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ABSTRACT 
 

This work shows a characterization and a polarimetric analysis of a Liquid Crystal on Silicon (LCoS) display,  device 
that works with reflection of the light. We have observed that the optical axis of the LCoS display molecules fluctuates 
as a function of the time as a consequence of the type of electrical signal addressed to the device. These time fluctuations 
lead to two different physical phenomena that may decrease the efficiency when addressing diffractive elements to the 
display: the effective depolarization and the phase-fluctuations phenomena. We have developed a study of these two 
phenomena and its influence on diffractive elements. 

In particular, two different characterization methodologies suitable to obtain the Mueller matrix of the LCoS display are 
shown. The obtained results are provided and processed to perform a polarimetric study. Next, an intensity or a phase 
optimization of the LCoS display response is done, in order to obtain configurations of external polarizers and 
waveplates that allow us to improve the use of this device in optical applications. This study is done as a function of the 
incident angle and as a function of the wavelength, in order to detect the influence of these parameters on the effective 
depolarization origin and of the phase-fluctuations. In addition, we have analyzed the influence of the phase-fluctuations 
phenomena on the efficiency of a phase grating and a digital hologram addressed to the LCoS display.      

Keywords: LCD, LCoS display, depolarization, retardance, temporal fluctuations, phase fluctuations.  
 

1. INTRODUCTION 
Liquid Crystal Displays (LCDs) are a mature technology that is widespread used in a large number of optical 
applications due to their capability to work as spatial light modulators. As an example, the LCD are used in adaptative 
optics [1], optical metrology [2], medical optics [3], holographic data storage [4] or diffractive optics [5]. Different type 
of  LCDs provide diverse manufacturing features: LC material, molecular alignment, effective resolution, pixel size, LC 
thickness, among others. Reciently, a type of LCD, the Liquid Crystal on Silicon (LCoS) display, is being used in diverse 
aplications. The LCoS displays work in reflection, performing the light beam a double pass through the device that leads 
to more phase-shift than transmissive LCDs with the same LC thickness. This is a very attractive feature in optical 
applications where the LCD is operating into the phase-only spatial light modulation regime, as frequently happen in 
diffractive optics applications [6]. Nevertheless, some unpolarized light has been detected [7-9] at the LCoS display 
reflected beam that has to be taken into account when using them in applications. In addition, the effective depolarization 
detected depends on different parameters as can be the incident state of polarization, gray level addressed to the LCoS 
display [7], angle of incidence [10] or wavelength [11].  

In Ref. [9], the origin of the effective depolarization detected when working with an Twisted-Nematic (TN) LCoS 
display in normal incidence and illuminated with a 633.8 nm light beam is studied. In fact, the unpolarized light is 
related to time-fluctuations of the LC molecules optical axis orientation. In particular, the type of binary signal addressed 
to the LCoS display is not able to keep still the molecules into a frame period, producing the time-fluctuations 
phenomena. As the LC is an anisotropy material, time-fluctuations of the LC molecules produces changes of the 
reflected state of polarization (SoP) as a function on the time. Thus, the temporal average of the SoP variations 
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2.1 LCoS display polarimetric analysis for quasi-normal incidence and 633 nm light beam  

We have performed a first study of the (TN) LCoS display working in quasi-normal incidence (2º) and by illuminating 
the system with a He-Ne laser (633 nm) [7]. Then, the Mueller matrices of the LCoS display as a function of the gray 
level (from 0 to 255 gray level in steps of 20) have been measured by following the method previously quoted.  

From the experimentally obtained Mueller matrices, some important polarimetric information is available. The last three 
coefficients of the first row of a Mueller matrix correspond to the diattenuation vector [14] and the three last coefficients 
of the first column correspond to the polarizance vector [14]. Note that the diattenuation gives a measure of the 
dependence of the transmittance of an optical element on the incident SoP and the polarizance gives the capability of an 
optical element to polarize a total unpolarized beam. Moreover, the 3x3 submatrix left when removing the first column 
and row of the Mueller matrices keep information about the retardance and depolarization values of the polarizing 
sample that they describe. The obtained results [7] show that the TN LCoS display is a non-diattenuating and non-
polarizating element when working under normal incidence and 633nm. In addition, it performs as a linear retarder 
whose neutral lines orientation and retardance depend on the gray level addressed to the display.   

In order to extract some information about the unpolarized light added at the (TN) LCoS display reflected beam, it has 
been conducted a specific study analyzing this parameter. By experimentally measuring the Stokes parameters of the 
633nn light beam we have determined its degree of polarization (DOP) which is defined as [14]:  

0

2
3

2
2

2
1
S

SSS
DOP

++
=       (1) 

where S0, S1, S2 and S3 are the Stokes parameters. 

Figure 2(a) shows the DoP as a function of six different input states of polarization: linear polarization at 0º of the 
laboratory vertical (L0), linear polarization at 90º of the lab vertical (L90), linear polarization at 45º (L45), linear 
polarization at -45º (L135), right-handed circular polarization (CD) and left-handed circular polarization (CL).  We see 
that DOP strongly depends of the gray level addressed to the LCoS display and of the incident state of polarization used.   

  
Fig. 2. (a) DoP as a function of the GL and the incident SoP; (b) Retardance values as a function of the GL addressed. 

Next, we have analyzed the retardance introduced by the LCoS display. In particular, we have used the combined 
method presented at Ref. [13], where the Lu-Chipman polar decomposition [14] (based on the polar decomposition 
theorem [15]) is applied to the Mueller matrix of a (TN) LCoS device, leading to the Jones matrix of the equivalent 
retarder. The combined method has been applied to the measured Mueller matrices of the LCoS display, reaching the 
Jones matrices of the equivalent retarder for every gray level used. Then, from the Jones matrices, the eigenvalues and 
eigenvectors have been calculated, giving the eigenvalues difference the retardance data. The effect produced by the light 
beam reflexion on the silicon panel has been removed in order to show the pure LCoS display retardance response. 

Figure 2(b) shows an evolution of the phase-shift as a function of the gray level. We see that the minimum retardance 
corresponds to the gray level 0 while the maximum retardance corresponds to the 220 gray level. In addition, the global 
retardance introduced by the display is about 140 degrees. From this and other results, it has been shown that the LCoS 
display can be understood as a linear retarder whose retardance and orientation of the neutral lines varies as a function of 
the gray level.   
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2.2 LCoS display polarimetric analysis as a function of the wavelength 

In this section, the polarimetric study given in section 2.1 is conducted for different wavelengths. In fact, we have used 
three different wavelengths: 633 nm (He-Ne laser), 532 nm and 458 nm (Argon laser). From the Stokes measurements 
performed at the LCoS display reflected beam, we can obtain both the degree of polarization (DoP) added at the reflected 
light, and other polarimetric data such as the diattenuation coefficient as given in [7,14]. First, we have analyzed the DoP 
dependence with the wavelength used. Figure 3 shows the DoP as a function of the gray level added at the LCoS display 
reflected beam under quasi-normal incidence and by using the 633 nm (Fig. 3 (a)), 532 nm (Fig. 3(b)) and 458 nm (Fig. 
3(c)) wavelengths. Note that the range for the vertical scale is different for the three wavelengths. In every case, the 
measurements have been done for the incident SoPs used in section 2.1. The DoP strongly depends on the incident state 
of polarization and the maximum depolarization value obtained clearly increase when using shorter wavelengths. In fact, 
if we compare the three wavelengths we see that the shorter the wavelength the smaller the DoP.  

 
Fig. 3. DOP as a function of different incident SoPs, wavelengths and gray levels.  

Moreover, for all the wavelengths, the maximum depolarization is obtained around the 180 gray level, where the LC 
molecules orientation is strongly affected by the electrical signal addressed. In Fig. 3 (d) we represent the averaged DoP 
as a function of the gray level and for each of the three wavelengths. This averaged DoP is defined as the arithmetic 
average calculated from the 6 values measured for the 6 incident SOPs shown in Fig. 3(a), (b) and (c). It can be clearly 
seen that the DoP decreases for shorter wavelengths, especially for gray levels larger than 100. If we divide the minimum 
DoP in the graph by the corresponding wavelength we obtain approximately equal rations (about 1.4), thus we can say 
that the DoP is inversely related with the wavelength. The diattenuation and polarizance dependence with the wavelength 
have been also studied showing that the LCoS display is a non diattenuating and non polarizing element independently of 
the wavelength used. Finally, by following the procedure shown in section 2.1., and by using the Mueller matrices 
measured for the different GL and for the three wavelengths used, the retardance values have been obtained (Fig. 4). 

 
Fig. 4. Retardance as a function of the gray level for three different wavelengths. 
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The minimum retardance value (100 degrees) is obtained at the 0 GL and with 633 nm. On the other hand, the maximum 
retardance value is about 350 degree, obtained at the 160 gray level and with 458 nm. By decreasing the wavelength the 
retardance-shift is increased and the maximum retardance-shift (160 degrees) is obtained when using 458 nm. 

2.3 LCoS display polarimetric analysis as a function of the incident angle  

A polarimetric study of the LCoS display as a function of the incident angle has been performed. Figure 5 shows the 
measured DoP as a function of the gray level for various angles of incidence (α=2º, 12.5º, 23º, 34º and 45º), calculated 
from the experimentally measured Stokes parameters. By definition, the DOP takes values from 0 to 1 but in Fig. 5 the y 
axis has been zoomed in order to show the results more clearly. The results correspond to three input SoPs: linear 
polarized light at 0º, linear polarized light at 135º and left-handed circular polarized light. In Fig. 5 some DoP values are 
slightly higher than 1, as a consequence of the instrumental error associated to the intensity measurements in Eq. (1) and 
its corresponding error propagation. For all the selected incident angles, the DoP depends on the input SoP. Moreover, 
for a fixed input SoP, there is a quite relevant difference in the DoP evolution as a function of the gray level when 
changing the incident angle. For quasi-normal incidence (Fig. 5(a)), the reflected light remains fully polarized (DoP 
close to one) for gray level ranges below 100 or above 240. However, important depolarization effects are detected for 
gray levels in between 100 and 240, reaching depolarization values higher than 10%.  

 
Fig. 5. Degree of polarization as a function of the gray level and for an angle of incidence equal to: 
a) α=2º, b) α=12.5º, c) α=23º, d) α=34º,and e) α=45º.  

 
By increasing the incident angle (Figs. 5(b)-5(e)), we detect unpolarized light in the gray level range around gray level 
180 (as in the quasi-normal incidence case shown in Fig. 5(a)), but also for higher or lower gray level ranges, where the 
depolarization increases as the incident angle increases. For instance, for incident angles α=12.5º and α=23º (Figs. 5(b) 
and 5(c)), depolarization overpass 5%, while it is greater than 10% for incident angles of α=34º and α=45º (Figs. 5(d) 
and 5(e)). For high incident angles and for some input SoPs, depolarization reaches approximately a 10% along the 
whole gray level range (black triangles at Fig 5(d) and Fig 5(e)). As we have seen (section 2.1), under normal incidence 
the LCoS display can be expected to act as linear retarder, whose neutral lines orientation and retardance depend on the 
addressed voltage. However, when increasing the incident angle, the obtained results have shown that the LCoS may act 
as an elliptical retarder since the forward and backward paths in the LC layer are no longer coincident. Figure 6 shows 
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the retardance as a function of the gray level for all the incident angles used along the experience. The retardance values 
have been calculated from the eigenvalues differences, being the eigenvalues obtained by diagonalizing the Jones 
matrices of the equivalent retarder. The minimum phase value corresponds to the gray level 0 and an incident angle α=2º 
(square spots), whereas the maximum phase is obtained for the gray level 240 and α=45º (circular spots). These results 
show that small incident angles (2º-12.5º) show a higher phase-shift dynamic range than high incident angles (34º-45º). 

 
Fig. 6. Retardance as a function of the gray level for different incident angles. 

 

3. PHASE AND INTENSITY LCOS RESPONSE OPTIMIZATION PROCEDURE  
 
In section 2, the Mueller matrices of the LCoS display as a function of the gray level and for different physical 
parameters have been characterized. From the obtained results some polarimetric information has been provided. Here, 
by taking advantage of the experimental Mueller matrices we have optimized the intensity and phase response of the 
LCoS display. The optimization of the intensity and the phase response are obtained by following two different 
procedures.  
 
The first procedure leads to the LCoS display intensity response optimization. In this case, we use the accurate capability 
of the LCoS display Mueller matrices to predict the reflected beam SoP when using SoPs corresponding to arbitrary 
configurations of the PSG and the PSD. Then, by means a numerical searching algorithm, the optimum configuration for 
the PSG and the PSD providing a specific intensity modulation regime is obtained. To increase the degrees of freedom in 
this optimization procedure we use a PSG and a PSD capable to cover the whole Poincaré sphere, i.e. every fully 
polarized SoP. In particular, they are composed of a linear polarizer and a quarter wave plate retarder. There are a series 
of modulation regimes which are usually of interest, such as maximum intensity contrast modulation or constant 
amplitude modulation. The modulation regime obtained depends on the figure of merit defined for the numerical search 
and on the starting values given for the parameters. In our case, the figure of merit used is given below.   
 

    (2) 
 
 
where the optimized criteria takes into account the variance of the transmission (ΔT) and the minimum transmission 
value (Tm). Then, by maximizing or minimizing the figure of merit given in Eq. (2), we are operating in the maximum 
intensity contrast modulation or in the constant amplitude modulation regimes. More details of the intensity optimization 
procedure can be obtained in [7].  
 
The second procedure leads to the LCoS display phase response optimization. From the measured Mueller matrices the 
phase modulation can not be a priori evaluated and it has to be measured. However, the use of the Mueller-Stokes 
formalism in the LCoS display characterization procedure is required because of the effective depolarization values 
detected when working with these displays (see section 2). Thus, previous Jones matrix approaches to obtain a phase-
only response are not directly applicable. However, the possibility of predicting the phase modulation is very desirable, 
since the phase modulation depth can be increased in configurations with flat but no maximum intensity modulation.  We 
have combined the Mueller and Jones approaches in order to perform a complete characterization of a LCoS display 
phase response. We apply the polar decomposition [14] of the measured Mueller matrices. This decomposition states that 
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a general Mueller matrix M can be written as the product of three factors of diattenuation, retardance and depolarization 
as M=MΔMRMD. As we have seen in section 2, the diattenuation of the LCoS display (independently of the incident 
angle or wavelength) is negligible, so the polar decomposition can be applied as M=MΔMR. Here MΔ and MR are 
respectively the depolarization and retardance matrices. Once MR is calibrated, the equivalent Jones matrix can be 
calculated and used for the evaluation of the phase modulation. For that purpose, we follow the technique proposed in 
Ref. [16]. This technique considers that any non-absorbing reciprocal polarization device (for which the LCD is a 
particular case), can be described by a unimodular unitary Jones matrix, i.e. 
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where A=AR−iAI and B=BR−iBI are complex parameters (subindices R and I indicate the real and imaginary parts) which 

depend on the addressed voltage and fulfill the condition 122 =+ BA . The retarder Mueller matrix equivalent to the 
Jones matrix in Eq. (3) is given in [13]. Then, with the parameters A and B calibrated and by experimentally measuring 
the phase β, the global phase response of the LCoS display corresponding to any configuration of the PSG and the PSD 
can be predicted. Then, a full polarimetric characterization of the display has been achieved. The Mueller matrix 
accounts for depolarized light, which is necessary to accurately predict the intensity modulation, while the Jones matrix 
accounts for the phase modulation. Then, the full complex modulation can be predicted and an optimization procedure is 
applied by minimizing or maximizing the following figure of merit: 

      (4) 
 
 
where the optimized criteria takes into account the variance of the transmission (ΔT), the minimum transmission value 
(Tm) and the phase-shift Δτ. 
 
3.1. Experimental results 
 
In this section we provide some of the experimental results obtained by applying the optimizing procedures given above. 
Figure 7 shows excellent results obtained for phase-only modulation and for amplitude-only modulation when using 633 
nm and quasi-normal incidence (2 degree). Figure 7(a) shows the best results we obtain for phase-only response. We 
apply an elliptical polarization configuration and we allow a non maximum mean intensity value (around 60%) to 
achieve a large modulation depth [17,18]. The phase modulation depth reaches 360º giving an almost perfect phase-only 
modulation. This result is especially relevant since it shows that phase-only diffractive elements can be displayed on this 
LCoS display with optimal modulation diffraction efficiency, even for a long wavelength as λ=633 nm. Figure 7(b) 
shows the intensity and phase modulation for a second configuration, again using an elliptical polarization configuration, 
to obtain an amplitude-mostly response. A monotonously varying intensity modulation with large contrast is obtained 
with a minimal coupled phase modulation (less than 60º). In both cases the agreement between experimental and 
predicted data is excellent. Finally let us note that the DoP is maintained very high in both cases. 
 
Next, figure 8 shows some results corresponding to the phase only regime optimization. In this case, the optimization has 
been conducted in quasi-normal incidence (2 degree) and for two different wavelengths: 532 nm (Fig. 8(a)) and 458 nm 
(Fig. 8(b)). Figure 8(a) corresponds to a configuration optimized for λ=532nm, using an elliptical polarization light. We 
see an almost constant intensity response accompanied with a phase shift of 2π. Furthermore, the DoP is almost equal to 
one as a function of the gray level and we can consider that we are dealing with fully polarized light. The profiles for the 
intensity and the phase shift modulations obtained in figure 8(a) are similar to the ones obtained in figure 7(a), when 
optimizing for λ=633nm, but for 532 nm we obtain a higher average intensity value. Therefore, by optimizing the 
response for 532nm we obtain similar values for phase shift that the ones obtained with 633 nm but with an increase of 
the intensity values. Next, Fig. 8(b) shows the system response corresponding to a configuration optimized for λ=458nm 
and using elliptically polarized light. In this case, we have allowed in our optimization procedure to decrease the 
minimum intensity value when optimizing for 458 nm. We have obtained an almost constant intensity response as a 
function of the gray level accompanied with a phase shift higher than 3π. However, there is again some unpolarized light 
in some gray levels. Nevertheless, in terms of phase shift response, we see that using λ=458nm we obtain more phase 
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shift modulation than when using the previous two wavelengths. We have also tested the configuration optimized for 
633nm (Fig.7(a)) with different wavelengths. For these wavelengths, the configuration is not optimal anymore. In fact, 
the phase-only response is degraded by a coupled intensity modulation and by an increase of the depolarization for high 
gray levels. Then, a characterization of the LCoS display and an optimization of its intensity and phase response is 
required for every wavelength used.  

 
Fig. 7. (a) DoP, intensity and phase modulation for phase-only response. (b) DoP, intensity and phase modulation for amplitude-only 
response. Lines indicate predictions and symbols experimental data. 

 
Fig. 8. (a) DoP, intensity and phase modulation in the configuration for phase-only response. (b) DoP, intensity and phase modulation 
in the configuration for amplitude-only response. Lines indicate predictions and symbols experimental data. 
The LCoS display response has been optimized as a function of different incident angles. Figure 9 shows some results 
obtained for the phase-only modulation regime and for 633nm. On one hand, Fig. 9(a) shows a very constant intensity 
response (black line and circles) as a function of the gray level for an incident angle equal to α=12.5º. Moreover, we 
obtain almost 2π phase-shift (dotted line and squares). Therefore, the modulation response optimization with α=12.5º 
provides similar results to those obtained with α=2º (Fig. 7(a)). Thus, for a small range of incident angles (around 10º) a 
single optimization is enough. On the other hand, Fig. 9(b) (α=45º) gives also a constant intensity response but the 
phase-shift is significantly shorter (only slightly over 240º) than the obtained at quasi-normal incidence (Fig. 7(a)). 
Therefore, even by optimizing the LCoS display phase modulation response at high incident angles, the results remain 
worse than the obtained at low incident angles. This result is in agreement with Fig. 6, where the retardance-shift 
between the equivalent retarder eigenvectors is higher for quasi-normal incidence than for oblique incidence. 

 
Fig. 9. Phase modulation optimization when using an incident angle equal to: a) α=12.5º; b) α=45º. 
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4.  TEMPORAL FLUCTUATIONS: DEPOLARIZATION AND PHASE FLUCTUATIONS  
 
In this section, the effective depolarization and the phase fluctuations phenomena are revised. The binary electrical signal 
corresponding to some gray levels addressed to the LCoS display is not able to keep still the LC molecules. Time 
fluctuations of the LC molecules may change the exiting SoP and in temporal average, it gives the effective 
depolarization values. Moreover, the effective depolarization value is increased when increasing the amplitude of the LC 
molecules fluctuations or when increasing the contrast response of the LCoS display. The temporal average origin of the 
effective depolarization can be demonstrated by analyzing the SoP of the reflected beam instantaneously (very fast 
measurements) or as a function of the time (averaged measurements). Experimentally, it can be done by performing the 
Stokes measurements considering two different integration times that may represent two different detectors. With a 
photodetector monitorized onto an oscilloscope we can take fast measurements (in our case each 0.02 ms). Using this 
integration interval, the fluctuations in the intensity of the reflected beam can be time-resolved (they show variations in 
the order of ms), and we can consider these as instantaneous measurements. On the other hand, in many applications the 
detector will be a CCD camera that will capture only few images per second. Then, the integration time will be much 
higher than the optical intensity fluctuations period. In this case, the measured intensity will be the magnitude averaged 
along several periods, and the state of polarization will significantly change along this integration time. In the first case 
(fast detector), and with a proper synchronization of the detected signals, the Stokes parameters can be deduced from the 
measured intensities as [19,20]:  
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where t denotes the time, and Ix, Iy, I45, I-45, IR and IL are respectively the intensities measured at the exit of the PSD 
from the projection of the reflected beam SOP onto the six corresponding SOPs (linear states X, Y, 45, −45, and circular 
states R and L), for which the PSD is configured. By taking into account Eq. (1), the corresponding degree of 
polarization is calculated as 
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On the other hand, when using a slow detector, like a CCD, the measured magnitudes will be the averaged intensities. 
Then the corresponding Stokes vector will be given by  
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where the symbol < > denotes time averaging on the detector. The corresponding degree of polarization is:  
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=    (8)                     

The Stokes parameters measured with the slow detector are the mean averaged value of the Stokes parameters measured 
with the fast detector. The effective DoP measured with the slow detector differs from the value calculated by averaging 
the corresponding instantaneous values measured with the fast detector (Eq.8). This is due to the non linear relation in 
the definition of DoP as a function of the Stokes parameters. We have experimentally measured DoP of the LCoS display 
reflected beam for different input SoPs (linear states X, Y, 45, -45, 30 and circular states R and L) in two different ways. 
One hand, the DoP has been calculated from intensity measured performed with a slow detector, and then this DoP value 
comes from the average of the Stokes vectors. Let us call it DoP (from ASP). On the other hand, we have measured the 
instantaneously Stokes parameters (ISP) and then, the instantaneous DoPs values. Finally, the mean of the instantaneous 
DoPs values (MDoP) is calculated. The set-ups used for the corresponding measurements are given in Ref. [9]. The 
obtained results are shown in Fig. 10. We see that the DoP (from ASP) values, in all cases present a non negligible 
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amount of depolarization, since DoP is clearly less than one. On the other hand, we see that the MDoP (from ISP) are all 
very close to one, denoting that the reflected beam is maintained fully polarized if time resolved measurements are 
considered. The DoP obtained from ASPs exhibits lower values than one, as we expected. This indicates that the 
depolarization effect measured with slow detectors is due to the rapid fluctuation in the state of polarization. Therefore, 
to a certain extent, and for applications where the final element is a slow integration detector, the LCoS display could be 
considered as partially performing a time averaging depolarization, in a way similar to how existing time averaging 
depolarizers work [21]. 

 
Fig. 10. MDoP (rhombus) and DoP (squares) for different incident SoPs.  

 
Finally, we have detected other physical phenomena related to the LC molecules fluctuations: the time-fluctuations of 
the phase [12]. It is important to take into account the phase-fluctuations effect because it can adversely affect in some 
applications, for instance, in diffractive optics where it can decrease the efficiency of the diffractive elements. To prove 
this effect, we have addressed three different binary grating to the LCoS display and we have measured the intensity as a 
function of the time of the zero and first diffracted orders. In particular, the binary gratings used have been addressed 
with the gray levels (0,120), (0,211) and (0,255). The set-up used is given in Ref. [12] and the obtained results are 
plotted in Fig. 11 (a)-(c). In addition, Fig. 11 (d) gives the phase modulation as a function of the time obtained from the 
intensity measurements of the diffracted orders. Figure 11 shows than in all cases fluctuations appear in the intensity 
measurements (Fig. 11(a)-(c)), and as a consequence in the phase modulation (Fig. 11(d)). Particularly interesting is the 
case for the grating (0,211) (Fig. 11(b)), where the mean phase difference is equal to 180º, but it is accompanied with a 
great fluctuation of almost 120º (Fig. 11(d)). These results are in agreement with those in Ref. [9], where the highest 
depolarization effect was observed around gray level 180. In both cases, the depolarization effect and the phase 
modulation fluctuation are originated from fluctuations in the orientation of the LC molecules, which appear to be the 
largest for this range of gray levels in our display. 

 

 
Fig. 11. Intensity measurements at the zero and fisrt diffraction orders for binary diffraction gratings with GL (a) 
(0,120), (b) (0,211) and (c) (0,255). (d) Instantaneous phase values as a function of time for different GL. 
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Finally, we have analyzed the effect of the phase fluctuations phenomena in the diffraction efficiency of diffractive 
optical elements (DOE). Because of the phase fluctuations, the diffraction efficiency of displayed DOEs will also 
fluctuate. We have tested the effect on two basic binary diffractive optical elements, with average phase levels 0 – π. The 
results in Fig. 11(d) show that this phase difference can be obtained (for the average phase values) for gray levels GL=0 
and GL=211. First, we have addressed a binary phase-only grating. In this case, a power of 40% in the first order and a 
zero order vanished are expected. The results are shown in Fig. 12(a), which shows the typical diffraction orders 
generated by the grating. However, although the ±1orders are stronger, the zero order does not vanish as a consequence 
of the phase fluctuations. Next, we displayed a binary phase computer generated hologram designed to reconstruct a 
butterfly. The results are shown in Fig. 12(b). A linear phase along the diagonal direction is added to spatially separate 
the reconstruction of the different terms. In this way we separate the zero and ±1 orders. The butterfly is reconstructed in 
the ±1 orders with an efficiency equivalent to that of the first diffraction order in Fig. 12(a). The -1 order results in an 
inverted version of the butterfly, as expected. Again, the zero order term appears in the form of a light peak located on 
axis, originated from the time fluctuations in the phase modulation.  
 

 
 

Fig. 12. Fourier transform spectrum captured with the CCD camera when a binary DOE is displayed onto the LCoS display with gray levels (0,211) 
(mean phase difference of π radians). (a) Binary diffraction grating. (b) Computer generated hologram designed to reconstruct a butterfly. 

 

CONCLUSIONS 

Liquid Crystal on Silicon displays are LCDs that work in reflection. These devices are widespread used in optical 
applications due to its capability to work as spatial light modulators. This work presents a review of some works dealing 
with LCoS displays that have been conducted by researchers of the Universitat Autònoma de Barcelona in collaboration 
with researches of the Universidad Miguel Hernandez, the Universidad of Alicante and the Universidad of Buenos Aires.  
 
In particular, we present an extensive study of the polarimetric properties (as effective depolarization, retardance, 
diattenuation and polarizance) of a Twisted Nematic (TN) LCoS display as a function of different physical parameters as 
the gray level, the incident angle of the wavelength. Moreover, a methodology for the optimization of the (TN) LCoS 
display intensity and phase response is provided. Finally, an experimental prove of the phase fluctuations phenomena 
and its influence in the efficiency of diffractive elements generated by using the LCoS display is also provided.  
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