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a b s t r a c t 

We present a simple method to determine the polarimetric properties of spatial light modulators (SLMs) for each 

grey level by means of irradiance measurements. The Jones matrix of the SLM is obtained without any assumption 

about its properties, so it can be applied for more devices than previous works. This method is simple enough to 

be quickly performed, while offers better results than previous works, as it reduces the error in the prediction of 

transmission intensities in a factor between 5 and 380. 
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. Introduction 

Spatial light modulators (SLMs) are a very flexible tool at Optics.

heir applications include beam shaping [1–3] , holography [4,5] , quan-

um optics [6] and atomic physics [7] among many others. SLMs based

n liquid crystal displays (LCDs) and liquid crystal on silicon (LCoS)

an spatially manipulate the polarization of light beams. In combination

ith polarizers and retarders, they can be used to implement amplitude,

hase, and even polarization masks. These systems are so flexible that

t is possible to change the type of modulation just rotating the polar-

zation elements. However, it is necessary to accurately determine the

olarization properties of the SLM (i.e., its Jones matrix for each grey

evel) to calculate the optimal configuration for each modulation [8] . 

Several calibration methods have been proposed for determining the

ones matrices of a SLM, which can be divided in two types. The first

ype models the physical properties of the liquid crystal molecules and

ow they affect light [9,10] . Then, they can derive the Jones matrices of

he SLM with them. The second type of calibration methods ignores the

hysical properties of the liquid crystal molecules and considers only

he optical performance of the system [8,11–18] . It can be used for any

LM, as it does not require prior knowledge about the SLM fabrication

aterials and techniques. Among them, only the methods described in

efs. [11,12] determine the complete Jones matrices of the SLM. Both

ethods use interferometric techniques to determine the Jones matrix

lements. This requires using a complex setup, very difficult to align.

lso, the fringes recorded by the camera must be analyzed using Fourier

echniques. The rest of the methods use much simpler setups and cal-

ulation techniques. Methods described in Refs. [15–18] directly char-

cterize the amplitude and phase transmission of the SLM, and try to

ptimize these configurations. Finally, the methods described in Refs.
Abbreviations: SLM, Spatial Light Modulator; LCD, Liquid Crystal Display; LCoS, 

tate Analyzer. 
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8,13,14] determine the Jones matrices of the SLM but considering that

he SLM behaves as a pure retarder. Therefore, those matrices are not

eneral as they do not consider diattenuation properties the SLM may

resent. 

In this work, we present a new calibration method using a simple

etup and simple calculations where no assumptions about the Jones

atrix of the SLM are considered. In particular, we drop the assump-

ion that the SLM behaves as a pure retarder. Although this assumption

ay be a good approximation for some SLMs, we show that SLMs can

resent diattenuation, so a more general method is required to calibrate

hem. This method uses a simple setup which requires placing the SLM

etween several polarizers and retarders and performing several inten-

ity measurements, similar to the methods described in Refs. [8,13,14] .

e compare the results obtained using our method with the one devel-

ped by Moreno and coworkers [8] , since it produces the best results

mong Refs. [8,13,14] for our SLM. We show that performing just a few

ore intensity measurements, the errors can be reduced in a factor be-

ween 5 and 380 for our model, depending on the configuration of the

olarization elements. 

. Calibration method 

Polarization properties of a material can be characterized by a 2 × 2
omplex Jones matrix. Therefore, it is completely described by 8 param-

ters. We chose the description based on the amplitude and phase of the

atrix elements 

 = exp ( 𝑖 Φ) 
[ 

𝐽 0 𝐽 1 exp 
(
𝑖𝛿1 

)
𝐽 2 exp 

(
𝑖𝛿2 

)
𝐽 3 exp 

(
𝑖𝛿3 

)] , (1)

here the global phase is treated differently as two Jones matrices which

nly differ in their global phase are equivalent in most cases. 
Liquid Crystal on Silicon; PSG, Polarization State Generator; PSA, Polarization 
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In general, each pixel of the SLM will have a different Jones matrix

or each grey level 𝐽 𝑆𝐿𝑀 

( 𝑥, 𝑦, 𝑉 ) and, thus, all 8 parameters will also be

ifferent for each pixel and grey level. In order to completely calibrate

he Jones matrix, these parameters should be calculated. However, we

ill not consider inhomogeneities between different pixels, thus only

ariations between different grey levels will be taken into account. 

The calibration of all 𝐽 𝑖 ( 𝑉 ) and 𝛿𝑖 ( 𝑉 ) requires several intensity mea-

urements with a uniform grey level in the SLM. The SLM is placed

etween a polarization state generator (PSG) and a polarization state

nalyzer (PSA). A perfect PSG is a system that allows generating any

ompletely polarized state, while a perfect PSA presents maximum trans-

ission for a given totally-polarized state (the analyzed state) and none

or its orthogonal state. We will denote the PSG and PSA state using

he bra-ket notation [19] . The PSG can be directly represented by its

ransmitted light state 

𝜙𝐺 , 𝜒𝐺 ⟩ = 

[ 
cos 𝜒𝐺 cos 𝜙𝐺 − 𝑖 sin 𝜒𝐺 sin 𝜙𝐺 

cos 𝜒𝐺 sin 𝜙𝐺 + 𝑖 sin 𝜒𝐺 cos 𝜙𝐺 

] 
, (2)

eing 𝜙𝐺 the state azimuth and 𝜒𝐺 the state ellipticity angle. The case of

he PSA is slightly more complex as, in principle, it must be represented

y a Jones matrix: 

 𝐴 = 

||𝜙𝐴 , 𝜒𝐴 ⟩⟨𝜙𝐴 , 𝜒𝐴 
||, (3)

here ⟨𝜙𝐴 , 𝜒𝐴 
|| = 

||𝜙𝐴 , 𝜒𝐴 ⟩† and † denotes the Hermitian conjugate.

hen, the intensity of a Jones vector is calculated as 

 = |⟨𝜙, 𝜒||𝜙, 𝜒⟩|2 , (4)

o the intensity measured by a detector after the PSA is 

 𝛼 = 

||⟨𝜙𝐴𝛼, 𝜒𝐴𝛼
||𝐽 𝑆𝐿𝑀 

||𝜙𝐺𝛼, 𝜒𝐺𝛼⟩||2 . (5)

hen, the configuration of the PSG and PSA for the 𝛼 intensity measure-

ent is completely determined by four parameters: 𝜙𝐺𝛼 , 𝜒𝐺𝛼 , 𝜙𝐴𝛼 and

𝐴𝛼 . 

.1. Minimal method 

The objective of this type of calibration method is to find a set of con-

gurations for the PSG and PSA which produces a system of equations

hich can be inverted to determine the parameters of the Jones matrix.

he number of possible combinations of PSG and PSA configurations is

normous. In principle, 7 free parameters should be able to be deter-

ined by 7 equations, in this case, 7 intensity parameters. However, as

e are restricted to intensity measurements, the minimum number of

easurements required to completely determine all 𝐽 𝑖 ( 𝑉 ) and 𝛿𝑖 is 10.

ven restricted to 10 measurements, there are still a huge number of

ossible combinations. One of the possibilities is: 

 1 = 

||⟨0 ◦, 0 ◦|𝐽 𝑆𝐿𝑀 

|0 ◦, 0 ◦⟩||2 = 𝐽 2 0 , (6a)

 2 = 

||⟨0 ◦, 0 ◦|𝐽 𝑆𝐿𝑀 

|90 ◦, 0 ◦⟩||2 = 𝐽 2 1 , (6b)

 3 = 

||⟨90 ◦, 0 ◦|𝐽 𝑆𝐿𝑀 

|0 ◦, 0 ◦⟩||2 = 𝐽 2 2 , (6c)

 4 = 

||⟨90 ◦, 0 ◦|𝐽 𝑆𝐿𝑀 

|90 ◦, 0 ◦⟩||2 = 𝐽 2 3 , (6d)

 5 = 

||⟨0 ◦, 0 ◦|𝐽 𝑆𝐿𝑀 

|0 ◦, −45 ◦⟩||2 = 

(
𝐽 2 0 + 𝐽 2 1 + 2 𝐽 0 𝐽 1 sin 𝛿1 

)
∕2 , (6e)

 6 = 

||⟨0 ◦, 0 ◦|𝐽 𝑆𝐿𝑀 

|45 ◦, 0 ◦⟩||2 = 

(
𝐽 2 0 + 𝐽 2 1 + 2 𝐽 0 𝐽 1 cos 𝛿1 

)
∕2 , (6f)

 7 = 

||⟨0 ◦, 45 ◦|𝐽 𝑆𝐿𝑀 

|0 ◦, 0 ◦⟩||2 = 

(
𝐽 2 0 + 𝐽 2 2 + 2 𝐽 0 𝐽 2 sin 𝛿2 

)
∕2 , (6g)

 8 = 

||⟨45 ◦, 0 ◦|𝐽 𝑆𝐿𝑀 

|0 ◦, 0 ◦⟩||2 = 

(
𝐽 2 0 + 𝐽 2 2 + 2 𝐽 0 𝐽 2 cos 𝛿2 

)
∕2 , (6h)
2 
 9 = 

||⟨90 ◦, 0 ◦|𝐽 𝑆𝐿𝑀 

|0 ◦, −45 ◦⟩||2 = 

[
𝐽 2 2 + 𝐽 2 3 + 2 𝐽 2 𝐽 3 sin 

(
𝛿3 − 𝛿2 

)]
∕2 , (6i)

 10 = 

||⟨90 ◦, 0 ◦|𝐽 𝑆𝐿𝑀 

|45 ◦, 0 ◦⟩||2 = 

[
𝐽 2 2 + 𝐽 2 3 + 2 𝐽 2 𝐽 3 cos 

(
𝛿3 − 𝛿2 

)]
∕2 , (6j)

here the dependence of the grey level has been omitted for clarity. We

hose this set of equations for several reasons. First, we implement the

SG and PSA using a rotating polarizer and quarter waveplate. In this

ay, the required angles for those configurations are multiples of 45°,

hich is very convenient experimentally. Also, Eqs. (6a) –(6j) are easily

nvertible. The amplitudes, 𝐽 𝑖 , are directly obtained from Eqs. (6a) –(6d) .

he case of phases, 𝛿𝑖 , is slightly more complex, as they always appear

nside a sine or cosine function. However, as we have the sine and cosine

f each phase, we can use the arc tangent function. The final result is 

 0 = 

√
𝐼 1 , (7a)

 1 = 

√
𝐼 2 , (7b)

 2 = 

√
𝐼 3 , (7c)

 3 = 

√
𝐼 4 , (7d)

1 = arctan 
( 

2 𝐼 5 − 𝐼 1 − 𝐼 2 
2 𝐼 6 − 𝐼 1 − 𝐼 2 

) 

, (7e)

2 = arctan 
( 

2 𝐼 7 − 𝐼 1 − 𝐼 2 
2 𝐼 8 − 𝐼 1 − 𝐼 2 

) 

, (7f)

3 = arctan 
( 2 𝐼 9 − 𝐼 3 − 𝐼 4 
2 𝐼 10 − 𝐼 3 − 𝐼 4 

) 

+ 𝛿2 , (7g)

here arctan considers the sign of the numerator and the denominator

o obtain a result between 0 ◦ and 360 ◦. We will denote this way of

etermining the Jones matrix of the SLM as the minimal method. 

It is possible to calculate the expected error using the general theory

f error propagation: 

𝑓 ( 𝑥 1 , … , 𝑥 𝑁 

) = 

√ √ √ √ 

𝑁 ∑
𝑖 =1 

( |||| 𝜕𝑓 𝜕𝑥 𝑖 

||||Δ𝑥 𝑖 

) 2 
. (8)

Considering the error in the intensity measurements is systematic

nd substituting the value of 𝐼 𝑖 by the Jones matrix parameters 

𝐽 𝑖 = 

Δ𝐼 

𝐽 𝑖 
, (9a)

𝛿1 = 

Δ𝐼 

𝐽 0 𝐽 1 

√ 

3 
2 
− 

1 
2 
sin 2 𝛿1 , (9b)

𝛿2 = 

Δ𝐼 

𝐽 0 𝐽 2 

√ 

3 
2 
− 

1 
2 
sin 2 𝛿2 , (9c)

𝛿3 = 

√ ( 

Δ𝐼 

𝐽 2 𝐽 3 

) 2 [3 
2 
− 

1 
2 
sin 2 

(
𝛿3 − 𝛿2 

)]
+ 

(
Δ𝛿2 

)2 
. (9d)

These equations show that all errors are higher when the involved

mplitudes are lower (as 0 ≤ 𝐽 𝑖 ≤ 1 ). The errors in the amplitudes only

epend on its amplitude themselves, while the error in phases depends

n both amplitudes and phases. Also, the errors in the phases are higher

or 135 ◦ and 315 ◦ (when sin 2 𝛿 = −1) , and lower for 45 ◦ and 135 ◦ (when

in 2 𝛿 = 1) . The equation 
√ 

3 
2 − 

1 
2 sin 2 𝛿1 is plotted in Fig. 1 . 



J. del Hoyo, L.M. Sanchez-Brea and A. Soria-Garcia Optics and Lasers in Engineering 151 (2022) 106914 

Fig. 1. Expected error of the phases. Error is plotted in arbitrary units as it will 

depend on the factor Δ𝐼∕ 𝐽 𝑖 𝐽 𝑗 . In the case of 𝛿3 , the contribution from Δ𝛿2 is 

neglected. 
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.2. Extended method 

As we will show in the next section, the minimal method accurately

etermines 𝐽 𝑖 . However, the determination of 𝛿𝑖 presents higher errors.

or this reason, we developed a new variant of the calibration method

n order to reduce that error. It consists of performing 6 additional in-

ensity measurements (16 in total). The configuration of these measure-

ents was chosen maintaining the same criteria used for the minimal

ethod: allowing rotation angles which are multiple of 45 ◦ and main-

aining an easy way of inverting the equations. The 6 additional selected

onfigurations are 

 11 = 

||⟨0 ◦, 0 ◦|𝐽 𝑆𝐿𝑀 

|0 ◦, 45 ◦⟩||2 = 

(
𝐽 2 0 + 𝐽 2 1 − 2 𝐽 0 𝐽 1 sin 𝛿1 

)
∕2 , (10a)

 12 = 

||⟨0 ◦, 0 ◦|𝐽 𝑆𝐿𝑀 

|135 ◦, 0 ◦⟩||2 = 

(
𝐽 2 0 + 𝐽 2 1 − 2 𝐽 0 𝐽 1 cos 𝛿1 

)
∕2 , (10b)

 13 = 

||⟨0 ◦, −45 ◦|𝐽 𝑆𝐿𝑀 

|0 ◦, 0 ◦⟩||2 = 

(
𝐽 2 0 + 𝐽 2 2 − 2 𝐽 0 𝐽 2 sin 𝛿2 

)
∕2 , (10c)

 14 = 

||⟨135 ◦, 0 ◦|𝐽 𝑆𝐿𝑀 

|0 ◦, 0 ◦⟩||2 = 

(
𝐽 2 0 + 𝐽 2 2 − 2 𝐽 0 𝐽 2 cos 𝛿2 

)
∕2 , (10d)

 15 = 

||⟨90 ◦, 0 ◦|𝐽 𝑆𝐿𝑀 

|0 ◦, 45 ◦⟩||2 = 

[
𝐽 2 2 + 𝐽 2 3 − 2 𝐽 2 𝐽 3 sin 

(
𝛿3 − 𝛿2 

)]
∕2 , 

(10e) 

 16 = 

||⟨90 ◦, 0 ◦|𝐽 𝑆𝐿𝑀 

|135 ◦, 0 ◦⟩||2 = 

[
𝐽 2 2 + 𝐽 2 3 − 2 𝐽 2 𝐽 3 cos 

(
𝛿3 − 𝛿2 

)]
∕2 . 

(10f) 

Using 𝐼 5 to 𝐼 10 measurements from the minimal method and these

ix new ones, the phases can be calculated as 

′
1 = arctan 

( 

𝐼 5 − 𝐼 11 
𝐼 6 − 𝐼 12 

) 

, (11a)

′
2 = arctan 

( 

𝐼 7 − 𝐼 13 
𝐼 8 − 𝐼 14 

) 

, (11b)

′
3 = arctan 

( 

𝐼 9 − 𝐼 15 
𝐼 10 − 𝐼 16 

) 

+ 𝛿′2 . (11c)

Again, we can calculate the expected error in the new calculated

hases as 

𝛿′1 = 

Δ𝐼 √
8 𝐽 0 𝐽 1 

, (12a)

𝛿′2 = 

Δ𝐼 √
8 𝐽 𝐽 

, (12b)
0 2 

3 
𝛿′3 = 

Δ𝐼 √
8 𝐽 2 

√ 

1 
𝐽 2 0 

+ 

1 
𝐽 2 3 

. (12c)

These new errors are a factor between 
√
8 and 4 lower than Δ𝛿𝑖 , de-

ending on the exact values of the phases. 

.3. Analysis and normalization 

There are two methods for testing whether the measured Jones ma-

rices for the SLM correspond to a pure retarder or not. First, pure re-

arders present the following several mathematical properties [20] : 

det 𝐽 | = 1 , (13a)

 0 = 𝐽 3 , (13b)

 1 = 𝐽 2 . (13c)

These condition can be tested after calculating the final Jones ma-

rices. Also, the polar decomposition theorem [20] allows decomposing

ny Jones matrix in the product of a pure diattenuator (polarizer) and

 pure retarder: 

 𝑆𝐿𝑀 

= 𝐽 𝐷 
(
𝑡 𝑚𝑎𝑥 , 𝑡 𝑚𝑖𝑛 , 𝜙𝐷 , 𝜒𝐷 

)
𝐽 𝑅 

(
Δ, 𝜙𝑅 , 𝜒𝑅 

)
. (14)

his allows describing the Jones matrices in a different set of compo-

ents: the maximum and minimum electric field transmissions 𝑡 max and

 min , the azimuth 𝜙𝐷 and ellipticity angle 𝜒𝐷 of the transmission eigen-

tate of the diattenuator, the retardance Δ and the azimuth 𝜙𝑅 and the

llipticity angle 𝜒𝑅 of the fast eigenstate of retarder. Then, it is possible

o compare the methods which assumes that the SLM behaves as a pure

etarder, as in their case 𝑡 max = 𝑡 min = 1 , and 𝜙𝐷 and 𝜒𝐷 are not defined.

It is worth noting that Eqs. (6a) –(6j) and Eqs. (10a) –(10f) are not

ormalized. The methods which model the SLM as a pure retarder

8,13,14] use the same technique for normalization: for each intensity

easurement 𝐼 𝑖 they make an additional measurement 𝐼 
⊥

𝑖 
using the or-

hogonal state for the PSA. Then, they normalize the intensity as 

 

′
𝑖 
= 

𝐼 𝑖 

𝐼 𝑖 + 𝐼 
⊥

𝑖 

. (15)

his condition is valid assuming that the SLM behaves as a pure re-

arder which does not absorb light. However, this is not the case for

eneral Jones matrices, so the intensity must be normalized differently.

e choose to normalize to the condition where max ( 𝑡 max ) = 1 . Then, any

ther losses produced by the SLM (for example, due to Fresnel reflec-

ions) can be assigned to the system and ignored as they are not polar-

zation dependent. 

.4. Global phase calibration 

The global phase Φ must be measured in order to completely deter-

ine the Jones matrix of the SLM. It is required in several applications

uch as implementing phase modulation. Φ can be measured using dif-

erent methods such as [8,11,17,18] . To do it, we chose an interferomet-

ic method, which consists of using a biprism and a camera. The biprism

enerates a fringes interference pattern. Then, varying the grey level of

ne half of the pixels of the SLM while maintaining the other one half

f the pixels to 0, produces a shift in the fringes. The phase shift can be

etermined comparing the fringes shift 𝑠 to their period 𝑝 , 

′ = 2 𝜋 𝑠 

𝑝 
. (16)

sually, the measured phase shift has two contributions, the global

hase and a contribution derived from the Jones matrix 

′ = Φ + Φ𝐽𝑜𝑛𝑒𝑠 , (17)

hich depends on the configuration of the PSG and the PSA. 
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Fig. 2. Schematic representation of the experimental setup in its two different 

configurations: intensity (a) and phase (b) measurements. 
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The contribution from the Jones matrix must be subtracted to cal-

ulate the real global phase. Fortunately, there is a configuration of the

SG and PSA, 𝜙𝑃𝑆𝐺 = 𝜒𝑃𝑆𝐺 = 𝜙𝑃𝑆𝐴 = 𝜒𝑃𝑆𝐴 = 0 , where Φ𝐽𝑜𝑛𝑒𝑠 = 0 . In
hat case, the phase shift Φ′ is equal to the global phase Φ, avoiding any

ontribution to the global phase error from the calibration of the rest

f the parameters. Nevertheless, it must be checked that the visibility
ig. 3. Calculated Jones matrix elements absolute value ( 𝐽 𝑖 ) and phase ( 𝛿𝑖 ) using a m

nd extended methods. Results for 𝐽 𝑖 of minimal and extended methods are equal a

onfiguration that Φ𝐽𝑜𝑛𝑒𝑠 = 0 , so it is independent of the method. 

4 
f the fringes is good for all grey levels. If not, a different configura-

ion where the visibility of the fringes does not vary with the grey level

hould be used, i.e., a near phase modulation configuration. 

. Experimental setup 

Fig. 2 shows two schemes of the two configurations of the experi-

ental setup. The illumination consists of a He-Ne laser, with a 633 nm

avelength. We use a beam sampler and a reference photodiode to nor-

alize laser intensity fluctuations. Then, we use a polarizer ( 𝑃 0 ) and a

uarter waveplate ( 𝑄 0 ) to generate a circularly-polarized light beam.

he PSG and PSA are composed by a rotating polarizer ( 𝑃 1 , 2 ) and a ro-

ating quarter waveplate ( 𝑄 1 , 2 ), respectively. We use a non-polarizing

0/50 beam splitter to illuminate the HoloEye LC-R-2500 SLM (reso-

ution 1024x768, 256 levels, 19 μ𝑚 square pixels) in normal incidence.

inally, we use a second photodiode for the intensity measurements, and

 1 ◦ biprism and an Imaging Source DMx 72BUC02 CMOS camera (res-

lution 2592x1944, 8 bits, 2.2 μ𝑚 square pixels) for global phase mea-

urements. We have performed an averaging using 25 intensity measure-

ents for each value to reduce experimental errors in the determination

f the intensity. During phase measurements, a 4-f system allows relay-

ng the beam at the SLM plane to the biprism plane. Then, a telescope

etween the biprism and the camera produces a magnification of 7.5

o increase the resolution in the global phase determination. We used

y_pol open source library [21,22] to perform all required polarization

alculations. 

. Results 

We performed the calibration of the SLM using the minimal and ex-

ended techniques, along with a method which assumes the SLM to be-

ave as a pure retarder for comparison. We chose the method described

n Ref. [8] since it is very similar to our method. Also, it is more general

han the one described in Ref. [13] and does not require a global mini-

ization method like Ref. [14] which requires significant computational

esources (there would be 1024 variables for minimization). 

The result is shown in Fig. 3 . It has several features worth noting.

irst, the determined values for 𝐽 𝑖 using minimal and extended meth-

ds are the same, as they are calculated from the same data. Also, both
ethod which assumes the SLM to behave as a pure retarder, and our minimal 

s they are calculated in the same way. Global phase ( Φ) was calculated in the 
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Fig. 4. Calculated absolute value of the determinant of the Jones matrices and the parameters extracted from the decomposition of the Jones matrix in a pure 

retarder and a pure diattenuator. 
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Table 1 

Normalized root mean square errors of the calcula- 

tions shown in Fig. 5 . 

Measurement 

Normalized RMS error 

Retarder Minimal Extended 

𝐼 1 4 . 7 × 10 −2 3 . 4 × 10 −4 

𝐼 2 2 . 0 × 10 −2 9 . 7 × 10 −4 

𝐼 3 0.38 1 . 0 × 10 −3 

𝐼 4 6 . 0 × 10 −2 3 . 9 × 10 −4 

𝐼 5 7 . 8 × 10 −2 2 . 4 × 10 −3 2 . 1 × 10 −3 

𝐼 7 3 . 6 × 10 −2 3 . 2 × 10 −3 3 . 1 × 10 −3 

𝐼 9 5 . 5 × 10 −2 2 . 0 × 10 −3 1 . 5 × 10 −3 

Independent 4 . 5 × 10 −2 1 . 3 × 10 −2 8 . 7 × 10 −3 

r  

a  

p
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𝑡  

t  
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t  

e

 

s  

t  

m  

t  

i  

p  
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a  

r  

s  

𝛿  
ethods show minimal differences in 𝛿1 . The differences in 𝛿2 and 𝛿3 
re slightly greater, the difference in 𝛿3 caused by the difference in 𝛿2 
see Eqs. (7g) and (11c) ). In addition, it is noticeable that both meth-

ds show values incompatible with pure retarder conditions stated in

qs. (13b) and (13c) . Nevertheless, the differences between our meth-

ds are much smaller than the differences between any of our methods

nd the retarder method. 𝐽 0 , 𝐽 1 and 𝐽 3 show enormous deviations, while

 2 shows only a moderate deviation. 

The differences in 𝛿1 and 𝛿2 are also significant. The retarder method

hows jumps in phase at grey level 145 around 180 ◦ which corresponds

o a change of sign in the imaginary phase of those matrix elements.

owever, the result of 𝛿3 is very similar, especially compared to the

xtended method. Interestingly, this tendency can be guessed for 𝛿1 and

pecially 𝛿2 , where the phase calculated using the retarder method is

omehow similar to the one calculated using the minimal and extended

ethods except for the lower grey levels (where 𝐽 1 and 𝐽 2 are small

nd greater errors in the phase are expected) and near to the phase

umps. Finally, we calculated the global phase using the configuration

f 𝜙𝑃𝑆𝐺 = 𝜒𝑃𝑆𝐺 = 𝜙𝑃𝑆𝐴 = 𝜒𝑃𝑆𝐴 = 0 so Φ𝐽𝑜𝑛𝑒𝑠 = 0 . Its values vary much

ess than the rest of the phases. 

Fig. 4 shows the absolute value of the determinant of the calculated

ones matrices. The mean value of ≈0.51 is really far away from 1, which

onstitutes a violation of the condition stated in Eq. (13a) for the SLM

o be a pure retarder. The difference between minimal and extended

ethod is so small that it cannot be appreciated in the plot (the mean

ifference is ≈ 3 × 10 −4 ). 
Fig. 4 also shows the parameters extracted from the decomposition of

he Jones matrices in a diattenuator and a retarder. There are little dif-

erences in the values obtained for the retardance Δ, specially between

he retarder and the extended method. The azimuth of the fast eigen-

tate 𝜙𝑅 presents two jumps. The first one is due to the restriction of this

arameter between 0 ◦ and 180 ◦. The second one is caused when the re-

ardance goes over 180 ◦, which causes the transformations Δ → 2 𝜋 − Δ,

𝑅 → 𝜋 − 𝜙𝑅 and 𝜒𝑅 → − 𝜒𝑅 . The retarder method shows a great differ-

nce for low and high grey levels respect to the minimal and extended

ethods. Finally, we obtained very low ellipticity angles using the three

ethods (which means that the retarder eigenstates are linear), except

ome peaks around the Δ = 0 ◦ and Δ = 180 ◦ grey levels, where big er-

ors in this parameter are expected. All this means that, even when the
 f  

5 
etarder method makes the false assumption that the SLM behaves as

 pure retarder, it still correctly predicts the parameters of the retarder

art of the Jones matrix. 

There are small differences between the diattenuator parameters cal-

ulated using the minimal and extended methods. They show that the

ifference between maximum and minimum field transmission, 𝑡 min and

 max , is low for the first grey levels and almost continuously increases un-

il one is the double of the other for the last grey levels. The azimuth of

he transmission state 𝜙𝐷 remains more or less constant around 22 ◦, and

he ellipticity angle 𝜒𝐷 shows that the transmission state is, in general,

lliptic. 

Finally, Fig. 5 shows the comparison between eight intensity mea-

urements and the calculated intensity using the SLM Jones matrix ob-

ained by the three calibration methods, while Table 1 shows their nor-

alized root mean square (RMS) errors. The first row corresponds to

he first four intensity measurements of the minimal and extended cal-

bration methods. The perfect fit of the experimental intensity and the

redicted intensity using our method (normalized RMS errors are in the

ange of 3 . 4 × 10 −4 − 1 . 0 × 10 −3 ) shows that it allows calculating 𝐽 𝑖 very

ccurately, in the contrary of the retarder method (normalized RMS er-

ors between 0.02 and 0.4). The first three plots of the second row corre-

pond to the 5th, 7th and 9th intensity measurements which depends on

1 , 𝛿2 and 𝛿3 − 𝛿2 respectively (along with 𝐽 𝑖 ). Here the fit is not so per-

ect (normalized RMS error in the range of 1 . 5 × 10 −3 − 3 . 1 × 10 −3 ), but
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Fig. 5. Experimental and calculated intensities for some configurations of the PSG and PSA. 
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he deviations are small. This shows that the phases are more sensitive

o experimental errors, which inspired the development of the extended

ethod. In all cases, the result obtained using the extended method is

etter than the one using the minimal method. The ratio is not 
√
8 ,

hich shows the existence of errors other than systematic. Anyway, the

rror using the retarder method is still an order of magnitude higher

han using our methods. Finally, the last plot of the second row corre-

pond to a measurement which is not included in the 16 measurements

f the calibration method. Here, the intensity depends on all parameters

f the Jones matrix. Here, minimal and extended methods show more

ronounced deviations from experimental values, but still much lower

han retarder method. 

. Conclusions 

We have developed a simple method for calibrating the complete

ones matrix of SLMs. The method requires performing 10 or 16 inten-

ity measurements for each grey level of the SLM pixels, depending on

he precision required. An additional interferometric measurement al-

ows determining the global phase, obtaining the complete Jones matrix.

his method does not assume that the SLM behaves as a pure retarder,

hich allows reducing errors in the prediction of the SLM transmission

hen the SLM presents diattenuation in a factor between 5 and 380.

inally, this method can be used to characterize the Jones matrix of any

ptical element, not only SLMs, increasing its utility. 
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