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ABSTRACT   

Parallel-aligned liquid crystal on silicon (PA-LCoS) displays have become the most attractive spatial light modulator 
device for a wide range of applications, due to their superior resolution and light efficiency, added to their phase-only 
capability. Proper characterization of their linear retardance and phase flicker instabilities is a must to obtain an enhanced 
application of PA-LCoS. We present a novel polarimetric method, based on Stokes polarimetry, we have recently 
proposed for the measurement of the linear retardance in the presence of phase fluctuations. This can be applied to 
electrooptic devices behaving as variable linear retarders, and specifically to PA-LCoS. The method is based on an 
extended Mueller matrix model for the linear retarder containing the time-averaged effects of the instabilities. We show 
experimental results which validate the predictive capability of the method. The calibrated retardance and phase 
fluctuation values can then be used to estimate the performance of the PA-LCoS device in spatial light modulation 
applications. Some results will be given. 

Keywords: Liquid crystal on silicon displays, parallel aligned, retardance measurement, phase-only modulation, spatial 
light modulation, flicker, diffractive optics, Stokes polarimetry. 

1. INTRODUCTION  
Parallel aligned liquid crystal on silicon devices (PA-LCoS) have found widespread use as spatial light modulators 
(SLM) since they allow easy operation as phase-only devices, typically required in many applications. Furthermore they 
can also be applied as amplitude-mostly devices, thus they are highly versatile devices. LCoS in general, and PA-LCoS 
in particular, can be used in diffractive optics[1], optical storage[2], optical metrology[3], reconfigurable interconnects[4][5], 
or quantum optical computing[6], due to their very high spatial resolution and very high light efficiency[7][8]. 

In the present work it is important to note that from a modeling point of view PA-LCoS displays can be assimilated to 
linear variable retarders[7][8], then the magnitude of interest to characterize these devices is their linear retardance. 
Another point to be addressed for a more precise modeling is that LCoS and more specifically PA-LCoS exhibit some 
flicker or fluctuations[9]-[14], specially digital backplane devices[15][16] which are widely used. Then the amplitude of the 
retardance fluctuation becomes a magnitude of interest for a more accurate characterization and modeling of the device 
under test. Appropriate techniques to obtain both retardance and flicker values have been demonstrated by our group 
[17][18] and by Ramirez et al.[19], based respectively on simple polarimeter setups, specially the extended linear 
polarimeter[18]. In another recent proposal[20], we demonstrated that a more detailed characterization can be obtained by 
applying a time-average Stokes polarimetry approach. In combination with a Mueller matrix based model we showed 
that we can predict the response of the device for every gray level and any kind of state of polarization (SOP) at the 
system entry. We used this technique in[21] to analyse the performance of the digital backplane PA-LCoS for a series of 
different sequence formats addressed and for various working geometries. 

In the present work we want to show additional experimental results which extend the validation of the predictive 
capability of the method[20]. In particular, we present results obtained when applying a digital sequence format showing a 
larger flicker amplitude, which is interesting to check the validity of the approach in more stringent conditions. This 
further enables to get a deeper insight into the influence of a series of parameters, such as the sequence format addressed 
or the input SOP, in PA-LCoS devices when being applied as spatial light modulators. 
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2. GENERAL MODEL AND CALIBRATION 
2.1 General model 

First, let us introduce the model we proposed in[20], based on a time-average Stokes polarimetric technique combined 
with the Mueller-Stokes formalism[22], which enables to deal both with polarized and with unpolarized light. The 
approach is not restricted to PA-LCoS devices: it can be in general applied to linear variable retarders whose linear 
retardance exhibits instabilities. The Mueller matrix ( )ΓRM  of a linear retarder with a retardance value Γ, with its fast 
axis along the X-axis is given by, 
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In[20] we showed that a reasonable assumption in the case of PA-LCoS is that temporal evolution of fluctuations ( )tΓ  can 
be approximated by a triangular time-dependent profile, which can be characterized by only two parameters: its average 
retardance Γ and its fluctuation amplitude a, defined as half the maximum-to-minimum value for the fluctuation. Taking 
into account this time-dependent linear model the averaged matrix for the linear retarder is obtained as: 
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Since PA-LCoS displays are reflective devices, in order to analyze the output SOP, an inversion of the horizontal axis 
must be considered between the corresponding forward and the backward (right-handed) reference systems, which in the 
Mueller-Stokes formalism is expressed by the inversion matrix as follows, 
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Then, the averaged reflected SOP outS  can be calculated as, 

 
inRout SaMInvS ⋅Γ⋅= ),(       (4) 

, where inS  corresponds to the input SOP. Specific input SOPs can be found[20] providing simple analytical expressions 

useful to measure the two parameters in the model, Γ  and a. In this sense, if the beam impinging the retarder 
corresponds to linearly polarized light at +45º with respect to the X axis, i.e. (S0=1, S1=0, S2=1, S3=0), the average SOP 
and the degree of polarization, DoP, at the output of the device will be expressed as follows: 
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 ( )aaDoP sin=       (6) 

We note that the output S1 component is zero independently of the retardance and its fluctuation amplitude. The 
expression for DoP is also straightforward and is directly related to the fluctuation amplitude. Equations (5) and (6) can 
be used to measure both the average retardance value Γ  and its fluctuation amplitude a. This can be easily accomplished 
using Eq. (6) to obtain the fluctuation amplitude a, and the ratio between the 3rd and 4rth Stokes vector components, i.e. 

)(23 Γ=− tgSS , to obtain Γ . 

In the more general case, for an arbitrary input SOP, the resultant average Stokes vector is, 
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where the Stokes components for the input SOP are S0, S1, S2 and S3, and the corresponding expression for the degree 
of polarization (DoP) for this average output SOP is given by, 

( ) ( ) ( ) ( )( ) 0
2

3
2

2
22

1 sin SSSaaSDoP ++=     (8) 

We note that the DoP depends on the input SOP and on the amplitude a  of the fluctuations, but it does not depend on 
the average retardance Γ . According to the model proposed[20], Eqs. (2), (7) and (8) provide all the information 
necessary to calculate the performance of the PA-LCoS device under test and the resulting output light wavefront. 

 

2.2 Calibration  

We consider a commercial PA-LCoS display, model PLUTO distributed by the company HOLOEYE. It is a nematic 
liquid crystal filled, with 1920x1080 pixels and 0.7” diagonal, and digitally addressed. By means of a RS-232 interface 
and its corresponding provided software, we can configure the modulator for different applications and wavelengths. 
Besides, different pulse width modulation (PWM) addressing schemes (digital addressing sequences) can be generated 
by the driver electronics[10][16]. We have selected two electrical sequences exhibiting a clearly different scale of 
fluctuations, whose configuration files are provided with the software. They correspond to the configurations labeled as 
“18-6 633 2pi linear” and “5-5 633 2pi linear”. 

As already described in[20] we obtain the time-averaged polarimetric measurements using a rotating waveplate-based 
polarimeter, in particular the model PAX5710VIS-T distributed by the company THORLABS. Its software allows 
different time interval options so as to obtain an averaged signal. When enough rotations are considered, and if the 
periods of fluctuation and half-rotation are not multiple, then for each angular position of the rotating waveplate the 
amount of samples collected is representative of the time-varying SOP generated by the fluctuations in the device. The 
polarimeter averaging time considered is 600 ms, much larger than actually needed to obtain fully stable and repeatable 
SOP measurements, specially when compard with the time period (frequency) for the fluctuations in our PA-LCoS 
device is 8.66 ms (120 Hz). 

 
Fig. 1. Experimental setup used to measure linear retardance and flicker with the averaging Stokes polarimetric technique: 
quasi-perpendicular incidence at 3º. 
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In Figs. 1 we show the diagram for the characterization setup. The unexpanded beam from a laser (He-Ne laser at 633 
nm in this work) incides onto a polarizer with its transmission axis at +45º with respect to the laboratory vertical (X-axis 
for the right-handed system used in this work). When using polarized laser light an additional waveplate must be inserted 
before the polarizer to secure that enough light traverses the polarizer. Light impinges quasi-perpendicularly to the LCoS 
and the polarimeter head measures the beam reflected from the LCoS. We note that the director axis (extraordinary axis) 
in nematic based LCoS generally corresponds to the slow axis. In the present LCoS the director axis is along the 
horizontal. 

In Figs. 2(a) and 2(b) we show respectively for the two sequences the average Stokes vector components and the DoP 
measured with the Stokes polarimeter at quasi-perpendicular incidence at 3º, and for different gray level values 
addressed onto the LCoS device. Note that in Ref.[20] we only analyzed the configuration “5-5 633 2pi linear”, and the 
results were measured for another typical working geometry: perpendicular incidence with a non-polarizing beam-
splitter in front of the LCoS. From the results in Fig. 2(a) we note that parameter S1 is close to zero in agreement with 
the expression in Eq. (5). We also see that DoP, Fig. 2(b), is larger for the 5-5 sequence. 

 
Fig. 2. Experimental values for the: (a) Stokes parameters; (b) the DoP. For input SOP linear at +45º, λ=633nm, and for 
sequences “18-6 633 2pi linear” (dashed) and “5-5 633 2pi linear” (continuous) at quasi-perpendicular incidence at 3º. 

From the results in Fig. 2 and applying Eqs. (5) and (6) according to the characterization approach described in Section 
2.1, we can extract the fluctuation amplitude and the average retardance for each gray level. In Fig. 3 we show these 
results, where we observe that the retardance range is about 360º for both sequences with a very good linearity, specially 
for the sequence “5-5 633 2pi linear”. The fluctuation amplitude is clearly smaller for the 5-5 sequence with maximum 
values slightly higher than 30º. The various jumps encountered in the fluctuation amplitude in both sequences reveal the 
pulsed nature of the digital signal addressed onto the LCoS: more jumps are seen in the 18-6 sequence. For DoP>1, non-
physical values, we consider that fluctuation amplitude is 0º. 

 
Fig. 3. Calculated values for the average retardance and the fluctuation amplitude for λ=633nm, and for sequences “18-6 
633 2pi linear” (dashed) and “5-5 633 2pi linear” (continuous) at quasi-perpendicular incidence at 3º. 
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3. DIGITAL SEQUENCES AND PREDICTIVE CAPABILITY 
Next we introduce in Eqs. (2), (7) and (8) the calibrated retardance and fluctuation values to calculate the reflected 
Stokes vector for two arbitrary input SOPs, and for the two electrical configurations “5-5 633 2pi linear” and “18-6 633 
2pi linear”. In particular we have measured the reflected SOP for an incident light beam linearly polarized at 15º with 
respect to the lab-vertical, and for right-handed circularly polarized light. These two configurations are quite different 
from each other in the sense that one of them has the S3 component equal to zero and in the latter case is equal to one, 
thus they enable to validate the predictive capability of the methodology described in the paper under very different 
conditions. Furthermore, it can be analyzed the modulation ranges offered by PA-LCoS and how they are affected by 
fluctuations. 

 

3.1 Configuration “5-5 633 2pi linear” 

In this subsection we provide the results obtained for the electrical configuration “5-5 633 2pi linear”. In Fig. 4 and 5 we 
consider input SOP linear at +15º with respect to the lab-vertical. First, in Fig. 4(a) and (b) we show respectively the 
Stokes vector, simulated and measured, on the Poincaré sphere, and the degree of polarization (DoP), simulated and 
measured, versus the gray level addressed. The representation on the Poincaré sphere is very useful to visualize the 
dynamic range of output SOPs available for an input SOP as a function of the voltage values (gray levels) addressed. We 
see that the output SOPs are along a circular trajectory centered on the linearly polarized SOP along the vertical. The 
dark and gray lines correspond respectively to the simulated and experimental Stokes vectors, which are overlapped with 
each other, thus showing a very good agreement. This good agreement is also clear in the DoP (Fig. 4(b)), whose value is 
larger than the one presented in Fig. 2(b) for sequence “5-5 633 2pi linear”. The DoP is the radius of the Stokes vector on 
the Poincaré sphere representation[22], thus, the trajectory presented in Fig. 4(a) is basically described on the surface of 
the sphere. 

 
Fig 4. Experiment and simulation, for input SOP linear at +15º,  and λ=633nm. For sequence “5-5 633 2pi linear”. (a) Plot on the 
Poincaré sphere of the simulated (dark line) and experimental (grey line) Stokes vectors; (b) Degree of polarization (DoP). 

   
Fig. 5. Experimental and simulated values for the normalized Stokes parameters, for input SOP linear at +15º, and λ=633nm. 
For sequence “5-5 633 2pi linear”. (a) Simulated and experimental values, and (b) their difference. 

(a) (b) 

(a) (b) 
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In Fig. 5 we show an alternative representation of the reflected Stokes vectors results given in Fig. 4(a). We plot in Fig. 
5(a) and (b) the normalized Stokes parameters, experimental (dotted lines) and simulated (continuous lines) values and 
their difference respectively, versus the gray level. Differences between experimental and simulated values are now 
easier to visualize. First, in Fig. 5(a) we note the constancy of the S1 component and the oscillatory behavior of S2 and 
S3 components, in accordance with the expression in Eq. (7) where the retardance affects the 3rd and 4rth components 
through the cosine and sine functions. In Fig. 5(b) we see that the profile for the difference between simulation and 
experiment follows a smooth oscillatory profile smaller than ±0.05, which is a small difference, therefore the model is 
able to predict the Stokes parameters with a good accuracy across the whole gray level range and the calibration 
performed enables a full prediction of the average output SOP. Onto the smooth profile we see some sort of noise which 
we will discuss when we show in Section 3.2 the corresponding results for the configuration “18-6 633 2pi linear”. 

Next in Fig. 6 and 7 we show the simulations and measurements for right-handed circularly polarized input SOP. The 
sort of plots are the equivalent to ones introduced in Fig. 4 and 5. Now we see that the trajectory on the Poincaré sphere 
is along the meridian lying on the plane S2-S3. We see that both the dark and gray lines (simulation and experiment) are 
practically overlapped. In Fig. 6(b) the agreement between simulated and measured DoPs is very good, and the 
corresponding values are larger than in the previous case shown in Fig. 4(b). We may find that the DoP dependence turns 
to be the same as for the input SOP used for calibration, i.e. Eq. (6). We note that both configurations, linear at +45º (-
45º) and circular right-handed (left-handed), are the most sensitive input SOPs, since they provide the largest oscillation 
amplitude in the measurement of the 3rd and 4rth Stokes components, as can be seen in Fig. 6(a), together with the 
maximum variation of the DoP, shown in Fig. 6(b). In Fig. 7(a) and (b), normalized Stokes parameters, we may 
appreciate more clearly the agreement between simulation and experiment, in particular in Fig. 7(b), where differences 
are plotted, with values within ±0.05 if the noisy spikes were removed. 

        
Fig 6. Experiment and simulation, for input SOP right-handed circular, and λ=633nm. For sequence “5-5 633 2pi linear”. (a) Plot 
on the Poincaré sphere of the simulated (dark line) and experimental (grey line) Stokes vectors; (b) Degree of polarization (DoP). 

   
Fig. 7. Experimental and simulated values for the normalized Stokes parameters, for input SOP right-handed circular, and 
λ=633nm. For sequence “5-5 633 2pi linear”. (a) Simulated and experimental values, and (b) their difference. 

 

(a) (b) 

(a) (b) 
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3.2 Configuration “18-6 633 2pi linear” 

In this subsection we provide the results obtained for the electrical configuration “18-6 633 2pi linear”. In Fig. 8 and 9 
we consider input SOP linear at +15º with respect to the lab-vertical. When compared with the corresponding Fig. 4 and 
5, we see that the trajectory on the Poincaré sphere looks very similar, and once again there is a very good agreement 
between simulation and experiment. This agreement is also very good with the DoP (Fig. 8(b)). Another aspect we 
appreciate is that the DoP values are now smaller than in Fig. 4(b), which makes sense since fluctuations are larger for 
the configuration “18-6 633 2pi linear”. 

In Fig. 9(b), we see that difference between simulated and measured normalized Stokes parameters is even smaller than 
it was in Fig. 4(b). It is interesting to note that now there are no noisy spikes as it was the case in Fig. 5(b) and 7(b). It is 
not fully clear what the reason can be, but it can be related to the smaller amount of quantization levels available with the 
configuration “5-5 633 2pi linear” (95 levels as described in[16]), when compared with “18-6 633 2pi linear” (close to 256 
levels), thus the spikes may indicative of the quantization jumps, therefore discontinuities, in the applied voltage. 

 
Fig 8. Experiment and simulation, for input SOP linear at +15º, and λ=633nm. For sequence “18-6 633 2pi linear”. (a) Plot on the 
Poincaré sphere of the simulated (dark line) and experimental (grey line) Stokes vectors; (b) Degree of polarization (DoP). 

   
Fig. 9. Experimental and simulated values for the normalized Stokes parameters, for input SOP linear at +15º, and λ=633nm. 
For sequence “18-6 633 2pi linear”. (a) Simulated and experimental values, and (b) their difference. 

Next in Fig. 10 and 11 we show the simulations and measurements for right-handed circularly polarized input SOP, 
which can be compared with the corresponding results in Fig. 6 and 7. In this case we see that DoP (Fig. 10(b)) reaches 
values smaller than 0.9. Agreement between simulated and measured DoP is almost perfect. Then if we examine 
differences in the normalized Stokes parameters (Fig. 11(b)) we note that differences are still small, values smaller than 
±0.1, but higher than in the previous situations considered for gray levels larger than 100. As in Fig. 9(b) we do not see 
the deviation spikes which appeared both in Fig. 5(b) and 7(b). 
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Fig 10. Experiment and simulation, for input SOP right-handed circular, and λ=633nm. For sequence “18-6 633 2pi linear”. (a) 
Plot on the Poincaré sphere of the simulated (dark line) and experimental (grey line) Stokes vectors; (b) Degree of polarization. 

    
Fig. 11. Experimental and simulated values for the normalized Stokes parameters, for input SOP right-handed circular, and 
λ=633nm. For sequence “18-6 633 2pi linear”. (a) Simulated and experimental values, and (b) their difference. 

 

4. CONCLUSIONS 
We can conclude that the average Stokes polarimetry technique provides a proper characterization of the linear 
retardance and its fluctuation magnitude. This has been proved for two electrical configurations showing different 
magnitudes of fluctuation. The calculation of the Stokes parameters and the DoP has shown very good agreement with 
the experimental values in all cases, therefore we confirm that both the characterization technique and the Mueller-
Stokes model enable to calculate the modulation ranges offered by the PA-LCoS for any arbitrary input SOP considered. 
From a more general perspective, the characterization provided by the average Stokes polarimetric technique may be 
useful, on one side, to refine the understanding of the dynamics of liquid crystal devices and, on the other side, to widen 
their applicability in polarization control, as with experiments dealing with unconventional polarization states[23], where 
the predictive capability of our Mueller-Stokes model may proof very useful. 
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