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Abstract: We demonstrate a complete semiphysical and analytical model describing the 
angular and wavelength dependencies not only of retardance, but also its flicker, in parallel 
aligned liquid crystal (PA-LC) devices. It relies on the fitting of the molecules’ equivalent tilt 
angle as a function of applied voltage. The wide range of calculations it offers without 
requiring extensive characterization makes the model unique. We focus on PA-LCoS 
application as a polarization state generator across the visible spectrum and for a wide range 
of incidence angles. This approach offers novel capabilities for managing arbitrary states of 
both full and partial polarization. To highlight the richness of situations with PA-LCoS 
devices, we provide results for two different digital addressing sequences producing different 
levels of flicker. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Liquid crystal on silicon (LCoS) microdisplays have become one of the main technologies for 
a very wide range of spatial light modulation applications [1–3]. Among them, parallel-
aligned LCoS (PA-LCoS) are especially appealing since they enable phase-only operation 
without amplitude coupling [4,5]. PA-LCoS can be found in many optics and photonics 
applications such as in diffractive optics [6], optical storage [7,8], optical metrology [9], 
reconfigurable interconnects [10,11], wavefront sensing of structured light beams [12], 
holographic optical traps [13], or quantum optical computing [14]. In recent years, a wide 
interest has arisen dealing with the generation and detection of unconventional polarization 
structured wavefronts [15,16] in which PA-LCoS devices play a central role [17,18]. 

Something attractive about PA-LCoS is that they can be easily modelled as a variable 
linear retarder. Therefore, they can be characterized by their linear retardance as a function of 
the applied voltage. However, the existence of flicker in many of these devices, especially the 
ones digitally addressed [19–22], has resulted in the proposal of more complete models and 
characterization methods. In these methods the flicker in the linear retardance is also 
measured, such as in the time-averaged Stokes polarimetric technique [23], the one proposed 
by Ramírez et al. [24] or other techniques based on interferometric measurements [25] using 
high-speed cameras [26]. All these models and characterization methods consider the PA-
LCoS as a polarization-changing device without introducing parameters related with its 
internal properties. Therefore, these reverse-engineering characterization methods are based 
on “black-box” models. 

Physical models, i.e. based on the actual internal properties, are more precise. However, 
they tend to be more sophisticated including many material and device parameters, whose 
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values need to be known beforehand. This is the case for LC devices where the different 
parameters characterizing the LC material and the LC cell must be known [2,3]. Additionally, 
rigorous physical modelling of a LC device requires numerical evaluation both to calculate 
the LC director orientation across the LC cell [2,3], and then to calculate the propagation of 
the electromagnetic field across the device [27–30]. However, availability of analytical 
expressions would facilitate easier access to physical insight into the performance of the 
device. As a result, we proposed and demonstrated a simplified physical model for PA-LC 
devices [31], where only the most relevant internal parameters remained such as the 
equivalent LC molecular tilt. In the following, we will call it semiphysical model since it is a 
simplified version of the rigorous approach. This semiphysical model provides the voltage 
dependent retardance for a very wide range of incidence angles (from 0 to 45°) and any 
wavelength in the visible spectrum. We have further demonstrated that the fitted values 
obtained for two of the three parameters in the model are equal to the actual values. Thus, the 
model shows not only predictive capability but it also enables to probe into the internal 
properties of PA-LCoS devices [32,33]. 

To calibrate the parameters in the semiphysical model we need to measure the retardance 
at certain configurations [31]. When using the time-averaged Stokes polarimetric technique 
[23] we measure both the average retardance and its flicker amplitude. In previous works, we 
only considered the average retardance value measured with this technique, which enables to 
obtain the equivalent tilt angle of the LC-director across the cell as a function of the applied 
voltage. Then, a natural step forward is to analyse the flicker amplitude measurements. We 
want to learn to which extent the semiphysical model is able to predict the magnitude of this 
flicker at other wavelengths and incidence angles different from the measured ones. This is 
interesting so that we can further calculate if the degradation effects introduced by the phase 
flicker are within the tolerance limits for the application at hand. This tolerance evaluation 
was done for example by Lizana et al. [34] and by Martínez et al. [35] in the application to 
diffractive optics. We also believe that in order to get further insight into the physics in the 
device, it is very appealing connecting the flicker in the retardance with instabilities in the tilt 
angle for the LC director. This connection might provide information about the dynamics in 
the LC layer and might also be an alternative tool to estimate other physical parameters of the 
LC material in the device. Another interesting application is the evaluation and management 
of partially depolarized light, as we will show in this paper, where we can actually predict the 
degree of polarization across the visible spectrum, for a wide range of incidence angles and 
for any input state of polarization (SOP). This might be a useful tool to generate 
unconventional polarized beams with a certain amount of depolarization. 

In this work, we both use experimental average retardance and flicker measurements to 
analyse the predictive capabilities of the semiphysical model. We do it for two different 
digital addressing sequences with different levels of flicker. In our model, this flicker in the 
retardance is due to instabilities in the tilt angle orientation, thus connecting with the 
dynamics of the LC material in the device. We are interested in showing the relevance and 
versatility of our approach to predict and control the polarization states and the depolarization 
generated by the PA-LCoS devices. 

2. Methods and experimental implementation 

The specific PA-LC device considered in this work is a commercially available PA-LCoS 
microdisplay, model PLUTO distributed by the company HOLOEYE. It is a nematic liquid 
crystal filled, with 1920x1080 pixels and 0.7” diagonal, whose backplane is digitally 
addressed [19,22]. In the digital drive scheme a pulse width modulation (PWM) is used. This 
means a high-frequency series of binary voltage pulses, referred to as addressing sequence, 
leads to the desired gray-level representation. Due to the limited viscosity of the liquid crystal 
material the base addressing frequency cannot be resolved [19]: the nematic LC responds to 
the root-mean square (RMS) value of the driving voltage over the characteristic switching 
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time of the LC and the residual AC modulation is responsible for the flicker described in 
digital LCoS devices [22]. 

Different PWM addressing schemes (digital addressing sequences) can be generated by 
the driver electronics [19,22]. The time constants of the successive bit-planes in the digital 
addressing are constant for a number of “equally weighted” bit-planes, and are then reduced 
by a factor of two for each of the following “binary” bit-planes [19]. 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 labelled as “18-6 
633 2pi linear” and “5-5 633 2pi linear”. The first number indicates the quantity of “equally 
weighted” bit-planes, and the second number the quantity of “binary” bit-planes [19,22]. This 
means that the sequence 18-6, which has 24 bit planes, is longer than the one corresponding 
for the sequence 5-5, with ten bit planes. Within a frame period, the shorter sequence will be 
repeated more times than the longer sequence. In principle the shorter the sequence the 
smaller the flicker [19,22], since higher modulation rates cannot be followed by the LC 
material. However, a larger sequence provides a larger number of possible phase levels: (18 + 
1) x 26 = 1216 for the sequence “18-6” and (5 + 1) x 25 = 192 for the sequence “5-5”. These 
sequences are optimized for phase-only operation with a 2π radians linear phase dynamic 
range for 633 nm at normal incidence. They could be optimized for other wavelengths and 
applications as shown by Martínez et al. [22]. 

The time-averaged Stokes polarimetric measurements have been obtained with a Stokes 
polarimeter, model PAX5710VIS-T distributed by the company THORLABS [23]. The 
polarimeter averaging time considered, 600 ms, is much larger than actually needed to obtain 
fully stable and repeatable SOP measurements: time period (frequency) for the fluctuations in 
our PA-LCoS device is 8.66 ms (120 Hz). Measurements have been taken at various angles of 
incidence (3°, 23°, 35° and 45°) and for three wavelengths (473, 532 and 633 nm) sampling 
the visible spectrum. We use the measurements taken at 3° and 35° for calibration, and the 
measurements at 23° and 45° to assess the predictive capability of the semiphysical model. To 
obtain the experimental values for the average retardance and for its flicker amplitude, we 
measured the averaged Stokes vector parameters for an input light beam linearly polarized 
light at + 45° with respect to the LC director in the LCoS microdisplay, as shown in [23]. 

3. Results 

3.1 Semiphysical model with molecular tilt angle flicker 

The proposal of the semiphysical model for PA-LC devices within the context of average 
retardance values was given by Martínez et al. [31]. For the sake of self-containment of the 
paper, in this Section we first provide a brief description of this approach. Then we present its 
extension to the full case where flicker is also considered, so that the semiphysical model 
potential is fully exploited. 

We note that, for average values, in [31] Martínez et al. showed that the agreement with 
experimental measurements was already verified for a commercial reflective PA-LCoS 
device. Afterwards, we have further shown [32] that the fitted values obtained for two of the 
three parameters in the model are equal to the actual values, thus these parameters are 
physically meaningful: one of these two parameters is the LC molecular equivalent tilt angle 
versus the applied voltage. 
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Fig. 1. Diagram for the PA-LC cell considered in the semiphysical model. 

In Fig. 1 we show the general diagram considered for a reflective cell with a cell gap d . 
Incidence plane and LC director are along the XZ plane. LC molecules have their director 
axis (optical axis) aligned at an angle φ  with respect to the traversing light beam direction. 

LCθ  is the refraction angle in the LC medium. The director axis tilts an angle α  with respect 

to the entrance face as a function of the applied voltage V. This is the only voltage dependent 
magnitude, i.e. ( )Vα . At the backplane the light beam is reflected and a second passage is 

produced across the LC layer whose effect is equivalent to a forward propagation at an angle 

incθ− . In the model we define two off-state parameters, combination of the LC indices 

ordinary and extraordinary, no and ne, together with the cell gap d . They are oOPL dn=  and 

OPD d n= Δ , which correspond respectively to the magnitudes of the optical path length 
(OPL) for the ordinary component and the optical path difference (OPD) between 
extraordinary and ordinary components. Proper derivation leads to the following analytical 
expression for retardance [31], 

 
( )

( ) 2

12
1

cos 1 cosLC

OPD OPLOPL

OPD OPL

π
λ θ φ

 +
Γ = − +  

 (1) 

According to Fig. 1, angle φ  is given by, 

 ( ) ( ) ( ),
2inc LC incV V
πφ θ α θ θ= +   (2) 

where the minus (plus) sign applies for the forward (backward) passage. The total retardance 
in the PA-LCoS is given by the addition of the forward and backward retardances. In the case 
of normal incidence and LC director axis parallel to the entrance face, then Eq. (1) simplifies 
into the well-known expression 2 d nπ λΓ = Δ . 

We note that in our previous works [31,32], as candidate to simplified physical model, we 
also evaluated the exact expressions for a homogeneous uniaxial anisotropic plate [3,30]. 
Both models disregard the fact that the tilt angle of the LC director changes across the cell. 
Our model adds a second approximation, since it does not take into account the double 
refraction. However, we obtained that both simplified models show the same level of 
predictive capability, with the benefit that our model produces a much simpler expression and 
reduces the number of parameters when compared with these exact expressions. Additionally, 
when fitting the parameters, our model converges to a unique solution, whose values are 
equal to the real physical values in two of its three parameters [32]: OPD and equivalent 
molecular tilt angle ( )Vα . This was not the case with the exact expressions. 

To obtain the values for the parameters in the model, a reverse-engineering approach is 
considered: a standard non-linear iterative fitting procedure is applied between the theoretical 
expression in Eq. (1) and experimental retardance measurements. Off-state measurements, 
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LCoS switched-off, are used to obtain OPL and OPD values. Then we proceed with the on-
state measurements to obtain the tilt angle ( )Vα  for each applied voltage. 

Until now, the semiphysical model has been used only with average retardance values, 
however there are measurement techniques, such as the time-averaged Stokes polarimetric 
technique [23], which provide both the average retardance Γ  and its flicker amplitude ΔΓ  at 
each applied voltage. Since the flicker is related with fluctuations in the applied voltage, the 
OPD and OPL values are unaffected, and all the flicker is due to fluctuations in the molecular 
tilt angle. To fully exploit the potential of our semiphysical model, what we propose is to 
define the maximum and the minimum expected retardance values, given respectively as 

+Γ = Γ + ΔΓ  and −Γ = Γ − ΔΓ . Using them in the fitting procedure we obtain the tilt angles 

( )Vα+  and ( )Vα−  associated respectively with the experimental values +Γ  and −Γ . Then, 

the flicker in the tilt angle for the LC molecular director ( )VαΔ  is calculated at each applied 

voltage as the average absolute difference, 2α α α+ −Δ = − . As a result, with the addition of 

the flicker in the molecular tilt angle ( )VαΔ  the semiphysical model incorporates a fourth 

parameter of a different nature: this novel parameter provides information about the dynamics 
of the specific LC compound used in the LC layer, whereas the other three are only related 
with static properties. This is interesting and may lead to novel applications, however, in the 
present paper, we focus on the capability of this full version of the semiphysical model for 
management of light polarization, including the possibility of partially depolarized light. 

3.2 Off-state parameters calibration and robustness analysis 
Table 1. Values for the retardance in the off-state. 

λ Incidence angle 
 3° 23° 35° 45° 

(nm) (deg) (deg) (deg) (deg) 
633 599.5 562.4 538.3 506.5 
532 802.8 771.3 718.5 703.2 
473 987.0 945.6 900.3 867.1 

Table 2. Fitted OPD and OPL obtained using the retardance values in Table 1. 

λ (nm) 633 532 473 
OPD(µm) 0.5275 0.5937 0.6489 
OPL(µm) 2.5761 2.6064 6.8925 

In Table 1 we show the off-state retardance measurements, that is, obtained when the PA-
LCoS is switched-off. Let us first consider these measurements as if they had no error or 
uncertainty till the fourth significant digit, so that we can discuss the robustness of the model 
and characterization approach afterwards. In Table 2 we show the fitted values for OPL and 
OPD obtained using the off-state measurements in Table 1 at angles of incidence 3° and 35°. 
A standard non-linear iterative fitting procedure is applied between the theoretical expression 
in Eq. (1) and the experimental retardance measurements in Table 1. The figure of merit to be 
minimized combines two squared differences: on one hand between theoretical and 
experimental retardance values normalized by the experimental value, and on the other hand 
between the theoretical and experimental ratios of the retardance values at 3° and 35° 
incidence normalized by the experimental ratio. These two normalized squared differences 
are added up for the three wavelengths. 

In recent works [31–33], we obtained that the semiphysical model proposed is able to 
provide the values for the parameters OPD and OPL without ambiguities. The resulting 
values obtained for these two parameters were the same to more than the fourth significant 
digit independently of the starting values considered for OPD and OPL in the non-linear 
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iterative fitting procedure. To stress this convergence property of the model we included the 
values in Tables 1 and 2 with such a precision. 

Now, we want to analyse the robustness of the values for OPD and OPL to the actual 
uncertainties in the experimental retardances employed in the fitting procedure. In a previous 
paper [36] we analysed the robustness of the measurements with the average Stokes 
polarimetric technique when characterizing PA-LCoS microdisplays: these retardance 
measurements can be associated with a relative uncertainty about 1%. This means that for the 
retardance measurements in Table 1, they are reliable until the third digit. We have run the 
fitting procedure to obtain that the relative uncertainty in the resulting OPD and OPL values 
is also 1%. As a result, in Table 3 we present the OPD and OPL fitted values with their 
associated absolute uncertainties. Actually, further analysis leads us to conclude that the OPD 
and OPL relative uncertainties are always equal to the relative uncertainty given by the 
experimental retardances used in the fitting procedure. 

Table 3. Fitted OPD and OPL obtained for the retardance values in Table 1 with 1% 
uncertainty. 

λ (nm) 633 532 473 
OPD(µm) 0.528 ± 0.005 0.594 ± 0.006 0.649 ± 0.006 
OPL(µm) 2.58 ± 0.03 2.61 ± 0.03 6.89 ± 0.07 

3.3 On-state parameters calibration: average tilt angle and flicker amplitude 

Once we have the off-state parameters, OPD and OPL, we fix these values in the theoretical 
expressions for the semiphysical model. Then, we use the on-state average retardance and 
flicker amplitude values for incidence angles at 3° and 35° as the experimental values for the 
fitting procedure with the theoretical expressions. From the average retardance fit we obtain 
the tilt angle as a function of voltage ( )Vα . The same figure of merit function previously 

explained in the off-state calibration is now used for the on-state fitting procedure, and the 
optimization is run independently for each of the gray level (equivalent to applied voltage) 
values. We proceed identically with the maximum +Γ = Γ + ΔΓ  and the minimum 

−Γ = Γ − ΔΓ  experimental values to calculate, as earlier explained, the flicker in the tilt angle 

( )VαΔ . 

In Fig. 2 we show the tilt angle ( )Vα  as a function of the gray level addressed with the 

graphics card, which is related with the applied voltage. We see the resulting values for the 
two sequence format configurations, 5-5 and 18-6, previously presented. The tilt angle 
increases monotonically with the gray level, i.e. the applied voltage increases with the gray 
level. We also note that the curve is highly nonlinear at lower gray levels. The two sequences 
follow similar but slightly shifted curves with sequence 18-6 producing slightly larger tilt 
angle values, with maximum values about 50° in both cases. This means that we are still 
within the range where tilt angle profiles across the cell thickness do not saturate in the cell 
bulk [33], i.e. the tilt angle is smaller than 90° in the midlayer. This is the situation where the 
tilt angle can be approximated as a sine-like profile, which is when our model shows the best 
agreement with experiment [32,33]. At 0 gray level the tilt angle is about 5° and 10° 
respectively for sequences 5-5 and 18-6, which means that the applied voltage is larger than 
the threshold value in both sequences and larger for 18-6 than for 5-5. 
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Fig. 2. Tilt angle as a function of gray level obtained for the two sequence formats considered. 

The result obtained for the molecular tilt flicker ( )VαΔ  for the two sequences is shown in 

Figs. 3(a) and 3(b), as a function respectively of the gray level and the tilt angle. To pass from 
Figs. 3(a) to 3(b) we use the mapping between tilt angle versus gray level in Fig. 2. We see 
that both sequences exhibit a very different behavior for the tilt flicker: for sequence 5-5 is 
clearly smaller and increases with gray level, whereas for 18-6 it reaches a maximum value 
about 4.5° and then stays basically constant. We also note in the tilt flicker a series of jumps, 
which are related with one of the bit planes in the digital sequence changing its state from ON 
to OFF or viceversa. Due to the nonlinear relation at low gray levels between tilt angle and 
gray level (see Fig. 2), in Fig. 3(b) the region for low gray levels, corresponding to low tilt 
angles, becomes stretched. Something important in this analysis is that there is no clear 
correlation between tilt angle and tilt flicker. Therefore, the tilt flicker is mostly related with 
the specific pulse structure and amplitude of the applied voltage. 

 

Fig. 3. Tilt flicker for sequence formats 5-5 and 18-6, (a) as a function of gray level, and (b) as 
a function of average tilt angle. 

At very low gray levels (low tilt angles) we see that the tilt flicker increases, especially for 
sequence 5-5 where it reaches a value larger than 3°. This flicker is not real: we showed in an 
earlier paper [37] (see Fig. 6 therein) that at 0 gray level there is no flicker for these 
sequences 5-5 and 18-6. The origin for this “apparent” tilt flicker comes from the kind of 
experimental measurements that we use to fit the parameters in the model. We consider 
depolarization measurements provided by the Stokes polarimeter in the time-averaged Stokes 
polarimetric technique [23]. Even when the PA-LCoS is switched-off we may obtain a certain 
degree of depolarized light reflected from PA-LC devices [36] due to averaging of spatial 
inhomogeneities across the aperture of the light wavefront. Possible causes are micrometer 
scale retardance variations averaged across the pixel, diffraction at the edges of the pixels, 
disclinations in the LC [38]. We have done the following test to verify the spatial variation of 
the SOP of light across the aperture of the light wavefront reflected by the LCoS when 
switched-off. We inserted a diaphragm before the small aperture of the Stokes polarimeter. 
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The diaphragm was closed enough so that we could select smaller regions within the aperture 
of the light wavefront. We obtained that the SOP measured by the polarimeter is different 
across the aperture of the wavefront. This was much more evident at 45° angle of incidence. 
We note that this spatial variation of the reflected SOP across the aperture of the light 
wavefront is wavelength dependent since the LC layer retardance depends strongly on the 
wavelength. This will produce that the experimental DOP related with this spatial averaging 
shows wavelength dependency. When incident perpendicular to the device these effects are 
residual but as the incidence angle increases their importance and its influence on the fitting 
of the tilt flicker increases as well. In Fig. 3, we have marked with a vertical dashed line the 
point where the tilt flicker reaches a minimum: at about 20 gray level (14° tilt angle). At 
lower gray levels (tilt angles), the real tilt flicker actually continues decreasing (in the off-
state this would be exactly 0°). Thus, in the plot we have labelled this region as “apparent tilt 
flicker”. We decided to leave these apparent tilt flicker values and use them later when we 
calculate the state of polarization (SOP) and the degree of polarization (DoP): they are still 
useful to calculate the amount of depolarized light even though the origin is not tilt flicker. 

As we have done at the end of Section 3.2, let us now discuss the robustness of the results 
obtained for the molecular tilt angle ( )Vα  in Fig. 2 and for the molecular tilt flicker ( )VαΔ  

in Fig. 3. We do it for sequence 5-5 but the discussion is similar for 18-6. We consider 1% 
relative uncertainty in the experimental retardance measures used in the fitting procedure. We 
find that, both for the tilt angle and for the tilt flicker, two scenarios provide the necessary 
insight in this analysis depending on the deviation considered for the off-state and the on-state 
experimental retardances. The best scenario happens when the deviation is in the same sense 
for off-state and on-state retardances, that is, both on-state and off-state retardances increase 
(or decrease) by 1%: then the tilt angle and the tilt flicker obtained are the same as when no 
deviation is considered, shown respectively in Figs. 2 and 3. The worst scenario occurs when 
off-state and on-state deviations are in opposite senses. In this scenario the tilt angle and the 
tilt flicker deviate the most from the values shown in Figs. 2 and 3. In the case of tilt angle, 
deviation follows a non-linear fast decrease from ± 4.5° at 0 gray level to 2° at 20 gray level, 
and then to ± 0.5° at large gray levels, with an average value of ± 1.1° across the 256 gray 
level range. In the case of the molecular tilt flicker values ( )VαΔ , in the worst scenario 

deviation follows a non-linear fast decrease from ± 1.9° at 0 gray level, to close to 0.1° at 
gray level 20, and continues decreasing to ± 0.05° at large gray levels, with an average value 
of ± 0.12° across the 256 gray level range. Thus, both the molecular tilt angle and tilt flicker 
show a robust behaviour, especially at middle and large gray levels where their relative 
uncertainty is less than 1%. 

3.4 Prediction of retardance and its flicker amplitude 

 

Fig. 4. Experiment (dots) and theoretical prediction with the proposed model (line) for 
sequence formats 5-5 and 18-6, for the wavelengths 473, 532 and 633 nm and for incidence at: 
(a) 23°; (b) 45°. 
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To show the goodness of the fitted parameter values for OPD, OPL and ( )Vα , next we 

compare in Fig. 4 the experimental measurements (dots) and the theoretical (line) retardance 
values calculated with the model, for sequences 5-5 and 18-6 and for the three wavelengths. 
In Figs. 4(a) and 4(b) we plot the results respectively for incidences at 23° and 45°. We obtain 
that the agreement is very good, actually with uncertainties smaller than 5% across most of 
the gray level range, as already demonstrated in previous papers [31–33], both against 
experimental measurements [31] and against rigorous electromagnetic calculations using 
Split-Field Finite Difference Time Domain (SF-FDTD) simulations [32,33]. Retardance 
curves are very similar in all cases for both sequences and very linear with the gray level. The 
retardance dynamic range decreases as the incidence angle increases, and increases as the 
wavelength decreases. 

In Fig. 5 we compare the measured and the predicted values, calculated using the model, 
for the retardance flicker amplitude ΔΓ  as a function of the applied voltage (gray level): 
upper and lower row respectively for the sequence 5-5 and 18-6, and for the angles of 
incidence 23° (left column) and 45° (right column). The agreement for incidence at 23° is 
very good for both sequences and for the three wavelengths spanning the visible spectrum. 
For incidence at 45° the agreement is good for middle and large gray levels, but clearly 
decreases at lower gray levels where we see that the experimental values are much larger than 
theoretically predicted. As noted earlier when discussing Fig. 3, at lower gray levels the real 
tilt flicker is actually small and the origin of the large values for the flicker in the fluctuation 
amplitude is mostly due to other depolarization phenomena different from tilt flicker. We note 
that, as commented in Section 3.3, the spatial averaging is wavelength dependent. This might 
help to explain why in Figs. 5(b1) and 5(b2), at low gray levels, the fluctuation amplitudes are 
very different for the green wavelength when compared with the red and blue wavelengths, 
which show very large fluctuations and very different from the theoretically predicted values. 
It is for incidence angles larger than about 30-35° that we obtain this bad agreement at low 
gray levels between experiment and theory. Therefore, we establish that the model proposed 
is useful to predict the average retardance in the range between 0 to 45°, and to predict flicker 
amplitude in the retardance also for a very wide incidence angle range from 0 to 35°. 

 

Fig. 5. Experiment (dots) and theoretical prediction with the proposed model (line) for 
sequence formats 5-5 ((a1) and (b1)) and 18-6 ((a2) and (b2)), for the wavelengths 473, 532 
and 633 nm and for incidence at 23° ((a1) and (a2)), and at 45° ((b1) and (b2)). 
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3.5. Predictive management of polarized light 

Next we analyse the usefulness of the model and its calculated average and flicker retardance 
values to predict the SOP and DoP for the light reflected by the PA-LCoS device. We use the 
Mueller-Stokes formalism for polarized light, which includes the possibility of depolarized 
light. More specifically, we apply the Mueller-Stokes approach we proposed [23] to take into 
account the existence of flicker in the retardance in PA-LC devices. We will consider that the 
incident SOP corresponds to right-handed circular light, which generates large modulation in 
the reflected SOP. We provide measurements and calculations for the three wavelengths, for 
the two sequences 5-5 and 18-6 and for different angles of incidence. 

 

Fig. 6. For sequence format 5-5 and for incident SOP right-handed circular, in plots (a) for the 
Stokes parameters and in (b) for DoP, experiment (dots) and theoretical prediction with the 
proposed model (line), and in plots (c) representation on the Poincaré sphere, where the dark 
line is simulation and gray line is experiment. Top row ((a1), (b1) and (c1)) for 633 nm and 
incidence at 3°; middle row ((a2), (b2) and (c2)) for 532 nm and incidence at 30°; bottom row 
((a3), (b3) and (c3)) for 473 nm and incidence at 30°. 

In Fig. 6 we show results for the sequence 5-5, where the first and second columns 
correspond respectively to the values for the Stokes parameters and for the DoP versus gray 
level. Dots and lines correspond to experiment and theoretical prediction. In the third column, 
we show a more global overview of the reflected SOP on the Poincaré sphere, where the dark 
line is simulation and gray line is experiment. The top row corresponds to illumination with 
633 nm and incidence at 3°, middle with 532 nm and incidence at 30° and bottom row with 
473 nm and incidence at 30°. We see that agreement between experiment and prediction is 
very good in all the cases. If we go further from incidence angle 35°, the SOP calculation still 
agrees well with the experiment. In the case of DoP, the agreement worsens especially at 
lower gray levels as it also happened in Fig. 5. However, we want to stress that for such a 
large incidence angle range, from 0° to 35°, and across the whole visible spectrum, the 
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semiphysical model is able to provide a good estimation not only for the reflected SOP but 
also for the DoP independently of the input SOP. 

Something that we note from the plots in Fig. 6 is that the interplay between angle of 
incidence and illumination wavelength enables to control the SOP modulation range. In all 
three cases in Fig. 6, the SOP travel along the Poincaré sphere stays close to one full 
meridian. To restrict the modulation range, when using shorter wavelengths, we needed to 
increase the angle of incidence. This has the additional benefit that for larger angles of 
incidence the DoP gets closer to one. All this can be properly adjusted using the model. 
Therefore, our model is highly predictive and is very versatile in such applications as in 
management and control of polarized light beams. 

Next we show in Fig. 7 the same kind of results presented in Fig. 6 but now for sequence 
18-6. Once again there is a very good agreement between experiment and theory. The SOP 
curves are very similar both for the sequence 5-5 and 18-6. However, we see that DoP 
profiles are very different, being much larger in the case of the sequence 18-6 when compared 
with sequence 5-5. As in Fig. 6, the plots provided in Fig. 7 are designed so that the SOP 
travel along the Poincaré sphere stays close to one full meridian. 

 

Fig. 7. For sequence format 18-6 and for incident SOP right-handed circular, in plots (a) for 
the Stokes parameters and in (b) for DoP, experiment (dots) and theoretical prediction with the 
proposed model (line), and in plots (c) representation on the Poincaré sphere, where the dark 
line is simulation and gray line is experiment. Top row ((a1), (b1) and (c1)) for 633 nm and 
incidence at 3°; middle row ((a2), (b2) and (c2)) for 532 nm and incidence at 30°; bottom row 
((a3), (b3) and (c3)) for 473 nm and incidence at 30°. 

Both in Figs. 6 and 7, the different rows demonstrated that we can use the model to find at 
which angles of incidences and wavelengths we might obtain a reflected SOP describing a 
full meridian across the Poincaré sphere. Now in Fig. 8 we want to show the maximum range 
of SOP modulation that is possible with our current PA-LCoS and for sequence 18-6, which 
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produces larger values of depolarized light when compared with sequence 5-5. When using 
the shorter wavelength, 473 nm, and with light incident perpendicularly to the entrance face 
of the PA-LCoS is when we obtain the larger modulation range. In the Stokes parameters plot 
(Fig. 8(a)) we see that there are more oscillations when compared with plots in Figs. 6 and 7. 
In Fig. 8(b), DoP reaches such a low value as 0.7. In Fig. 8(c), on the Poincaré sphere we see 
that the curve is describing almost two meridians, with the second turn getting into the inner 
volume of the Poincaré sphere due to the low values in the DoP. 

 

Fig. 8. For sequence format 18-6 and for incident SOP right-handed circular, for 473 nm and at 
3° incidence, in plots (a) for the Stokes parameters and in (b) for DoP, experiment (dots) and 
theoretical prediction with the proposed model (line), and in plots (c) representation on the 
Poincaré sphere, where the dark line is simulation and gray line is experiment. 

Agreement between experiment and model is once again very good, thus showing the 
accuracy and usefulness of the model in order to design appropriate working configurations 
(incidence angles, illumination wavelengths, gray level ranges, appropriate input SOP) 
adapted to the specific application in mind. Next we show some of such applications. In Fig. 
9 we are interested in the analysis of the spectral dependence of the SOP and the DoP. We 
restrict our attention to sequence 5-5, which shows smaller flicker and thus it is the most 
probable candidate in most of applications. 

 

Fig. 9. For sequence format 5-5 and for incident SOP right-handed circular. Simulations for the 
spectral variation of the Stokes parameter S3 ((a1) and (a2)) and the DoP ((b1) and (b2)), for 
incidences at 0° ((a1) and (b1)) and at 35° ((a2) and (b2)). 

In the first column in Fig. 9, we plot the Stokes parameter S3 as a function of the 
wavelength across the whole visible range, and in the second column we show the DoP. The 
results are for three different gray levels, shown in the legend. In the first and second rows the 
results are respectively for perpendicular incidence and at an angle of 35°. We see that at 
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certain gray levels and angles of incidence we have slowest variations in S3, which might be 
interesting to decrease wavelength dependence when using non-monochromatic sources: in 
the cases shown chromatic dispersion is smaller at gray level 200. We also show that the DoP 
magnitude decreases at shorter wavelengths. 

An alternative analysis interesting in some applications is the dependence of the reflected 
SOP from the LCoS when the incident wavefront is not a collimated wavefront. To such 
cases, in Fig. 10 we show for three gray levels (in the legend) the Stokes parameter S3 (first 
column) and the DoP (second column) as a function of the angle of incidence. In the first row 
we plot the curves for the wavelength 633 nm, and for 473 nm in the second row. As in Fig. 
9, we restrict our attention to sequence 5-5. We note that in the case of DoP, values for angles 
larger than 35° might not agree fully with experimental measurements, as commented in 
previous sections. We see that for example at gray level 100 both for the wavelengths 633 and 
473 nm, angular dependence for S3 is very small. We also see for the three gray levels 
considered, that the S3 parameter changes very little for an angular range of about 10° at 
perpendicular incidence. In the case of DoP, we have a quantification of its increase as the 
angle of incidence increases. This is then one strategy to minimize its effects on applications. 

 

Fig. 10. For sequence format 5-5 and for incident SOP right-handed circular. Simulations for 
the variation as a function of the angle of incidence for the Stokes parameter S3 ((a1) and (a2)) 
and for the DoP ((b1) and (b2)), at illumination wavelengths 633 nm ((a1) and (b1)) and 473 
nm ((a2) and (b2)). 

4. Conclusions 

We have demonstrated a very unique model for PA-LC devices, which is able to predict with 
a high accuracy a wide range of results both without and with flicker included. We have seen 
that the model describes the angular and wavelength dependencies for retardance, reflected 
SOP and DoP. For the calibration performed in the paper, the wavelength range comprises the 
whole visible spectrum. In the case of the incidence angle, the range covered is 0°-45° for the 
average values and 0°-35° for the flicker amplitudes, which is still a very remarkable range. 
Prediction of the modulation capabilities and its associated flicker relies on the fitting of the 
equivalent tilt angle of the molecules as a function of applied voltage, from what we also 
obtain the amplitude in the flicker of the tilt angle at every applied voltage. Specific results 
are given for liquid crystal on silicon (PA-LCoS) microdisplays, central to many spatial light 
modulation applications such as the generation and detection of structured polarized beams. 
We believe that our approach offers novel capabilities in the generation of arbitrary states of 
polarization, both fully and partially polarized, since the approach enables to calculate the 
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interplay between angle of incidence and illumination wavelength in order to obtain the 
necessary modulation range for the application in mind. Additionally, calculation of flicker in 
the tilt angle might be a useful tool to inspect the dynamics of internal properties of LC 
devices. 
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