holes of the PCF takes place at very 

low values of the electric field. Since the birefringence of MLC-7012 is lower than 

that of MDA-05-2782, longer lengths of infiltrated section had to be subjected to 

the electric field to attain a phase retardance of the same order of magnitude. A near 

linear response was obtained in the case with 150 µm length of the infiltrated 

section within the electrodes for the entire applied electric field range. Figure 6.7 
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shows the normalized transmission response obtained at this length of the infiltrated 

section within the electrodes. A fit based on equation 6.4 for an electric field range 

from 0 to 4.0 kVrms/mm is also shown. The value of Eπ for the MLC-7012 filled 

sample estimated from the fit was ~ 6.56 kVrms/mm. The MLC-7012 infiltrated 

PMPCF has a useful electric field measurement range from 0 to 4.0 kVrms/mm and 

by careful adjustment of the length of the infiltrated section within the electrodes 

the sensor can be fabricated so it has a linear electric field response using a 

measurement scheme based on transmission intensity. In this case a linear electric 

field range can be assumed for the 150 µm sample from 1.0 kVrms/mm to 4.1 

kVrms/mm. On performing a linear fit the sensitivity in this case is estimated as ~ 

2.0 dB per kVrms/mm. Assuming a resolution of 0.01 dB for the optical power 

measurement system, the estimated resolution of the device over this e-field 

intensity range is ~ 5 x 10
-3

 kVrms/mm (~ 5 x 10
3
 Vrms/m). 
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Figure 6.6: Transmission response of MLC-7012 filled PM-1550-01 at 1550 nm 

with varying electric field intensity obtained for different lengths of infiltrated 

section between the electrodes. 
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The MDA-05-2782 infiltrated PMPCF sensor has a lower Eπ value when compared 

to an MLC-7012 infiltrated PMPCF sensor, and therefore displays a significantly 

higher sensitivity to electric field intensity and thus a higher measurement 

resolution than the MLC-7012 infiltrated PMPCF sensor. However the advantage of 

the MLC-7012 infiltrated PMPCF sensor is that it can operate from e-field 

intensities close to zero, whereas the MDA-05-2782 infiltrated PMPCF sensor only 

operates above a threshold electric field value.  

With an appropriate choice of an LC mixture for infiltration and by controlling the 

length of infiltration these structures can be customized for the measurement of 

electric field intensity in a specified electric field range. Given the high 

birefringence of the NLC mixtures available and the hole size of the PMPCF used, 

it is estimated that control on the infiltration length with an accuracy of ~ 1 µm is 

desirable, in order to achieve precise control of the electric field induced phase 
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Figure 6.7: Transmission response (dots) with 150 micron length of infiltrated 

section within the electrodes and its sine fit (solid red line). 
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retardance. It should be mentioned that precise control on the length of infiltration 

(~ µm accuracy) is difficult to achieve with the standard procedure used by various 

authors for infiltrating PCFs (also used in our experiments). Acceptable control on 

the infiltration length within the PCF can be achieved by injecting a known quantity 

of LC mixture into the PCF using a controlled syringe pump arrangement with ~ 

1µL volume delivery and/or by fiber cleavers with high precision control of the 

cleave length to obtain a required infiltration length by cleaving. 

 

6.3 Directional Electric Field Sensor Probe using LC 

Infiltrated PMPCF 

Most of the demonstrations of fiber based electric field sensors to date have 

involved the measurement of the intensity of an electric field. However in many 

applications it is also necessary to measure the direction of an electric field.  

Directionally sensitive electric field sensors allow for the measurement of electric 

field components and can be used for electric field mapping. In [138] a technique 

employing a GaAs crystal integrated with an optical fiber for the detection of 

electric field components was demonstrated. Electric field mapping using a sensor 

based on an electro-optic crystal has also been demonstrated in [139, 140], where 

the symmetry properties of the electro-optical crystal were utilized. These 

approaches involve the integration of fibers and electro-optical crystals and 

therefore have a number of disadvantages such as high coupling losses, high cost, 

limited mechanical reliability and are difficult to produce on a large scale. 

In the previous section the capability of an LC filled PMPCF probe to measure the 

electric field intensity was demonstrated. Due to the elliptical core of the PMPCF 
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combined with an electric field induced phase birefringence on LC infiltration the 

LCPCF probe is sensitive to the direction of the applied electric field.  

 

6.3.1 Directional Sensitivity of an LC Infiltrated PMPCF Probe 

The electric field directional sensitive sensor probe consists of a less than 1 mm 

long selectively infiltrated section of a PMPCF. Figure 6.8 shows the infiltrated 

PCF orientation with respect to the electric field direction. The angle between the 

electric field direction and the fiber polarisation axis (ny) is θ. Figure 6.9 shows the 

schematic of the large diameter holes of the PCF along with the average orientation 

of the LC molecules (NLC director) on the application of electric field. Within each 

hole, as the molecules orient along the field direction, the NLC director component 

in the direction of the field is given by  

                                                                                                           6.5 
sin

E e
n n φ=

θ

PCF polarization axis (ny)

150 µm

ny

nx

PCF axes orientation

E

Electrodes

Electrodes

Figure 6.8: Infiltrated PCF polarization axis orientation and electric field direction 
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as shown in figure 6.10, where φ is the angle between the fiber propagation 

direction (z) and the NLC director and ne is the extraordinary refractive index of the 

NLC.  

As the NLC molecules re-orient along the electric field direction (increase in φ) the 

component nE increases in magnitude. Linearly polarized light with a polarisation 

direction at 45° with respect to the PCF axis (ny) in this case will undergo 

increasing retardance with an increase in electric field intensity for a fixed length of 

the infiltrated section within the electrodes. For a fixed electric field intensity, on 

rotation (increase in angle θ), the component of nE along ny given by, 

                                                                                                         6.6 

decreases as θ increases from 0° to 90°, so in this case the phase retardance 

experienced by the light decreases. Using the same explanation as above, an 

cosy En n θ=

E
ny

ny

NLC Director

Figure 6.9: Large holes of PMPCF with NLC molecular alignment on application of 

electric field. 
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increase in θ from 90° to 180° will produce the same retardance as θ going from 90° 

to 0°. As a result the polarized transmission response of the infiltrated PMPCF with 

the polarization axis of the PMPCF rotated from 90° to 180°, with respect to the 

electric field direction, will be the same as when rotation is from 90° to 0°. 

The PMPCF probe selectively infiltrated with MLC-7012 was chosen for this study. 

This sample was chosen as the MLC-7012 showed a splayed alignment. As 

mentioned and demonstrated in the previous section, splay aligned LC mixtures 

within PCF holes have a low electric field threshold for LC molecular reorientation 

and provide a larger useful electric field measurable range.  

The experimental set-up used for the study is the same as shown in figure 6.3. The 

electric field was applied in the form of a sinusoidally varying positive polarity 

waveform at 1 kHz frequency, using a combination of a high voltage (1000 V) 

E

ny =  nE cosθ

φ

nE

θ

ne

z

ny

Figure 6.10: Average molecular orientation and it’s projection on the electric 

field direction and PCF polarization axis. 
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power supply modulated by a standard waveform generator. By careful adjustment 

with the XYZ translation stage and by observing the polarised transmission the 

infiltration length under the electrodes can be optimized for a particular phase 

change. The length of the infiltrated section within the electrodes is initially 

adjusted to have a phase change of ~ π/2 for the entire applied electric field range 

from 0 to 4.0 kVrms/mm. This ensured that a monotonically decreasing 

transmittance response was obtained for an increasing electric field strength in the 

range from 0 to 4.0 kVrms/mm. 

The sensitivity of the infiltrated PMPCF to the direction of an electric field is 

studied in a polarimetric scheme, with the length optimized infiltrated section of the 

PMPCF being the sensing element. In order to change the orientation of the fiber 

with respect to the electric field direction, the infiltrated fiber section was mounted 

on a precision fiber rotator and was rotated within the fixed electrodes to study the 

effect of change in fiber orientation with respect to applied electric field direction. 

 

6.3.2 Evaluation of the Directional Electric Field Sensitivity of the LC 

Infiltrated PMPCF Probe 

Figure 6.11 below shows the polarized transmission response of the selectively 

infiltrated fiber at 1550 nm for different orientation angles of the PCF polarization 

axis with respect to the electric field direction. As can be observed from the plots 

the polarized transmittance through the fiber decreases monotonically with the 

electric field intensity for each orientation angle. For each case of the orientation of 

the PCF polarization axis, the necosφ component increases with electric field 

intensity, resulting in higher phase retardance of the propagating light so that a 

decrease in the polarized transmission occurs. From figure 6.10 it can also be 
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observed that as the electric field intensity increased, there is an increase in the 

difference between the transmitted power at θ = 0° and at θ = 90°. It was also 

observed that the slope of the transmission response with electric field intensity 

reduced with an increase in θ from 0° to 90° as the fiber was rotated, in the electric 

field range from 1.0 to 4.0 kVrms/mm. A sinusoidal fitting based on equation 6.4 on 

the polarized transmission response at θ = 0° and at θ = 90° yielded an estimate of 

the Eπ values as ~ 7.02 kVrms/mm and ~ 4.82 kVrms/mm respectively. The sensor 

has a higher sensitivity to electric fields oriented parallel to the PCF polarization 

axis. The sensitivity decreases as the angle θ is increased and is found to be lowest 

when the polarization axis is orientated orthogonally to the electric field direction. 

Figure 6.12 shows the angular dependence of the transmitted power versus 
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Figure 6.11: Polarized transmission response at 1550 nm for different orientations 

of the PCF polarization axis with respect to electric field direction with increasing 

electric field intensity. 
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orientation of the PCF polarization axis at a fixed electric field intensity of 

3.67 kVrms/mm. A linear fit performed on the data gives an estimate of the angular 

sensitivity of the PMPCF orientation with respect to the electric field as ~-0.07 dB/ 

degree at a fixed electric field intensity of 3.67 kVrms/mm. It should be noted that 

while the data in Figure 6.12 is plotted with a linear intensity scale, the relationship 

is non-linear as expected from equation 6.4. A dB intensity scale was used in order 

to provide an estimate of the angular sensitivity of the device. As explained in 

section 6.3.1, at a fixed value of the electric field intensity the nEcosθ component 

decreases in magnitude as θ is increased from 0° to 90° by rotation of the PCF. 

Correspondingly the phase retardance suffered by the light decreases thereby 

increasing the polarized transmittance. For a fixed electric field intensity the sensor 

allows for the determination of the direction of the externally applied electric field 

from the polarized transmission response. As discussed in section 6.3.1, the 
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of the PCF polarization axis with respect to electric field direction with increasing 

electric field intensity. 
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response of the sensor is similar for θ going from 0° to 90° and from 180° to 90°, 

this gives rise to a directional ambiguity which can be resolved with the use of two 

such similar sensors, placed orthogonally to each other in the electric field. 

 

6.4 Summary 

In this chapter the performance of a nematic liquid crystal infiltrated polarization 

maintaining photonic crystal fiber as an all-fiber electric field sensor has been 

evaluated. The sensor probe is a < 1mm infiltrated section of the PMPCF and such a 

simple all-fiber design makes it very compact and allows for easy integration and 

coupling with fiber optics. A polarimetric scheme has been employed wherein the 

phase retardance of the selectively infiltrated PMPCF is controlled by carefully 

adjusting the length of the infiltrated section subjected to the electric field. By 

appropriate adjustment of the infiltration length within the electrodes the sensor can 

be optimized to provide a linear transmittance response to an external electric field. 

Nematic liquid crystal mixtures exhibiting both planar and splayed alignment within 

the holes of the PCF have been investigated. A sensor based on a splay aligned 

nematic LC mixture was shown to have a larger measurable electric field range, and 

consequently can be used for measurements of low electric field intensities. A 

planar aligned NLC mixture has improved sensitivity at high values of electric field. 

The nematic LC infiltrated PMPCF studied in this chapter is capable of operating as 

an in-line sensor for electric field intensity measurements using a source operating 

in the telecommunication window at 1550 nm. As an inherent electric field sensor 

the device can also be used as a voltage sensor with voltage being applied using a 

fixed electrode configuration. An appropriate choice of LC material for infiltration 

and the optimization of the infiltration length of selectively infiltrated PMPCFs 
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would allow for the design and fabrication of compact, low loss, all-fiber electric 

field sensors for low and high electric field environments. 

The directional sensitivity of a splay aligning nematic liquid crystal infiltrated 

polarization maintaining PCF in an electric field for sensing of electric field 

components was also investigated and demonstrated in this chapter. A probe, which 

consists of a section of a selectively infiltrated PMPCF, was optimized so that it had 

a monotonically varying transmission response for a particular electric field range. 

This was by adjusting the length of the infiltrated section subjected to electric field. 

A study performed on the orientation of the polarization axis of the PMPCF with 

respect to electric field direction demonstrated that the sensor probe has higher 

sensitivity to electric field component aligned along the PMPCF polarization axis. 

The sensor allows for the determination of the direction of an electric field at fixed 

electric field intensities, thereby allowing for the measurement of the components of 

an externally applied electric field. Such PMPCF structures can be used for the 

fabrication of all-fiber directional electric field sensors for the measurement of two-

dimensional electric field components and for electric field mapping.  
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Chapter 7 

 

Conclusions and Future Research 

 

In this chapter the overall conclusions of the thesis are presented. The conclusions 

are divided into six sections based on the different research strands investigated and 

reported in this thesis. In this thesis, liquid crystal materials have been investigated 

for a variety of device applications in both bulk-type and all-fiber type 

configurations for tunable photonic devices in optical communications and optical 

sensing systems. Based on the infiltration of liquid crystal into photonic crystal 

fibers, a common platform has been developed to address the need for an all-fiber 

configuration for tunable photonic devices for specific applications in optical 

communications and for electric field sensing. The investigations performed in this 

thesis have led to the design and development of tunable photonic devices such as a 

liquid crystal based channel dropper for the multiple sensor systems, an all-fiber 

tunable filter and a variable optical attenuator for optical communication systems 

and a novel technology for all-fiber based electric field sensors.  

Finally, in this chapter some possible future research directions are considered as an 

extension of this research. LC infiltration of PCFs is an area that holds numerous 

possibilities for the development of all-fiber tunable photonic devices.  
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1. A ferroelectric liquid crystal based tunable filter for 

demodulation of multiple FBG sensors 

In this thesis the employment of surface stabilized ferroelectric LC cells as tunable 

retarders in a Lyot polarization interference filter was studied theoretically and 

experimentally. Theoretical studies on two-stage and three-stage Lyot filters were 

performed, and the design parameters of the Lyot filter were determined for an 

experimental demonstrator of the tunable filter. With the microsecond order 

switching times of a ferroelectric LC, the demonstrated filter is found to be suitable 

for the demodulation of multiple FBG sensors.  

The key conclusions from this study are: 

• An SSFLC cell can function as a tuning element within a Lyot filter and, 

with an appropriate thickness, can provide fine tuning of the key spectral 

parameters of the bandpass response of the tunable filter. 

• With an FSR of ~ 40 nm and a filter bandpass of ~ 6 nm obtained 

experimentally, FLC based tunable Lyot filter can be used as a front end to a 

ratiometric wavelength measurement system, to function as a channel 

dropper for the demodulation of multiple FBG sensors employed in a WDM 

based sensing system.  

• While bulk type filters allow for accurate control of the tunable filter 

transmission response, they incur insertion losses due to the presence of bulk 

optics and for fabrication, difficulties arise with coupling to external 

interconnecting fibers.  

• An alternative device configuration which is simpler to interface to fiber is 

desirable, to overcome the limitations of the bulk device described above. 
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2. Liquid crystal infiltrated photonic crystal fiber for applications 

in optical communication systems. 

Electrical tuning of the photonic bandgap transmission properties of a liquid crystal 

infiltrated PCF is experimentally studied in this thesis for applications in optical 

communications systems. The infiltration of LCs into PCFs allows for the electrical 

tunability of the photonic bandgaps of the fiber in a wavelength range from 1500 

nm – 1600 nm, which allows for the implementation of a variable optical attenuator 

and an all-fiber tunable notch filter, suited for various applications in optical 

communication systems and potentially in optical sensing.   

From these studies the following conclusions were drawn: 

• Liquid crystal infiltrated photonic crystal fiber is found to be a suitable 

technology for the implementation of a variety of all-fiber tunable photonic 

devices for optical communications, with the important advantage of simple 

fiber interfacing. 

• A nematic LC infiltrated PCF operating on the principle of photonic 

bandgap guidance was demonstrated as an all-fiber electrically controlled 

broadband variable optical attenuator. The LCPCF device exhibits ~ 40 dB 

attenuation between it’s high and low states and has a linear attenuation 

response with applied voltage. 

• The electrical tuning of photonic bandgaps of a smectic LC infiltrated PCF 

was demonstrated in the wavelength range of 1500 nm – 1600 nm for 

application as an all-fiber tunable notch filter. A linear response for the 

spectral shift of the notch (transmission minima) with a change in voltage 

was demonstrated and a tunable range of ~ 20 nm was obtained. 
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3. A liquid crystal infiltrated photonic crystal fiber electric field 

sensing probe. 

In this thesis the use of nematic LC infiltrated solid core photonic crystal fiber as an 

all-fiber based electric field intensity measurement device was studied and 

experimentally demonstrated. Different combinations of commonly available PCF 

and LC mixtures were investigated to study the transmission response with an 

applied electric field of a varying intensity. The sensor based on the electrical 

tunability of the LC infiltrated PCF is shown to have a linear transmission and 

reflection responses with a varying electric field intensity. The temperature 

dependence of the electric field sensor was also studied. 

The key conclusions from these studies are: 

• The external electric field dependent transmission properties of a nematic 

liquid crystal infiltrated PCF can be used as a basis for an electric field 

sensor. The LCPCF based sensor can provide a resolution of ~ 1 Vrms/mm 

and with the simple all-fiber design of the sensor ensures a compact form 

factor and allows for easy integration and coupling with fiber optics. 

• The sensing device is capable of operating as an in-line sensor in the 

transmitted mode and also as an end point sensor in the reflected mode. 

• As an inherent electric field sensing device the sensor can also be used for 

high voltage sensing in the range from 500V - 15 kVolts, with the voltage 

being applied using a fixed electrode configuration. 

• There was a significant change in the sensitivity of the sensor with change in 

temperature in the range from 0 °C – 90 °C but the transmission and 

reflection response of the sensor maintains it’s linearity in the measurable 

electric field range.  
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• To maintain accuracy across a broader range of operating temperatures, the 

sensor requires an associated means of active temperature monitoring and 

calibration correction.  

• A disadvantage of the use of planar aligning LCs is the presence of a 

threshold which limits the measurable electric field range. 

 

4. Evaluation of the response of an LCPCF electric field sensor to 

the frequency of the applied electric field. 

The dependence of the transmission response of a nematic liquid crystal infiltrated 

photonic crystal fiber on the frequency of an externally applied electric field was 

experimentally studied in the frequency range from 50 Hz – 1 kHz. Due to the 

frequency dependent dielectric permittivity of the LC, the transmission response of 

the LCPCF is found to be dependent on the applied electric field frequency.  

The key conclusions of this study are: 

• Due to the millisecond order response time of the NLC, the time varying 

transmission response of the LCPCF is highly dependent on the frequency 

of the input signal waveform in the frequency range from 50 Hz – 1 kHz. 

• The LCPCF transmission response in time on the application of a 

sinusoidally varying electric field is found to vary periodically. The time 

varying transmission response can be approximated using an appropriate 

scaled sin
2
 function. The fitted function can be used to retrieve the input 

electric field waveform parameters such as frequency and amplitude. 

• The input frequency could be measured using the LCPCF device with an 

accuracy of 99.5 % in the frequency range from 50 Hz – 1 kHz. For the case 

of electric field signals with a frequency of 50 Hz the measured amplitude is 
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found to vary linearly and the measured frequency retains its accuracy for an 

electric field range from 1.5 kVrms/mm – 3.0 kVrms/mm. 

• The ability to detect the frequency and amplitude of the applied AC field is 

an added advantage for the LCPCF based electric field sensor, which could 

find potential application as an all-fiber based signal waveform monitor.  

 

5. All-fiber electric field sensor based on a polarimetric sensing 

scheme using LCPCFs. 

In this thesis selective infiltration and infiltration length optimization for the LC 

filled polarization maintaining PCF is studied for all-fiber electric field sensing 

applications. A polarimetric scheme was employed wherein the phase retardance of 

the selectively infiltrated PMPCF was controlled by carefully adjusting the length 

of the infiltrated section subjected to the electric field. Both planar aligning and 

splay aligning LC were studied for their suitability in LC infiltrated PCFs for 

electric field sensing.   

From these investigations it was concluded that, 

• By appropriate adjustment of the infiltration length within the electrodes the 

sensor can be optimized to provide a linear transmittance response to an 

external electric field in a polarimetric electric field sensing scheme. 

• A planar aligned NLC mixture resulted in a significantly improved 

resolution of 0.05 Vrms/mm at high values of electric field but has a 

comparatively higher low end measurable electric field range due to 

threshold effects. A sensor based on a splay aligned nematic LC mixture 

was shown to achieve a larger measurable electric field range, and can be 
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used for measurements of low electric field intensities in the order of 0.5 

kVrms/mm. 

• An appropriate choice of LC material for infiltration and the optimization of 

the infiltration length of selectively infiltrated PMPCFs would allow for the 

design and fabrication of compact, low loss, all-fiber electric field sensors 

for low and high electric field environments. 

• The advantage of using the LCPCF sensor in polarimetric sensing scheme is 

that the measurable electric field range can be easily optimized for specific 

applications. 

 

6. Directional electric field sensitivity of the LCPCF electric field 

sensing probe. 

The directional sensitivity of a splay aligning nematic liquid crystal infiltrated 

polarization maintaining PCF in an electric field for sensing of electric field 

components was also demonstrated in this thesis. A probe which consists of a 

section of a selectively infiltrated PMPCF was optimized to achieve a 

monotonically varying transmission response for a particular electric field range by 

adjusting the length of the infiltrated section subjected to an electric field.  

The key conclusions from this study are: 

• The LCPCF based sensor is capable of simultaneous detection and 

measurement of the direction and magnitude of the applied electric field 

making it a true all-fiber directional electric field sensor. 

• The sensor probe was a less than 1 mm length infiltrated section of the 

PMPCF and has a simple all-fiber design which makes it very compact and 

allows for easy integration and coupling with fiber optics. 
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• The sensor probe has higher sensitivity to electric field component aligned 

along the PMPCF polarization axis. The sensitivity was lowest when the 

polarization axis is oriented orthogonal to the electric field direction.  

• A linear relationship was established between the angle of orientation of the 

polarization axis with respect to the electric field direction and the 

transmitted power at fixed electric field intensity. 

• The sensor allows for the determination of the direction of an electric field 

at fixed electric field intensities, thereby allowing for the measurement of 

the components of an externally applied electric field.  

• The LC infiltrated PMPCF structures can be used for the fabrication of all-

fiber directional electric field sensors for the measurement of two-

dimensional electric field components and for electric field mapping. 

 

Overall conclusions of the Thesis. 

The overall conclusions from this research and thesis are: 

• The incorporation of liquid crystal materials provides a means to achieve 

easy tunability which is very suited to the implementation of tunable 

photonic devices in both optical communication and optical sensing systems. 

• The infiltration of LC into PCFs provides a suitable common platform to 

design and fabricate simple and compact all-fiber tunable photonic devices 

which can be easily integrated with optical fiber networks and sensing 

systems. 

• A novel technology for all-fiber based electric field sensing is developed 

using liquid crystal infiltrated PCF. A simple and compact all-fiber sensor 

head based on LCPCF allows for the accurate measurement of electric field 
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intensity, along with detection and measurement of electric field signal 

parameters such as frequency, amplitude and also the direction of the 

electric field. 

 

Future Research Challenges: 

All-fiber magnetic field sensing using LCPCF 

Liquid crystals normally have a very low sensitivity to magnetic fields. The doping 

of ferromagnetic particles enhances the magnetic field sensitivity of liquid crystals. 

These new type of liquid crystals are referred to as ferronematic liquid crystals 

[141]. Infiltration of ferromagnetic particle doped nematic LC into PCF will lead to 

a significant increase in the sensitivity of the PCF propagation properties to 

magnetic fields. With appropriate device configurations such structures can be used 

for the fabrication of all-fiber based magnetic field sensors.   

Fiber optics based magnetic field sensors demonstrated so far employ intrinsic and 

extrinsic mechanisms, but these suffer from complex fabrication processes and/or 

low sensitivity. The use of a ferronematic LC mixture for infiltration could lead to 

the development of a true all-fiber magnetic field sensor with a high intrinsic 

sensitivity. 

 

All-fiber based current sensor using LCPCF 

Infiltration of a ferronematic LC in PCF with an appropriate device configuration 

could also be used in an all-fiber current metering device. For this work appropriate 

ferronematic liquid crystals need to be custom synthesized to possess a high 

sensitivity to magnetic fields when infiltrated within the holes of the PCF. With an 

appropriate choice of a nematic LC host and the optimization of doping 
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concentration of the ferromagnetic particle, the sensitivity of ferronematic LC to a 

magnetic field can be enhanced so that sensing of the magnetic fields created by 

current carrying conductors in electric power applications is possible.  

The infiltration of these custom synthesised LCs can be used for the fabrication of 

all-fiber current sensors. With appropriate device configuration or with a magnetic 

flux concentrated the LCPCF sensor probe can detect and measure the magnetic 

field intensity and can give a measure of the current. These sensors can also be 

employed in electric power grids for fault monitoring. 
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Low Temp. Storage (Bulk)

HTP Dopant: S-811

Electro-Optical Properties

Twist Angle

d/p

Polyimide Type

Threshold Voltage

Saturation Voltage

Steepness
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+20

+20
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