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In this paper, we describe wavefront shaping of a laser beam using a computer generated holography technique. We 
use liquid crystal spatial light modulator as a dynamic amplitude modulating device to implement binary holograms, 
which diffract an incident laser beam into a number of orders. The phase profiles of the diffracted beams have 
direct dependence on the description of the binary hologram, which on the other hand can be controlled in real time 
via a computer interface. Along with a brief theoretical background we present a proof-of-principle experiment to 
understand the working of binary hologram based beam shaping mechanism © Anita Publications. All rights reserved.
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1 Introduction

 Shaping the wavefront of a laser beam is important for a large number of laser applications cutting 
across disciplines. In most of such applications the beam shaping needs to be performed in a dynamic fashion 
that is by using a reconfigurable beam shaping device. Liquid crystal spatial light modulator (LCSLM) 
provides a convenient way to modulate the beam via a computer interface [1]. Some LCSLMs can perform a 
direct phase modulation [2-4], where the zero order beam emerging from the device can get phase modulated. 
However, such modulation due to a limited range, and a strong dependence on the wavelength of the laser, 
is not suitable to provide an arbitrary shape to the wavefront. On the other hand, a laser beam incident on a 
binary hologram can get phase modulated into an arbitrary shape in one of the diffracted beams [5,6]. Such 
binary holograms can be implemented using an LCSLM [7] which performs a binary phase or amplitude 
modulation on the incident laser beam to achieve a user defined and arbitrary phase modulation in one of the 
odd order diffracted beams. Phase or amplitude binary holograms can be implemented by both nematic and 
ferroelectric LCSLM [5,7], whereas gray scale digital hologram can be implemented by nematic LCSLM 
only, which when implemented as a blazed grating can provide 100% (theoretical) diffraction efficiency. 
Digital holograms implemented using LCSLM have been shown to create arbitrary complex field [8] and to 
enhance our understanding on the interference phenomenon [9]. Besides LCSLM based digital holograms 
have been found to be extremely useful in the generation of various optical modes [10], including the orbital 
angular momentum (OAM) modes [11]. LCSLM based beam shaping has also found important use in optical 
imaging [12,13]. Application of LCSLM based beam shaping in optical trapping has led to the emergence 
of holographic optical traps [14,15]. The beam shaping using LCSLM has also been extended to high power 
lasers [16] and incident laser beam with several Watts of power was used for laser marking on thin film and 
metal surfaces [17].
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 Binary phase holograms can have a maximum diffraction efficiency of about ~ 40%, which is 
less than the same of a blazed grating. However, binary holograms can be implemented using ferroelectric 
LCSLM which can have a display frame rate greater than 1 KHz; whereas nematic LCSLMs have a display 
frame rate of less than 200 Hz.
 In this paper, we present a brief theory and a simple experiment to understand the phenomenon of 
wavefront shaping using an LCSLM based binary hologram. We begin with a discussion on the classical 
and binary holograms and show how binary hologram can generate not just one user defined wavefront but 
a number of such beams. We then illustrate design of a basic experimental arrangement to perform dynamic 
beam shaping using binary amplitude holograms. We discuss the experimental results and compare the same 
with numerical simulations to appreciate the efficiency of the scheme to generate a user defined wavefront in 
a laser beam. 

2 Binarized computer generated holography

 Figure 1 depicts the principle of classical holography. It involves two processes, namely the 
construction of the hologram and reconstruction of the object beam wavefront. In the former process, a 
laser beam is divided into two halves with one half illuminating an object and the other half, referred to as 
the reference beam, directed towards the plane where a holographic plate is kept. The beam reflected by the 
object, referred to as the object beam, carries the shape information of illuminated portion of the object in 
the form of a wavefront. The object beam and the reference beam meet at the holographic plate as shown 
in the Fig 1 (a), forming a stable interference pattern that gets recorded as the transmittance function of the 
recording plate. The developed holographic plate is called the hologram of the object being used. During the 
later process, the hologram is kept at the place in the same manner as the holographic plate was kept during 
the construction process. If the hologram is now illuminated with the same reference beam, it gives rise to 
three diffracted beams (assuming the object beam to be carrying only phase information) as shown in Fig 1 
(b), called the undiffracted zero order beam which is the reference beam itself, the +1 order beam which is 
the reconstructed object beam and the –1 order beam which is the complex conjugate of the reconstructed 
object beam. The reconstructed object beam carries the same phase profile as the object beam during the 
construction process. As a result if one looks through the hologram towards the location of the object, one 
sees an image of the object at the same location even if the object is actually not present. This is due to the 
reason that the +1 order beam has a wavefront identical to the wavefront of the object beam. The principle of 
classical holography, therefore teaches us that an arbitrary wavefront can be created, provided the hologram 
with transmittance function proportional to the intensity in interference pattern between the reference beam 
and the object beam can be fabricated. One may in fact use a computer to obtain the interference pattern 
between a reference beam and a user defined object beam phase profile, and fabricate the corresponding 
hologram by some means such as using a digital printer or a photographic recording of a digital pattern. The 
above way of reconstructing the object beam is known as computer generated holography. The computer 
generated holograms can also be realized using LCSLMs or other spatial light modulators.
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FIG. 1: Illustration of (a) hologram construction and (b) object beam reconstruction in classical 
holography. The red dashed lines indicate the wavefronts. 
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Fig 1. Illustration of (a) hologram construction and (b) object beam reconstruction in classical holography. The red 
dashed lines indicate the wavefronts.
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Fig 2. (i) Example of (a) an amplitude hologram (with the gray level indicating the amplitude transmittance) 
corresponding to a plane wavefront object beam and (c) a phase hologram (with the gray level indicating the phase 
delay introduced) corresponding to a coma aberrated object beam, resulting in a far field diffraction patterns as shown 
in (i) (b) and (d). (ii) Plot of transmittance function H(x, y) vs the phase φ(x, y).

 Figures 2 (i) (a) and (c) show two computer generated holograms using a tilted plane wavefront and a 
comatically aberrated and tilted wavefront as the object beam, respectively. The hologram in Fig 2 (i) (a) is an 
amplitude hologram while the hologram in Fig 2 (i) (c) is a phase hologram. The focal intensity distribution 
of the diffracted light from holograms in Fig 2 (i) (a) and (c), can be computed using scalar diffraction 
theory [18]. Binary hologram is a binarized version (involving only two values) of the computer generated 
hologram. A binary hologram can be an amplitude hologram which comprises amplitude transmittance values 
of 1 and 0, or a phase hologram which introduces phase delays of 0 and π. Considering eiφ to be the complex 
amplitude of the object beam in the hologram plane, the normalized transmittance function (neglecting any 
loss of light due to absorption) of the hologram for a plane reference wavefront parallel to the hologram plane 
can be written as H(x, y) = 0.5(1 + cos φ(x, y)), where (x, y) are coordinates in the hologram plane. In binary 
hologram, the transmittance value of the hologram is binarized using a threshold value of 0.5. Therefore, the 
transmittance function of a binary hologram for a plane reference wavefront parallel to the hologram plane 
can be written as

 H(x, y) = 
1 if 


–π2  ≤ ϕ(x,y) ≤ π2 
0  otherwise

 (1)

 To understand how the light diffracted by a binary hologram carries the user defined phase 
information, we consider the plot of H(x, y) vs φ at some generic location (x, y), as shown in Fig 2(ii). One 
may write using Fourier series analysis H(x, y) = ao + an cos(nφ(x, y)) + bn sin(nφ(x, y)), where n is an integer,

 an = 2
2π ∫

2π
0  H(x,y) cos(nφ) dφ (2)

and

 bn = 2
2π ∫

2π
0  H(x,y) sin(nφ) dφ (3)

Making substitutions for H(x, y) using Eq (1) and Fig 2(ii) , we get 

 an = 1
nπ sin

nπ
2  – sin–

nπ
2  (4)

and bn = 0. Therefore, barring the first term, H(x, y) comprises only the odd indices of the second term. When 
the binary hologram diffracts a laser beam, each of the above odd indices gives rise to a diffracted beam 
referred to as diffraction order. Therefore, for a given odd order n, we may write,

 H(x,y) = a0 + 1
nπ  {einφ (x,y) + e–inφ (x,y)} (5)
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 In Eq (5), the first term corresponds to the undiffracted zero order beam while the second and the 
third terms correspond to the +n and –n order beams. Therefore, the +1 order beam carries the phase profile 
φ which was used to construct the binary hologram. Diffraction efficiency of the nth order beam is given as 
{1/nπ}2 × 100 %. The above derivation can easily be modified for binary phase holograms with H(x,y) × π 
as in Eq (1) representing binary phase delay introduced by the hologram. In this case the undiffracted zero 
order vanishes as an = 0, and the diffraction efficiency of the nth order beam increases to{2/nπ}2 × 100 %.
 It is noticed that a binary amplitude hologram gives rise to a number of diffracted beams, which 
need to be well separated, if one wishes to utilize a particular order. Therefore, usually one expresses φ(x,y) 
= φp (x,y) + τxx + τy y, where φp is a pure phase variation defined with reference to a plane held normal to the 
propagation direction of the diffracted beam and (τx, τy) are tip and tilt expressed in the units of radian/length. 
Consequently the nth order beam propagates in a direction indicated by (nτx, nτy) relative to the zero order 
beam. Use of such tip and tilt helps one to isolate a given diffraction order from other orders using an iris 
diaphragm at the focal plane of the binary hologram.
 The above scheme can also be extended to amplitude modulation in addition to phase modulation 
by coherently combining two uniquely modulated diffracted beams both having mutually orthogonal plane 
polarizations.

3 Implementation of binary holograms using an LCSLM 

 As stated already binary holograms can be implemented by both nematic and ferroelectric LCSLM, 
however, in this work we use nematic LCSLM only. Figure 3 (i) shows a representative display panel of 
a nematic LCSLM. It comprises of a two dimensional array of liquid crystal (LC) pixel with each pixel 
acting as an electrically addressable light modulator. Figure 3 (i) also shows the arrangement of a pixel in a 
transmissive type LCSLM. Each pixel contains liquid crystal sandwiched in between two alignment layers 
and transparent electrodes. Application of electric field across the pixel changes the polarization state of the 
transmitted light beam such that if an X polarized laser beam is incident on the LC pixel, the X polarized 
component of the emergent light is a function of the applied field. Electric field applied across each pixel 
can be individually controlled using a computer interface where a digital image sent to the LCSLM can be 
mapped to the voltages to be applied across the array of LC pixels. Therefore, a one bit image (i.e. black 
and white image) representative of the binary hologram can be sent to the LCSLM display panel, so that the 
device acts as a binary amplitude hologram for the given polarization state of the incident beam.
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Fig 3. Illustration of (i) an LCSLM display panel, and (ii) the experimental arrangement.

 In this work, we use a reflective type nematic LCSLM (Holoeye LC-R 720 , 1920×1200 pixels, 
pixel pitch = 8.1µm), where each LC pixel has a mirror on its back so that in lieu of the transmitted light, the 
reflected light gets amplitude modulated in accordance with the pattern displayed on the LCSLM panel. A 
schematic of the experimental arrangement is shown in Fig 3(ii). A collimated laser beam derived from a He-
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Ne laser (λ= 633 nm, maximum power = 13.5 mW) is incident on the LCSLM. Binary holograms described 
over 256 pixels computed by a Labview program in the PC are sent to the LCSLM panel. The light diffracted 
by the LCSLM is focused by a lens on an iris diaphragm. Choosing an appropriate combination of (τx,τy) 
one of the diffracted order can be passed through the iris to be recollimated by another lens. The two lenses 
can be arranged to form a 4f relay system such that the plane CP is optically conjugate to the LCSLM plane. 
Thus if phase φp is used to design the binary hologram, the phase in the plane CP is n φp, if the iris transmits 
the nth diffraction order. In this paper, we use Zernike mode representation of monochromatic aberration [19] 
and OAM modes to construct binary holograms. Figures 4 (a) & (b) show the color image representation of 
the phase profile of OAM modes with topological charge +1 and –1, respectively, while (c) and (d) show the 
respective binary holograms. We record the focal intensity distribution or focal spot of the given order by 
using another lens and a CMOS camera. It is also possible to split the incident laser beam into two by using a 
beam splitter to obtain a reference beam in addition to the beam incident on the LCSLM. The reference beam 
and the diffracted beam can interfere in the plane CP and the interference pattern can be recorded using the 
same CMOS camera.

 
 
 
 
 
 
 
 
 
 
 
 

 
 
FIG. 4:  
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Fig 4. Phase profile of OAM modes with topological charge (a) +1 and (b) –1, and, (c) and (d) the 
corresponding binary holograms.

4 Results and Discussion

 We first choose the combination of (τx, τy) so that the iris transmits the +1 order diffracted beam. The 
focal spot of the same as recorded by the camera is seen in Fig 5 (i) (a). It is noticed that the focal spot is not 
as symmetric as the Airy pattern which should be the focal spot of a beam with a circular pupil [18], due to 
the presence of astigmatism primarily contributed by the LCSLM itself. We then incorporate additional phase 
profile through φp which comprises primarily astigmatism, determined using brute force, so as to get a near 
perfect Airy pattern as seen in Fig 5 (i) (b). We then modify the binary hologram to incorporate OAM modes 
with topological charge +1, +2, +3 and +6 into the +1 order beam. Figures 5 (a) (ii), (iii), (iv) and (v) show 
the focal spots corresponding to topological charges +1, +2, +3 and +6, respectively, generated using scalar 
diffraction theory, while Figs 5 (b) (ii), (iii), (iv) and (v) show respective focal spots generated experimentally. 
We then modify the binary hologram to incorporate 1 radian (root mean square amplitude) of the Zernike 
modes representing coma and trefoil aberration modes. Figures 5 (c) (i) and (ii) show the theoretical focal 
spots corresponding to a beam carrying 1 radian of coma and trefoil, respectively, while Figs 5 (d) (i) and 
(ii) show the respective experimental focal spots. A comparison of the results shown in Figs 5 (a) and (b) 
confirms that the LCSLM based binary hologram is correctly generating the user defined phase profile in the 
+1 order beam. We then reduce the values of (τx,τy) by a factor of 1/3 so that the iris now transmits the +3 
diffraction order. Figures 5 (d) (iii), (iv) and (v) show focal spots of the +3 order beam as recorded by the 
camera when the binary hologram is constructed using 1 radian trefoil, OAM mode with topological charge 
+1 and +2, respectively. Figures 5 (c) (iii), (iv) and (v) show theoretical focal spots corresponding to a beam 
with 3 radian trefoil, OAM mode with topological charge +3 and +6, respectively. Close resemblance of the 
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experimental and theoretical focal spot demonstrates that the +3 order beam carries a phase profile 3×φp 
where φp is the phase profile carried by the +1 order beam.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 5:  
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Fig 5. Experimentally obtained and theoretical focal intensity distributions corresponding to different 
phase profiles written onto the +1 order and +3 order diffracted beams.

 To further analyse the quality of the phase profiles of the +1 order and the +3 order diffracted beams 
we also record the interference patterns between the diffracted beam and the reference beam in the plane CP. 
 Figure 6 (a) shows the interference of the +1 order beam corresponding to Fig 5(i) (b) and the 
reference beam while Fig 6 (b) shows the interference of the +1 order beam corresponding to Fig 5 (ii) (b) 
and the reference beam. We also record the interference of the +3 order beam corresponding to Fig 5 (iv) (d) 
with the same reference beam and the same is shown in Fig 6 (c). Splitting of two interference fringes into 
three in Fig 6 (b) and one fringe into four in Fig 6 (c), confirms that respective beam carries a topological 
charge +1 and +3. 
 It is, however, to be noticed that the diffracted beams and the reference beam may not have the 
same power, thereby requiring a neutral density filter to be placed in one of the beam paths.
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     (a)                               (b)                                                    (c)                          

Fig 6. Experimental interference patterns (a) corresponding to the +1 order beam carrying only tip and tilt, (b) 
corresponding to the +1 order beam and (c) corresponding to the +3 order beam when the +1 order beam is 
designed to carry an OAM mode of topological charge +1.

5 Conclusion

 In this paper, we have discussed the wavefront shaping using binary holograms. We described 
the principle behind analog phase modulation in a diffracted beam via a binarized version of a computer 
generated hologram. We showed how any odd order beam and not necessarily the +1 order beam, can carry 
user defined phase information. We have demonstrated the quality of the wavefront shaping in both the +1 
order and +3 order beams using a simple experimental arrangement where the binary amplitude hologram 
is implemented using a reflective type liquid crystal spatial light modulator.
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