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Abstract

:

Phase flicker has become an important performance parameter for the liquid crystal on silicon (LCOS) devices. Since the phase response of the LCOS device cannot be measured directly, it is usually derived from the intensity response of the modulated light beam when the LCOS device was placed between a pair of crossed polarisers. However, the relationship between the intensity of the beam and the phase response of the LCOS device is periodic. This would lead to uncertainty in the phase flicker measurement. This paper analyses this measurement uncertainty through both simulation and experiments. It also proposed a strategy to minimise the uncertainty.
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1. Introduction


Phase-only liquid crystal on silicon (LCOS) devices [1,2,3,4] are a versatile and efficient tool to modulate the light field. This technology has a wide range of applications including information display [5,6], optical switches [7,8], optical tweezers [9,10], laser pulse shaping systems [11], etc.



Key performance parameters for the LCOS devices include resolutions, pixel sizes, reflectivity, diffraction efficiency, etc. Recently, phase flicker, i.e., temporal fluctuation of phase response, has also become a critical parameter. It has been demonstrated that the reduction of the phase flicker in the LCOS devices was able to improve the image quality in the holographic display systems [12,13]. The crosstalk in the optical switches based on the LCOS technology can also be suppressed by using LCOS devices with lower phase flicker [14].



A variety of techniques have been proposed for the phase flicker minimisation. Increasing the field inversion frequency [15,16] of the driving waveforms minimises the impact of the residual DC unbalance and therefore proves to be an effective way to suppress the phase flicker. LCOS devices with slower responses are also associated with low phase flicker. This can be achieved by reducing the operation temperature of the device, using liquid crystal material with higher viscosity [17,18], or increasing the liquid crystal cell gap [19]. However, it might not be desirable to sacrifice the response speed of the LCOS device for some applications. In the digital LCOS devices, where pulse width modulation (PWM) scheme is used to drive the LC material, the optimisation of the pulse sequences [20,21] is also an effective way to reduce the flicker. This makes the digital LCOS devices suitable for the phase-only applications.



The phase flicker in the LCOS devices can be measured by polarimetric systems [22,23], diffractive systems [24] or interferometric systems [25]. Polarimetric and diffractive setups uses photodiode as the detector instead of the CCD or CMOS camera used in the interferometric systems. Therefore, polarimetric and diffractive systems are easier to setup and able to deliver more accurate characterisation. As the phase of the light cannot be measured directly, the temporal phase response of the LCOS devices is derived from the temporal intensity of the modulated light beam in both setups. As the phase flicker in the LCOS devices continues to decrease, the noise within the characterisation systems may start to influence the level of phase flicker derived.



In this paper, we analyse the uncertainty in the phase flicker measurement. The impact of the laser source instability and the noises of the photo detector were evaluated through simulation and experiments. Subsequently, we proposed a strategy to reduce the measurement uncertainty.




2. Phase Flicker Characterisation System


In this work, we used a polarimetric system to characterise the phase response and flicker of the LCOS device. Figure 1 shows the general architecture of this polarimetric system. A collimated laser source at 1550 nm was fed into this characterisation system. The LCOS device was placed between a pair of linear polarisers. The directions of these two linear polarisers were orthogonal to each other. The polarisation direction of the LCOS device was aligned 45° with respect to these polarisers. In this setup, the intensity of optical beam at the detector plane can be modulated by the phase depth of the LCOS device. In order to characterise the phase flicker, a high-speed amplified photodiode circuit was used.



The relationship between the light intensity (I) at the detector plane and the phase depth ( θ ) of the LCOS device can be described by:


  I =  I 0    s i n  2   (   θ 2  + φ  )   



(1)




where I0 is the maximum power detected by the photodiode circuit,  φ  is a constant that is related to liquid crystal cell gap of the LCOS device.



One of the key advantages of this polarimetric system is that the LCOS device displays uniform phase patterns during the characterisation. This avoids the impact of the fringing field effect [26]. However, the value of the constant  φ  is unknown. This could complicate the phase response and flicker calculation. It should be noted that the diffractive characterisation system is able to eliminate this issue although it would also introduce the fringing field effect. However, the mechanism of the measurement uncertainty is similar in both configurations. Therefore, the analysis will be based on the polarimetric system.




3. Origin of the Measurement Uncertainty


The following analysis will illustrate how the noise within the characterisation system could affect the calculated phase flicker level. The primary sources of noise within the characterisation system are the laser instability and the white noise of the amplified photodiode circuit. This paper will not differentiate these two types of noises since both of them ultimately lead to fluctuation of the detected light intensity over the time even in the absence of the phase flicker in the LCOS device. Therefore, this paper will only focus on how such fluctuation would affect the phase flicker derivation.



First, we assumed that the characterisation system is without any noise and the LCOS device had a peak-to-peak flicker of 0.06 π for all the phase levels. The light intensity at the photodiode detector was simulated. Figure 2 showed the maximum, minimum and average intensity measured by the photodiode circuit at each grey level. In this simulation, the value of  φ  was set arbitrarily at 0.16π. In practice, the value of  φ  depends on the liquid crystal cell thickness of the LCOS device and the birefringence of the liquid crystal material. This would not affect the analysis and the conclusion described in the below.



Subsequently, the phase flicker at each grey level was calculated based on the Equation (1). The results were presented in Figure 3. For majority of the grey levels, the calculated phase flicker was consistent with the assumed value of 0.06 π. However, the calculated flicker was smaller than it should be around the grey level of 70 and 172. These regions also correspond to turning points of the intensity response shown in Figure 2. In those regions, the relationship between the phase level and detected light intensity was not monotonic. This would bring certain degree of uncertainty in the calculation.



In the following simulation, the impact of the characterisation system noise was considered. First, the noise was assumed to be only 0.5% of the maximum power level detected. Figure 4 shows the maximum and minimum intensity detected at each grey level, which looked very similar to the results shown in Figure 2. The calculated phase flicker is shown in Figure 5 for all the phase levels. The level of the flicker was elevated for all the phase levels. This is expected due to the contribution of the characterisation system noise. However, the calculated phase flickers were raised to ~0.9 π for the regions corresponding to the turning points in Figure 4. An extremely low level of noise within the characterisation system led to a ~50% measurement error in this case.



In order to further analyse the impact of characterisation system noise, we repeated the simulation process described in the above with different configurations. In these simulations, the actual phase flicker of the LCOS device ranged from 0.02 to 0.1 π. The noise of the characterisation systems ranged from 0% to 3% of the maximum intensity detected by the photodiode circuit. The calculated worst-case phase flicker under each configuration was shown in Table 1. It can be seen that the noise within the characterisation system was able to elevate the calculated phase flicker significantly. In some extreme cases, the calculated phase flicker was ~7 times higher than the actual phase flicker. The largest calculation errors occurred at the phase levels close to the turning points of the detected intensity curves. These results indicated that an accurate characterisation on the phase flicker required a detector with extremely low level of temporal noise. On the other hand, the detector should also be fast enough to capture the flicker of the LCOS device. Therefore, a balance between the response speed and the noise level should be achieved.




4. Experimental Verification


Experimental verification was carried out in this work. An LCOS device with a resolution of 1920 × 1200 and a pixel size of 8 µm was used in our experiment. The driving scheme for this LCOS device is analogue with a field inversion frequency of >1 kHz. As a result, this device exhibits a consistently low phase flicker for all the grey levels. This was similar to our simulation condition, in which the LCOS had a constant peak-to-peak flicker across all the grey levels. This LCOS device was designed to operate at 1550 nm since its primary application is for the telecom optical switches, in which the phase flicker is a critical performance parameter. It should be noted that LCOS devices based on the digital driving schemes suffer from higher phase flicker. Adjacent grey levels within a digital LCOS device may exhibit significantly different flickering characteristics due to the nature of the digital PWM driving. As the main goal of this experiment is to verify the uncertainty of the phase flicker derivation, the use of a digital LCOS device would complicate the analysis. Therefore, an analogue LCOS device was chosen. The 1550 nm laser source used in our experiments quoted a power instability of <±1%. The amplified photodiode circuit used in this work was Thorlabs PDA50B2.



Figure 6 shows the measured power response of the LCOS device when it is placed in the characterisation system shown in Figure 1. Based on these results, the phase response and the phase flicker at each grey level were calculated. The results were shown in Figure 7 and Figure 8, respectively. It can be seen from Figure 8 that the calculated phase flicker of the LCOS device under the test was ~0.01 π for majority of the grey level. However, the calculated phase flicker was significantly elevated for the phase range corresponding to the turning points of the intensity response shown in Figure 6. It can reach as high as ~0.09π, which is highly unlikely due to the inherent phase flicker of the LCOS device. Instead, these results were consistent with the pattern observed in our simulation. Therefore, the calculated phase flicker was artificially raised by the noise within our characterisation systems.




5. Mitigation Strategy


Our simulation and experimental results have demonstrated that the turning points of the intensity response will cause uncertainty in the phase flicker analysis. Unfortunately, it is impossible to avoid those turning points if the phase depth of the LCOS device is beyond π. However, the intensity response curve can be shifted by adding an additional waveplate between the first polariser and the LCOS device, as illustrated in Figure 9. The fast axis is aligned 45° with respect to the first polariser, i.e., parallel to the polarisation direction of the LCOS device under the test. In this case, the turning points within the measured intensity response can be shifted by adjusting the retardation of this additional waveplate.



In order to verify the effectiveness of this proposed method, we carried out the same simulation we did for Figure 4 and Figure 5. Specifically, the LCOS device was assumed to have a peak-to-peak flicker of 0.06 π for all the phase levels. The noise caused by the photo detector was assumed to be only 0.5% of the maximum power level detected. The simulated relationship between the grey level and the detected power level was plotted in Figure 10. It can be seen that the intensity curve was shifted by a quarter period in this case. The grey levels that were close to the turning points within Figure 4 corresponded to the linear region of the curve in this measurement. As shown in Figure 11, the measurement error for those grey levels was significantly reduced in this setup. The residual error was primarily contributed to by the noise within the photo detector. Therefore, multiple measurements using waveplates with different retardations should be carried out to ensure that each grey level had been in the linear region of the intensity curve in at least one of the measurements. In this case, we could have an accurate assessment for all the grey levels.




6. Conclusions


This paper demonstrated that there is a high degree of uncertainty in the phase flicker calculation in the presence of the noise from the characterisation system. Such noise could significantly elevate the level of the phase flicker, particularly for the phase levels corresponding to the turning points of the intensity response. Therefore, a precise characterisation of the phase flicker requires a characterisation system with an extremely low level of temporal noises. To mitigate the impact of the noise within the characterisation system, a multi-step measurement strategy was proposed in this paper. This method was able to avoid the use of data close to the turning points of the intensity response. Therefore, the measurement accuracy can be improved. The findings presented in this work could also be applicable to other characterisation methods for the phase flicker in the LCOS device, including the diffraction based methods, interferometer based methods, etc.
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Figure 1. Experimental setup based on the crossed polarisers. 






Figure 1. Experimental setup based on the crossed polarisers.
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Figure 2. The simulated power response when there is no noise in the characterisation system. 
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Figure 3. Calculated phase flicker at each grey level when there is no noise in the characterisation system. 
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Figure 4. The simulated power response when there is noise in the characterisation system. 
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Figure 5. Calculated phase flicker at each phase level when there is noise in the characterisation system. 
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Figure 6. The experimental power response of the LCOS device. 
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Figure 7. The calculated phase response of the LCOS device based on the experimental results. 
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Figure 8. The calculated phase flicker of the LCOS device based on the experimental results. 
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Figure 9. New experimental setup with an additional waveplate. 
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Figure 10. The simulated power response with an additional quarter waveplate. 
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Figure 11. Calculated phase flicker at each phase level with an additional quarter waveplate. 
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Table 1. The calculated worst-case phase flicker under different simulation conditions (unit: π).
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Power of the Noise in the Detector Circuitry (%)




	
0.0

	
0.2

	
0.4

	
0.6

	
0.8

	
1.0

	
1.5

	
2.0

	
3.0






	
Actual phase flicker (π)

	
0.10

	
0.1

	
0.107

	
0.114

	
0.121

	
0.127

	
0.133

	
0.147

	
0.159

	
0.182




	
0.08

	
0.08

	
0.089

	
0.097

	
0.105

	
0.112

	
0.119

	
0.134

	
0.148

	
0.171




	
0.06

	
0.06

	
0.072

	
0.082

	
0.091

	
0.1

	
0.107

	
0.124

	
0.139

	
0.164




	
0.04

	
0.04

	
0.056

	
0.069

	
0.08

	
0.089

	
0.098

	
0.116

	
0.132

	
0.158




	
0.02

	
0.02

	
0.045

	
0.06

	
0.072

	
0.083

	
0.092

	
0.111

	
0.127

	
0.154
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