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Abstract. In this work we extend the optimum phase triplicator diffraction grating profile to a phase-only
hologram. This modified hologram generates three equally-energetic orders with the highest diffraction
efficiency, yielding a direct version and an inverted complex conjugate version of the target pattern in
the ±1st orders, respectively, and a delta function in the DC zero order. When combined with another
phase-only function, the resulting hologram yields convolution and correlation terms in the ±1st orders, respec-
tively, while the target function encoded in the added phase appears in the zero order. Experimental results
obtained with a high-resolution liquid-crystal phase-only spatial light modulator (SLM) demonstrate the
proposed design.
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1 Introduction

A triplicator is a diffraction grating that generates
three equally intense 0th and ±1st diffraction orders. The
analytical derivation of the optimum phase-only triplicator
presented by Gori et al. in [1] provided the theoretical
phase profile leading to an achievable maximum total effi-
ciency of 92.6% by adding up the three target diffraction
orders. Another significative contribution was recently
introduced by Gori and coworkers, where affine transforma-
tions of the original profile were applied to yield non-
aligned equi-intense orders with the same theoretical
efficiency [2].

Being a continuous phase profile, the experimental real-
ization of the optimum triplicator was not an easy task.
Borghi et al. [3] derived a four-level triplicator design with
unequal period spacing that shows a maximum high effi-
ciency (91.0%) very close to the optimal value and could
be fabricated using lithography. Modern high-resolution
phase-only liquid crystal spatial light modulators (SLM)
[4, 5] are devices that enable continuous phase modulation,
accurately controlled by a computer through the addressed
gray level image. Hence, the continuous profile can be
accurately reproduced in such pixelated displays, and
the optimum triplicator profile has been experimentally

demonstrated when displayed with large enough periods
[6, 7]. When the gratings are displayed with shorter periods,
quantization reduces the efficiency. The generation of
binary triplicator phase gratings operating at the SLM
spatial resolution limit has also been recently analyzed [8].

The optimum triplicator function derived by Gori et al.
[1] is finding applications in combination with other
functions. For example, it is employed in parallel signal
processing [9] and for developing trifocal diffractive intraoc-
ular lenses [10, 11]. In combination with spiral phases
embedded in orthogonal directions, it has been applied for
realizing a 3 � 3 array of optical vortices with different
topological charges [12]. The triplicator profile has also been
applied to design a metasurface that generates interleaved
vortex beams at different wavelengths [13]. Furthermore,
using triplicators of varying periods in a phase-shifting
interferometer has allowed us to retrieve the phase values
of tailored phase gratings encoded on an LCOS-SLM [14].

In this work, we go a step beyond the triplicator grating
and apply the optimum triplicator profile to a phase-only
Fourier transform (FT) computer-generated hologram
(CGH). It is shown that the application of the triplicator
profile to the hologram’s phase raises three equally-
energetic terms: the hologram’s direct object reconstruc-
tion, an inverted complex-conjugate version, and a delta
function. Then, it is shown that this new triplicator
hologram can be used as an optical convolver and optical

J. Eur. Opt. Society-Rapid Publ. 2025, 21, 33
� The Author(s), published by EDP Sciences, 2025
https://doi.org/10.1051/jeos/2025027
Available online at: https://jeos.edpsciences.org

RESEARCH ARTICLE

Journal of the European Optical
Society-Rapid Publications

RESEARCH ARTICLE

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

* Corresponding author: mar.sanchez@umh.es

https://orcid.org/0009-0004-7345-2179
https://orcid.org/0009-0004-7345-2179
https://orcid.org/0009-0004-7345-2179
https://orcid.org/0000-0002-6286-0079
https://orcid.org/0000-0002-6286-0079
https://orcid.org/0000-0002-6286-0079
https://orcid.org/0000-0002-8537-281X
https://orcid.org/0000-0002-8537-281X
https://orcid.org/0000-0002-8537-281X
https://orcid.org/0000-0002-1550-0601
https://orcid.org/0000-0002-1550-0601
https://orcid.org/0000-0002-1550-0601
https://doi.org/10.1051/jeos/2025027
https://jeos.edpsciences.org/
https://creativecommons.org/licenses/by/4.0/


correlator. Experimental results are provided using a phase-
only liquid-crystal on silicon (LCOS) SLM.

2 Triplicator hologram design

The analytical profile leading to the optimum phase tripli-
cator demonstrated by Gori et al. [1] is given by the phase
function:

u xð Þ ¼ arctan a cos cxð Þ½ �: ð1Þ
Here x = (x, y) denotes the two-dimensional spatial coordi-
nates in the plane of the grating and c = 2p/p where p is
the grating’s period. The numerical constant a = 2.65 leads
to three equally-intense diffraction orders (the 0th and ±1st
orders) with a total efficiency g0±1 = I0 + I1+I�1 = 92.6%.
Thus, ignoring the weak higher harmonic orders, the tripli-
cator grating in equation (1) can be approximated as the
following Fourier expansion:

eiu xð Þ ffi cþ1eicx þ c0 þ c�1e�icx ; ð2Þ
where the Fourier coefficients in the three target orders
take the values c0 = 0.556 and c±1 = ic0 [12]. Therefore,
the diffraction pattern d(x0) generated in the Fourier
transform domain is written as

d x0ð Þ ¼ c0 id x 0 � x 00; y0ð Þ þ d x 0; y0ð Þ þ id x
0 þ x 00; y0

� �� �
:

ð3Þ
Here x0 = (x0, y0) are the spatial coordinates at the Fourier
plane. If the grating is illuminated with light with wave-
length k and the optical FT is achieved in the back focal
plane of a lens with focal length f, x0 is related to the
grating’s spatial frequencies u = (u, v) as x0 = kfu. The
separation between orders is given by x 00 ¼ kf =p.

Let us now assume a phase-only Fourier hologram /ðxÞ,
whose reconstruction function is hðx0Þ ¼ F ei/ xð Þ� �

, where
F �½ � indicates the FT. The proposed triplicator hologram
is then calculated by inserting /(x) into equation (1); this
transformation results in a new phase triplicator function
uh(x) given by

uh xð Þ ¼ arctan a cos / xð Þ þ cxð Þ½ �: ð4Þ
where the linear term cx is kept to spatially separate the
different orders in the FT domain.

A well-known result from digital holography is that if
the phase values of a phase-only function with a uniform
probability density function in the range [�p, p] are
modified, the resulting new phase-only function can be
described with a Fourier series expansion due to the phase
2p periodicity [15]. Thus, the modified hologram given by
equation (4) can be expressed as

eiuh xð Þ ¼
Xþ1

m¼�1
cmeim / xð Þþcx½ � ffi c0 iei/ xð Þeicx þ 1þ ie�i/ xð Þe�icx

� �
;

ð5Þ
where the Fourier series is again approximated by the
three main terms of the optimum triplicator phase profile

used in this study. This relation shows that these three
main terms of the triplicator hologram carry, respectively,
the original phase hologram, its complex-conjugate
version, and a constant DC term. Note that the linear
phase cx appears with the opposite sign in the�1st orders.

The corresponding FT diffracted field d x0ð Þ ¼ F eiuh xð Þ� �
is therefore given by

d x0ð Þ ffi c0 ihðx 0 � x 00; y
0Þ þ dðx 0; y0Þ þ ih�ð�x 0 � x 00;�y0Þ� �

:

ð6Þ
This shows that the triplicator hologram reconstruction
contains the original function h(x0) shifted laterally a dis-
tance x 00, the inverted and complex-conjugate version
h*(�x0) shifted laterally a distance –x00 and, finally, the
DC order delta function centered on axis.

Therefore, this phase hologram yields two spatially
separated dual replicas (original and inverted-complex
conjugate) of the original function, centered at x0 = ±x00.
A third contribution appears at x0 = 0, corresponding to
a constant (DC) term, which does not contain object-
related content. This ability to generate multiple spatially
separated instances of the same information enables flexible
optical processing strategies, such as simultaneous filtering,
correlation, within a compact and passive setup as we will
show in the next sections.

3 Experimental system and triplicator
hologram reconstruction

The experimental setup is shown in Figure 1. A He–Ne laser
with wavelength k = 632.8 nm is first spatially filtered and
collimated by lenses L1 and L2. A variable neutral density
filter (NDF) placed at the laser output allows to adjust
the intensity level. The collimated beam illuminates a
liquid-crystal on silicon (LCOS) SLM (Thorlabs, model
Exulus-HD1), featuring a full resolution (1920 � 1080)
parallel-aligned display with square pixels of D = 6.4 lm
pixel pitch and fill factor F = 93%. The SLM works as a
phase-only display by aligning the input linear polarizer
(P) parallel to the liquid-crystal director axis. For the
632.8 nm wavelength, the SLM exhibits a 2p linear phase
modulation depth as a function of the addressed gray level.
A Fourier phase-only hologram is loaded together with a
lens phase function. Thus, the beam reflected on the SLM
is focused on a camera detector located at a distance equal
to the encoded focal length f, where the hologram recon-
struction is obtained. Note that encoding the lens on the
SLM together with the hologram, instead of using an exter-
nal lens, avoids focusing light reflected at the external
surface of the SLM, which remains collimated and only
contributes to a small background noise.

Figure 2 illustrates the triplicator hologram design and
its implementation in the SLM. Figure 2a shows the phase
profile of the optimum triplicator grating given by equation
(1). The phase profile is a continuous function with smooth
variations between ±0.39p radians. Figure 2b shows the
binary amplitude pattern of a lotus flower that we consider
to design the CGHs. This is the original object function
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g(x0) to be ideally reconstructed by the hologram in the
Fourier domain. Figure 2c shows the phase-only distribu-
tion /(x) obtained by computing the inverse FT of g(x0),
where a carrier linear phase along the horizontal direc-
tion was added, i.e. Figure 2c shows the function
[/(x) + cx]mod2p. The resulting phase-only hologram looks

like a deformed blazed diffraction grating, with phase values
distributed in the [�p, +p] range. Figure 2d shows the
equivalent triplicator hologram uh(x) obtained by equation
(4). Note that the resulting phase values are limited to the
[�0.39p, +0.39p] range, like in the profile in Figure 2a.
Thus, this hologram can be displayed in an SLMwith a lim-
ited phase modulation depth of only 0.78p radians. In our
case, since the SLM reaches 2p radians, the triplicator holo-
gram can be combined with a converging lens function to
make the finally displayed phase: uh (x) � pr2/kf, where
r ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2
p

is the radial coordinate at the SLM plane
and f= 160 mm is the encoded focal length. Figure 2e shows
this phase distribution modulo 2p; the gray level version of
this phase pattern is loaded on the SLM.

Figure 3 illustrates the experimental results. In Fig-
ure 3a, the phase /(x) is given directly as the phase of
the inverse FT of the flower pattern g(x0) in Figure 2b.
The Fourier transform hðx0Þ ¼ F ei/ xð Þ� �

is obtained at
the focal plane, centered at x0 = x00 (actually the image
shows the intensity distribution |h(x0 � x'0, y0)|

2), where
x00 stands for the lateral displacement caused by the linear
phase term cx in equation (4). The hologram reconstruction
resembles the original pattern g(x0) but shows the charac-
teristic edge enhancement because the magnitude (ampli-
tude) information of the FT was discarded, therefore
reinforcing the high frequency content [16]. To avoid this ef-
fect, one simple classical solution [17] consists in calculating
the inverse FT of a new pattern g(x0)exp[irR(x')], where
rR(x0) is a random phase that takes random values at each
pixel with a uniform probability distribution in the range
[�p,+p]. The added random phase rR(x0) adds high spatial
frequency content to the original pattern g(x0) which dis-
tributes the energy all over the Fourier domain. Thus, dis-
carding the magnitude does not impact the hologram
reconstruction so severely. The corresponding experimental
result presented in Figure 3b now shows the flower pattern
completely filled. The price to pay, though, is the arising of
speckle noise within the pattern. As will be discussed in the
next section, this noise plays a relevant role when using
these holograms for correlation operations.

The results in Figures 3a and 3b exhibit a single term
shifted laterally, and this is why we name them as blazed
holograms, in analogy with the blazed grating which gener-
ates a single 100% efficient first diffraction order. Figures 3c
and 3d show results equivalent to those in Figures 3a and
3b where now the SLM displays the triplicator hologram
uh(x) defined in equation (4). Now the three terms
described in equation (6) are clearly observed. The zero-
order provides a bright spot, corresponding to the delta
function in equation (6). The flower in the right part corre-
sponds to the first diffraction order and again generates the
function h(x0 � x00, y0) (filled or edge enhanced depending
on whether the random phaserR(x0) was added or not
before calculating the inverse FT), while the negative first
order generates h*(�x0 � x00, �y0), the inverted and com-
plex-conjugate version of h(x0, y0) centered at x0 = �x00.
Note that the two flowers appear with the same intensity.
The zero-order has the same energy but is focused on a sin-
gle spot, thus appearing much more intense.

Fig. 2. (a) Phase profile of the optimum triplicator grating. (b)
Target pattern used in this work. (c) Corresponding phase-only
hologram with a linear lateral phase shift. (d) Triplicator phase-
only hologram. (e) The final phase function to be displayed on
the SLM when combining the triplicator hologram and the lens
function.

Fig. 1. Scheme of the optical setup. NDF: Variable neutral
density filter; L1, L2: converging lenses; P: linear polarizer;
LCOS-SLM: Liquid-crystal on silicon spatial light modulator.
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Finally, Figures 3e and 3f show equivalent experimental
results where, instead of the flower, a binary amplitude
circular shape is considered. Of course, in this case, the
inversion in the negative order bears no difference to
the positive one. As a result, the two diffracted orders –

the one containing the object reconstruction and the other
its complex conjugate and inverted version – produce iden-
tical intensity patterns in the focal plane. This symmetry
ensures that both diffraction orders can be used equiva-
lently in applications relying on intensity-based analysis.

4 Convolver and correlator triplicator grating

Correlation optics was a very popular topic at the end of
the 20th century due to its application in information optics
and pattern recognition [18, 19]. Nowadays it continues to
find applications, for instance, in the detection of modes
in structured light beams [20, 21]. Optical convolution is
a basic operation in Fourier optics, and it finds modern
applications for instance in the design of metasurfaces
[22]. Moreover, recent advances in diffractive neural net-
works have revived the interest in optical implementations
of convolution, offering high-speed and energy-efficient
alternatives to electronic processing [23, 24]. The ability
to perform these operations optically – often in a single step
and with inherent parallelism –makes them highly valuable
for emerging applications that require low latency and high
throughput [25].

Let us now consider again the field h x0ð Þ ¼ F ei/ xð Þ� �
reconstructed by the hologram /(x), where we add another
complex function such that qðx0Þ ¼ F QðxÞ½ �. Their convo-
lution (q * h) and cross-correlation (q H h) are given respec-
tively by [26]

q � h½ � x0ð Þ ¼
ZZþ1

�1

q sð Þh x0 � sð Þds ¼ F Q xð Þei/ xð Þ� �
; ð7aÞ

qH h½ � x0ð Þ ¼
ZZþ1

�1

q sð Þh� s� x0ð Þds ¼ F Q xð Þe�i/ xð Þ� �
;

ð7bÞ
where s = (sx, sy) denote the 2D integration variable.
Note that the cross-correlation between q(x0) and h(x0)
is equivalent to the convolution between q(x0) and
h*(�x0).

Therefore, the generation of the functions h(x0) and
h*(�x0) in the Fourier plane of the triplicator hologram
can enable to implement the hologram as an optical con-
volver and correlator. Let us consider the product
QðxÞeiuh xð Þ, where the triplicator hologram is multiplied
by Q(x). Taking into account equation (5), this product
contains three equally energetic terms: 1) the positive first
order carries the product of Q(x) with the phase-only term
ei/ xð Þ; 2) the negative first order carries the product of Q(x)
with the complex-conjugate phase e�i/ xð Þ; and 3) the zero
order carries Q(x) multiplied simply by a constant factor.
Therefore, the corresponding Fourier transform
d x0� � ¼ F QðxÞeiuh xð Þ� �

yields the convolution of q(x0) with
the three terms in equation (6), and results in three new
terms given by

d x0ð Þ ¼ ic0 q � h½ �ðx 0 � x 00; y
0Þ þ c0qðx0Þ

þ ic0 qHh½ �ðx 0 þ x 00; y
0Þ: ð8Þ

Fig. 3. Experimental hologram reconstruction for: (a) Blazed hologram of the original flower pattern. (b) Blazed hologram of the
original flower pattern multiplied with a random phase. (c, d) Triplicator hologram version of (a) and (b). (e) Triplicator hologram of
a circle pattern. (f) Triplicator hologram of a circle pattern multiplied with a random phase.
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The first term in equation (8) is the positive first diffraction
order and gives the convolution [q * h] centered at x 0 ¼ x 00.
The second term is the convolution of q(x0) with the d(x0)
term in equation (6), thus reproducing q(x0) on axis.
Finally, the last term in equation (8) is the negative first
diffraction order and provides the convolution between
q(x0) and h*(�x0), i.e., the cross-correlation [q H h] centered
at x0 = �x00.

A particular case occurs when Q(x) = ei/(x) and conse-
quently q(x0) = h(x0). In this case, the phase-only hologram
loaded on the SLM is given by

ei uh xð Þþ/ xð Þ½ � ¼ c0 iei2/ xð Þeicx þ ei/ xð Þ þ ie�icx
� �

; ð9Þ

and the corresponding FT diffracted field d(x0) now gives
the autoconvolution of h(x0) at the positive first order, the
replica of h(x0) at the zero order, and the autocorrelation
of h(x0) at the negative first order. Note that, for this case,
because of the perfect phase match in equation (9)
between the input phase and the phase encoded on the
negative first order, the autocorrelation term results in a
delta function centered at x0 = �x00.

Figure 4 shows experimental results considering
Q(x) = e±i/(x). In Figure 4a the phase-only hologram
encoded on the SLM is the summation uh(x) + /(x)
modulo 2p. This is namely the triplicator hologram com-
bined with the original blazed hologram, where the flower
pattern has the additional random phase. The central zero
order reproduces the flower. Note that it has the same
intensity as the two replicas observed in Figure 3d, thus
showing the equal efficiency of the three terms, as expected
from the triplicator design. Figure 4a shows a narrow auto-
correlation peak localized on the negative first order, while
the positive first order located on the right is a noisy cloud
of light corresponding to the autoconvolution of the flower
pattern. Figure 4b shows a similar situation, where now the
displayed phase is uh(x) �/(x). Now the central order
reproduces the inverted flower and therefore the correlation
and the convolution appear on the opposite sides compared
to Figure 4a.

Finally, Figures 4c and 4d illustrate two other inter-
esting cases where again the uh(x)+/(x) pattern is

displayed, now for a circular shape. In Figure 4c no random
phase rR(x0) was added to the original circle before calcu-
lating /(x). Therefore, when the original phase /(x) is
added to the triplicator hologram, now the zero-order repro-
duces the edge enhanced circle. Because of its circular
symmetry, its autoconvolution is equal to its autocorrela-
tion, and two equivalent narrow bright spots are obtained
at the ±1st diffraction orders. Figure 4d shows the result
when the random phase rR(x0) was added to the circular
object before calculating the hologram. Now, the hologram
uh(x) + /(x) reproduces the full circle in the zero order and
the correlation obtained in the negative first order is still a
bright spot but the convolution obtained in the positive
order is a broad noisy distribution.

5 Two-dimensional triplicators

In this final section, we combine two triplicator holograms
in two orthogonal directions. Let us consider two different
blazed holograms /1(x) and /2(x) that respectively
generate h1 x0ð Þ ¼ F ei/1 xð Þ� �

and h2 x0ð Þ ¼ F ei/2 xð Þ� �
in the

Fourier domain. The combined hologram derived
from their corresponding triplicator versions uh1(x) and
uh2 (x) encoded in the x and y direction, respectively, is
given by

eiuh1eiuh2 ¼ c20 iei/1eicx þ 1þ ie�i/1e�icx
� �

� iei/2eicy þ 1þ ie�i/2e�icy
� �

; ð10Þ

where the (x) dependence in the phase functions has been
omitted for simplicity. The same linear phase slope
c = 2p/p is considered along the x and y directions. The
former equation leads to the following nine terms:

eiuh1eiuh2 ¼ c20 �ei /1þ/2ð Þeic xþyð Þ þ iei/2eicy
�

�ei �/1þ/2ð Þeic �xþyð Þ þ iei/1eicx þ 1þ ie�i/1e�icx

�ei /1�/2ð Þeic x�yð Þ þ ie�i/2e�icy � e�i /1þ/2ð Þe�ic xþyð Þg: ð11Þ

Fig. 4. Experimental hologram reconstruction when the triplicator hologram uh xð Þ is summed with the original phase function / xð Þ:
(a, b) Result for the flower pattern with added random noise for (a) uh xð Þ þ / xð Þ and (b) uh xð Þ � / xð Þ. (c, d) Result for the circle
pattern and uh xð Þ þ / xð Þ when (c) no random noise is added and (d) a random noise is added to the circle before calculating the
hologram.

J. Eur. Opt. Society-Rapid Publ. 21, 33 (2025) 5



Therefore, the diffracted field d x0ð Þ ¼ F eiuh1eiuh2½ � is given
by

d x0ð Þ ¼ c20 � h1�h2½ � x 0 � x 00; y
0 � y00

� �þ ih2 x 0; y0 � y00
� ��

� h1Hh2½ � x 0 þ x 00; y
0 � y00

� �þ ih1 x 0 � x 00; y
0� �þ d x 0; y0ð Þ

þ ih�
1 �x 0 � x 00;�y0
� �� h1Hh2½ �� �x 0 þ x 00;�y0 � y00

� �

þih�
2 �x 0;�y0 � y00
� �� h1�h2½ �� �x 0 � x 00;�y0 � y00

� �g:
ð12Þ

where x 00 ¼ y00 ¼ kf =p. This relation describes the dif-
fracted field as an array of 3 � 3 terms. The delta function
represents a central spot located on axis. The positive first
diffraction order diffracted in the horizontal and the
vertical directions reproduce h1(x0) and h2(x0) respec-
tively. The corresponding negative first orders carry their
inverted complex-conjugate versions. Finally, the diago-
nal and anti-diagonal terms reproduce the convolution
[h1 * h2], the correlation [h1 H h2] terms, respectively.

Figure 5 shows some experiments illustrating this
situation. In Figure 5a the functions /1(x) and /2(x) used
to calculate the triplicator holograms are identical, h1(x0) =
h2(x0), the flower pattern filled with the same added
noise. Note that the direct flower is retrieved at the
positive horizontal and vertical orders, while the inverted
flower is retrieved at the negative orders. The anti-diagonal
elements show three equally-intense bright spots, the
central one corresponding to the delta function in equation
(12)) and the other two corresponding to the autocorrela-
tion terms. Finally, the two diagonal terms give the auto-
convolution.

Figure 5b shows equivalent results now for the circular
shape. Like in Figure 5a, the same random noise is used
to calculate the phase functions /1(x) and /2(x). This is
not the case in Figure 5c, where a different realization of
the added random phase rR(x0) is selected for the circular
pattern encoded in the horizontal triplicator and in the
vertical triplicator. As a consequence, although the circular
shape is identical, the noise is different, and therefore the
anti-diagonal autocorrelation peaks appearing in Figure 5b

Fig. 5. Experimental reconstruction for the combination of two triplicator holograms encoded in the x–y directions. (a, b) The same
triplicator hologram is encoded in the x and y directions for (a) the flower and (b) the circle. (c) Equivalent result for the circle object
when a different realization of the added noise rRðx0 Þ is applied to the horizontal and the vertical triplicator hologram. (d) Result
when the hologram in (c) is combined with the complex-conjugate version of the phase function /1 xð Þ encoded in the horizontal
direction.
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do not arise in Figure 5c. The only bright spot is the delta
function located on axis. This result shows that the ideal
autocorrelation peaks (delta function) can only be obtained
when two patterns are identical in all aspects (phase noise
and amplitude), and here the added phase noise dramati-
cally increases the mismatch between the two patterns.

Finally, Figure 5d shows the result when the hologram
used in Figure 5c is multiplied by the phase-only function
e�i/1 xð Þ, which is a single complex-conjugate version of the
original pattern used to calculate the horizontal triplicator
hologram. In this case, the bright spot corresponding to
the delta function is shifted to the horizontal positive first
diffraction order, where the perfect phase cancellation in
the hologram plane leads to a phase-only correlation peak.
The circle is reproduced in the central zero-order, and
centered at locations ðx 00;�y00Þ. However, the zero-order
circle contains a different added phase noise rR with respect
to the latter two circles. The remaining terms correspond to
higher-order convolutions, which appear as broader, radi-
ally symmetric noisy light distributions. The phase-only
autocorrelation peak shown in Figure 5d represents thus
an interesting efficient method for sensing and analyzing a
given input beam. Note that this distribution represents a
generalization to arbitrary functions of the 2D vortex trip-
licator array reported in [12], where spiral phases were used
as the functions /1 xð Þ and /2 xð Þ, and the input vortex
beam could be detected.

6 Conclusions

In summary, we have generalized the optimum phase-only
triplicator diffraction grating profile to an arbitrary
phase-only hologram. We have shown that this triplicator
hologram generates three equally-energetic terms compris-
ing ideally 92.6% of the input energy. The ±1st diffraction
orders yield the hologram reconstruction and its inverted
complex-conjugate version, while the zero-order gives a
bright spot. We have then demonstrated how this can be
used to simultaneously obtain the correlation and the con-
volution of the pattern encoded in the triplicator hologram
with another pattern, which is reproduced on the zero-
order. The result has been further generalized by combining
two triplicator gratings along the horizontal and vertical
directions, respectively. The resulting phase hologram gen-
erates an array of 3 � 3 equi-energetic terms, with two
replicas of the encoded patterns aligned in the horizontal
and vertical diffraction orders, and two correlation terms
and two convolution terms in the diagonal and anti-
diagonal diffraction orders. All these properties have been
experimentally verified using a high-resolution phase-only
LCOS-SLM. Such triplicator holograms could find applica-
tions in the detection and quantitative evaluation of struc-
tured light beams.
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