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Abstract.  A brief historical review of the first designs of holo-
graphic wavefront sensors (WFS’s) and the concepts lying in their 
basis is presented. The main directions in the development of these 
sensors are highlighted and considered. One of these directions 
implies a two-stage transition from the use of several separate mea-
suring channels with holograms filtering only one Zernike mode: 
first to the use of one channel with a multiplexed hologram filtering 
several first Zernike modes, and then to filtering the entire set of 
Zernike modes with the aid of one combined multiplexed hologram. 
Another line of research in this field (related to the first one) is the 
optimisation of the filter hologram structure in order to reduce 
cross-modulation interferences, increase multiplexing level, etc. 
One more line of research implements principles of dynamic holog-
raphy by introducing spatial light modulators into the WFS compo-
sition. Hence, the advantages of time multiplexing of holograms 
can be used. The approach developed by G. Andersen’s team, aimed 
at adapting the holographic WFS design for operation as an ele-
ment of adaptive optical system with a zonal corrector, as well as an 
approach implying development of hybrid holographic sensors, are 
considered separately. The results of the authors’ studies of holo-
graphic WFS’s with application of the methods of Fourier hologra-
phy (i.e., holography of focused beams, in particular, using diffuse 
scatterers in a hologram recording channel) are also reported.

Keywords: adaptive optics, Zernike polynomials, expansion in the 
basis, holographic filtering, holographic wavefront sensors.

1. Introduction 

Wavefront sensors (WFS’s) are devices for measuring devia-
tions of a light wavefront from a plane or sphere. Currently, 
optical WFS’s are widely used to design adaptive optical sys-
tems in various fields of science and technology: astronomy, 
microscopy, laser technique, ophthalmology, and many oth-
ers [1 – 5]. The wavefront shape is directly related to the spa-
tial distribution of the wave phase. However, as is known, the 

current technological level does not make it possible to per-
form direct measurements of the light wave phase. In this 
context, the operation of all WFS’s is based on the transfor-
mation of a wave phase distribution into an intensity distribu-
tion, recorded by photodetectors, and subsequent recalcula-
tion of photodetector signals into wave phase distortions (cal-
culation of local phase distortions or wave aberrations). 
There are several classical types of sensors in which the trans-
formation of a phase distribution into an intensity distribu-
tion recorded by photodetectors is based on the principles of 
optical interferometry or geometric optics [6 – 10]. 

Shear interferometers are generally used in interferomet-
ric WFS’s. The input wavefront is split into two or more 
waves, one of which plays the role of a reference wave. Then 
the waves are converged and interfere. The thus obtained 
interference pattern (or patterns) is (are) determined by the 
initial-wavefront phase distribution. However, the range of 
application of interferometric WFS’s is rather limited, because 
they are sensitive to vibrations and allow one to measure only 
small wavefront distortions; at the same time, the processing 
of their interference patterns is rather complicated and calls 
for a longer time than in the case of other sensors. 

More popular WFS’s are those based on the analysis of the 
intensity distribution in some image or a set of images. These 
devices include Shack – Hartmann WFS’s, curvature sensors, 
pyramidal sensors, etc. To date, Shack – Hartmann WFS’s are 
most popular ones. In these sensors, narrow beams are cut 
[using a lens array (a matrix of identical microlenses)] from a 
wavefront under study and focused on a photodetector (for 
example, a CCD array). The images formed by the lenses are 
displaced because of the wavefront distortion. The displace-
ment value and direction for the image formed by an individual 
lens are determined by the local wavefront inclination on the 
lens aperture. Then, the wavefront shape is reconstructed from 
local parameters using rather cumbersome calculations. This 
circumstance limits significantly the operating speed of systems 
of these types. In some cases (primarily for atmospheric optics 
problems), WFS’s with a data renewal rate of 1 – 10 kHz or 
even higher must be applied. Using optimised processing algo-
rithms and highly efficient computers for Shack – Hartmann 
sensors, one can develop optical adaptive systems operating 
with a frequency of a few kHz. However, such systems are 
fairly complicated and expensive. Indeed, to provide an acqui-
sition frequency of 1 kHz for the wavefront-shape data, one 
must provide a processing rate of several Gb s–1. The same 
holds true for the other WFS’s mentioned above. 

It is of prime importance that all these sensors, including 
interferometric ones, are zonal. In other words, the arriving 
wavefront is divided into segments (zones). Then the system 
calculates a particular wavefront parameter (tilt, curvature, 
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etc.) within each zone, after which the wavefront shape is 
reconstructed by matching the data for all zones. Generally, a 
user obtains final information about the wavefront in the 
form of its expansion in Zernike polynomials (modes) or in 
some other basis; in most cases, one needs data on a relatively 
small number (up to 20 – 30) of these modes. Thus, the use of 
all zonal sensors is related to a large amount of calculations 
that are necessary to acquire data on several output parame-
ters. Therefore, the development of modal sensors, in which 
these parameters are measured directly, should simplify sig-
nificantly the design of WFS’s and reduce their cost, with a 
simultaneous significant increase in their operating speed. 
Specifically these approaches are considered below. 

Holographic sensors hold a particular position among 
zonal WFS’s. The transformation of phase distribution into 
intensity distribution in these sensors is performed due to the 
holographic filtering of local wavefront aberrations or aber-
ration modes. To date, holographic WFS’s are needed to 
design adaptive optical systems in which Shack – Hartmann 
sensors and similar WFS’s cannot be used; i.e., when the 
desired renewal rate exceeds several kHz and/or application 
of large-size and expensive computers is excluded. 
Holographic sensors can operate with a high frequency, 
because, when using simple algorithms to process photodetec-
tor signals, they yield information about the wavefront in the 
form of only several dozens of numbers: amplitudes of aber-
ration modes (for example, Zernike modes) or adaptive-mir-
ror modes. Thus, the signal from these sensors can be applied, 
practically without any additional processing, to control 
directly the shape of adaptive mirrors. Holographic WFS’s 
have a high potential in such fields as confocal and two-pho-
ton microscopy [11], light source positioning [12, 13], optical 
communication in free space [14], ophthalmology [15], adap-
tive optics [16], and direct ultrafast recording by laser beams 
[17]. They are especially urgent in problems where amplitudes 
of only several first Zernike modes must be estimated. The 
range of application of holographic sensors is expected to 
expand in the future due to their simplicity, wide dynamic 
range, and high potential sensitivity. 

2. First publications devoted to zonal  
and holographic WFSs 

The study by M.A.A. Neil et al. [18] became the first publica-
tion devoted to holographic WFS’s. A new principle of 
designing modal WFS’s was theoretically considered in it. 
Initially, before holograms came into practice, these sensors 
provided measurement of only a limited number of aberra-
tion modes of the wavefront arriving at them [19 – 22]. For 
example, under certain conditions (the wavefront intensity 
fluctuations are negligible, higher order aberration modes are 
absent or negligible, etc.), a meter of light intensity momenta 
makes it possible to estimate indirectly four lower aberration 
Zernike modes [21]. The principle of constructing modal 
WFS’s that was proposed in [18] allows one to measure 
directly the value of any chosen aberration Zernike mode 
existing in the wavefront studied. Initially, the authors con-
sidered their concept by an example of modal sensor based on 
a phase plate (Fig. 1) and then proposed a modified version, 
in which the input wavefront was subjected to holographic 
filtering (Fig. 2). 

The principle of constructing modal WFS’s that was pro-
posed in [18] is clarified in Fig. 1. The input wavefront is 
divided by a beam splitter into two identical waves, which are 

transmitted through two phase plates; one of these plates is 
positive and the other is negative. The positive phase plate 
distorts the wave, increasing one of the aberration Zernike 
modes by some value. The negative phase plate decreases the 
same aberration Zernike mode (subtracts this aberration). To 
implement optical Fourier transform, the phase plates are 
located in the rear focal plane of the lenses. Then both waves 
are focused on point photodetectors. In the first approxima-
tion, the difference in the intensities of these two waves is pro-
portional to the amplitude of the aberration Zernike mode 
existing in the initial wavefront. Thus, one can construct a 
modal holographic WFS using two optical channels with 
phase plates for filtering each of the aberration modes. 
However, this approach is impractical, because the number of 
measuring channels increases proportionally with an increase 
in the number of measured aberration modes, and the sensor 
design becomes cumbersome. 

In this context, Neil and coworkers proposed an alterna-
tive approach, based on the use of holographic filtering 
(Fig. 2). Here, instead of beam splitters with phase plates, one 
uses a previously computed binary diffraction element (phase 
binary hologram, i.e., a hologram, each structural element of 
which corresponds to one of two phase levels differing by p 
rad), combining the holograms of several aberration Zernike 
modes of interest (i.e., the measured ones). When a beam 
passes through this binary hologram, the aberration modes 
coinciding with those recorded in the hologram are filtered 
off in specified directions and arrive at photodetectors with a 
small entrance aperture (Fig. 2). Thus, Neil et al. [18] were the 
first to put forward and consider the concept of developing a 
holographic WFS. They proposed to use either several indi-
vidual diffraction elements (holograms), each to filter one of 
Zernike modes, or one time- or space-multiplexed element 
(multiplexed hologram) for holographic filtering. In addition, 
it was shown in [18] that the sensor under consideration has 
the following feature: when measuring any chosen aberration 
Zernike mode, there arises a measurement error due to the 
presence of other aberration Zernike modes in the initial 
wavefront (intermodal interference). In other words, there is 
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Figure 1.  Principle of building up a modal WFS proposed by 
M.A.A.  Neil and co-workers. 
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Figure 2.  WFS based on a binary hologram. 
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some spurious sensitivity of the system to other aberration 
modes. Having optimised the size of photodetector apertures 
and the value of phase distortions introduced by the holo-
gram (the amplitude of the aberration mode recorded in the 
hologram), one can reduce the spurious sensitivity. 

Later on, the authors of [18] were the first to demonstrate 
in practice the operation of holographic WFS’s [11, 23]. They 
implemented an adaptive system with a closed feedback loop, 
consisting of a wavefront generator, an aberrating medium, 
and a modal holographic WFS; a schematic diagram of this 
system is presented in Fig. 3. Due to the use of a ferroelectric 
liquid-crystal spatial light modulator FLCSLM1, a wave-
front of specified shape was generated. This device served as a 
master element. Then the wave passed through the aberrating 
medium (a piece of poor-quality glass). To filter off aberra-
tion modes, the WFS was equipped with a static binary holo-
gram, implemented on the second ferroelectric liquid-crystal 
spatial light modulator FLCSLM2. A CCD camera installed 
in the lens focal plane fixed diffraction spots corresponding to 
16 aberration Zernike modes and the spot corresponding to 
zero diffraction order. 

The operating speed of the adaptive system in the experi-
ment was significantly limited by the operating speed of the 
CCD camera and the imperfection of the signal-processing 
software. As a result, the adaptive system performed only 
about three iterations per second. The operation of the system 
was estimated by measuring the Strehl number of the spot 
corresponding to zero diffraction order. The Strehl number 
increased from 0.4 to 0.9 or more after five iterations and 
approached 1.0 after ten iterations. 

3. Application of multiplexed holograms  
for filtering aberration modes  
and optimising their structure 

The use of several individual channels with holograms filter-
ing only one of aberration modes in modal WFS’s is unpracti-
cal, because in this case the sensor becomes cumbersome, and 
the intensity of the radiation incident on each of the holo-

graphic elements decreases (inversely proportionally to the 
squared number of channels). In this context, the tendency of 
researchers to use spatially superimposed (multipole) holo-
grams for filtering looks justified [24 – 27]. The most wide-
spread orthogonal basis for expanding wavefront aberrations 
in series is Zernike polynomials. For some specific applica-
tions it is more convenient to perform expansion in functions 
of other types, for example, Fourier or Karhunen – Loeve 
functions [13, 28, 29]. 

Despite the advantages of multiplexed holograms, their 
use for filtering aberration modes leads to the occurrence of 
cross-modulation interferences. To measure N aberration 
modes, one must apply a multiplexed hologram composed of 
at least N subholograms [26, 30]. Thus, with an increase in the 
number of measured aberration modes, the number of subho-
lograms increases proportionally, and, as a consequence, the 
cross-modulation interferences increase as well. To reduce the 
magnitude of cross-modulation interferences, one should 
optimise the filter hologram design, the amplitude of aberra-
tion modes recorded in the hologram, the aperture sizes, the 
positions of photodetectors, and the number of recorded 
aberration modes. However, since these parameters affect 
also the magnitude of intermodal interferences, the measure-
ment range, and the sensitivity, the optimisation problem 
becomes fairly difficult [25, 26]. It should be noted that, when 
multiplexed holograms are used for wavefront filtering in 
practice, there arise errors caused by the nonideality of not 
only the hologram reconstruction but also the hologram 
recording. In addition, when recording superimposed holo-
grams, it is generally practically impossible to provide opti-
mal values of diffraction efficiency, which leads to inexpedi-
ent energy losses in the analysed beam. The recording-induced 
errors may prevail when recording holograms of aberration 
modes (especially of higher orders) on a photosensitive film. 
However, applying computer (digital) synthesis and multi-
plexing of filter holograms, one can reduce these errors to 
minimum (to a negligible level). In addition, the use of the 
principles of digital holography provides a large freedom in 
optimising filter holograms and simplifies them [31]. 

The range of carrier frequencies that can be used to code a 
WFS multiplexed hologram is limited from below by the geo-
metric size of the recording medium (a photodetector film 
diameter or a spatial phase modulator length) and from above 
by the minimum size of a hologram resolution element (pixel 
size for a photodetector or a spatial phase modulator). In 
addition, carrier frequencies can be chosen only from some 
series of fixed values, for which an integer number of resolu-
tion elements corresponds to the carrier frequency half-period 
(in order to exclude ?moiré effects); when the carrier wave 
vectors are oriented identically, their magnitudes should not 
be multiple of each other. There are different approaches to 
the orientation of carrier wave vectors. They can be classified 
with respect to the arrangement of the diffraction spots 
formed by the carrier waves: circular type (Fig. 4a), columnar 
type (Fig. 4b), square type (Fig. 4c), quadrant type (Fig. 4d), 
and axial type (Fig. 4e) [32]. It should be noted that filter 
holograms can be recorded using different spatial multiplex-
ing methods: superimposition of subholograms (recording 
them in the same photodetector area one over other) [33] or 
composing subholograms (or their individual portions) into a 
matrix filling the filter hologram aperture (subhologram por-
tions alternate in a checkerboard order, in the form of con-
centric rings, etc.) [32, 34]. The choice of the magnitudes and 
directions of carrier wave vectors is determined by an increase 
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Figure 3.  Adaptive system with holographic WFS and closed feedback 
loop. 
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in the level of noise and intermodal interferences, which is 
observed when the diffraction spots corresponding to aberra-
tion modes approach each other and the central maximum 
(first diffraction order). In addition, the choice of the 
approach to the orientation of carrier wave vectors, in combi-
nation with the spatial multiplexing type, affects the diffrac-
tion efficiency of hologram and the sensitivity of a sensor on 
its basis [32]. The diffraction efficiency of hologram can be 
increased additionally by its binarisation [30, 33].

When recording or synthesising holograms in a modal 
sensor, both plane [29, 33] and spherical waves [34, 35] can be 
used as reference ones. With spherical waves, the sensor 
design can be simplified. In this case, each reference wave 
converges in a photodetector region specially assigned for it 
(Fig. 5). As a result, when carrying out reconstruction, one 
does not need any additional lens to perform optical Fourier 
transform. 

As was noted in the previous section, the difference in the 
intensities of two symmetric diffraction spots, corresponding 
to the positive and negative amplitude values for some aber-
ration mode, is proportional to the amplitude of this mode 
only in the first approximation. The output characteristic of a 
modal holographic sensor is close to linear only within a lim-
ited range. This range is somewhat narrower (to what extent, 

it depends on the hologram design) than the difference 
between the positive and negative amplitudes of the aberra-
tion modes recorded in a filter hologram. Nevertheless, an 
increase in the amplitudes of the aberrations recorded in the 
hologram not only expands the measurement range but also 
reduces the slope of the output characteristic, and, therefore, 
deteriorates sensitivity. In addition, if the amplitudes of 
recorded aberrations exceed some value (determined by the 
hologram parameters), the linearity of the output characteris-
tic decreases. Therefore, the measurement range of developed 
modal holographic sensors does not generally exceed several 
wavelengths [31, 33]. The measurement range of a holo-
graphic sensor can be expanded without loss of sensitivity if 
each of the aberration modes is detected using a set of M sub-
holograms with different aberration amplitudes (differing, for 
example, by half wavelength) [36]. However, this approach is 
inefficient, because the number of multiplexed holograms 
increases by a factor of M; correspondingly, cross-modula-
tion interferences increase as well [31].

When optimising a holographic sensor, one should pay 
attention to the size (diameter) and position of the photode-
tector sensitive areas. The optimal size of photodetector aper-
tures, at which the level of WFS interference and noise is 
minimal, corresponds to each fixed amplitude of the aberra-
tion modes recorded in the hologram. In addition, the sensor 
sensitivity decreases with increasing the aperture size [26, 35]. 
Both photodiodes and CCD or CMOS matrices can be 
applied as photodetectors. When using photodiodes, the 
recording rate can be increased. However, the centroids of the 
diffraction spots corresponding to aberration modes may 
shift during WFS operation, for example, because of mis-
alignments. In the case of photodiodes, this effect leads to 
instability of output characteristic. When a CCD- or CMOS 
matrix is used, the sensitivity to the shift of diffraction-spot 
centroids can be reduced due to the dynamic displacement of 
photodetector aperture (choice of pixels) and application of 
special algorithms for calculating the diffraction-spot inten-
sity [26, 37]. 

4. Application of dynamic holography  
principles in WFS’s

The problem of cross-modulation interferences can be solved 
by passing to temporal multiplexing of holograms. In this 
case, holograms filtering only one Zernike mode or several 
such modes are successively formed on the same optical ele-
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Figure 4.  Distributions of diffraction spots for (a) circular, (b) colum-
nar, (c) square, (d) quadrant, and (e) axial types of orientation of carrier 
wave vectors. 
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ment [14, 18, 38]. Dynamic holograms can be implemented 
using liquid-crystal spatial phase modulators, for example 
LETO (resolution 1920 ́   1080, pixel step 6.4 mm, input frame 
rate up to 180 Hz) or GAEA-2 (resolution 4160 ́   2464, pixel 
step 3.7 mm, input frame rate 59 Hz), manufactured by 
HOLOEYE. It was experimentally demonstrated that holo-
graphic WFS’s with temporal multiplexing can successfully 
be applied in wireless optical communication lines to measure 
phase aberrations during their correction [14]. F. Feng and 
colleagues designed a sensor based on nematic liquid-crystal 
phase spatial light modulator (resolution 1280 ́  768, pixel size 
13 mm), to which holograms corresponding to Zernike poly-
nomials from astigmatism to quatrefoil were successively 
applied. An adaptive system equipped with that WFS made it 
possible to measure and correct intrinsic aberrations of the 
system and random phase aberrations (to 0.15 wavelength l 
per probe – correction cycle) caused by atmospheric turbu-
lence. When implementing a closed-loop algorithm for cor-
rection, aberrations of larger size (more than 0.15l) can be 
found and corrected for several correction cycles [14].

A negative effect of temporal multiplexing is the decrease 
in the operating speed of holographic WFS’s, which is pro-
portional to the number of measured Zernike modes. 
Nevertheless, this approach is justified when cross-modula-
tion interferences must be maximally suppressed or when 
only few aberration modes should be determined (for exam-
ple, in ophthalmology). Temporal multiplexing can also be 
used jointly with spatial. In other words, several multiplexed 
holograms are successively formed on a spatial phase modu-
lator, and each of them filters off only few aberration modes 
[38]. This approach would provide a compromise between the 
sensor operating speed and the level of cross-modulation 
interferences. It should be noted that the technical character-
istics (pixel size, switching time, etc.) of modern spatial phase 
modulators do not make it possible to implement high-qual-
ity fast holographic WFS’s on their basis. However, in view of 
the continuous development of liquid-crystal light modula-
tors, the use of temporal multiplexing may become justified in 
the nearest decade. 

Using the principles of dynamic holography, one can also 
probe and correct the light wavefront using the same spatial 
phase modulator [14, 39]. These operations can be performed 
either successively [14] or simultaneously [39]. In the former 
case, the above-described mechanism of temporal multiplex-
ing is involved. In the latter case, a complex hologram consist-
ing of several subholograms is formed on phase spatial modu-
lator; this hologram simultaneously filters off aberration 
modes and corrects distorted wavefront (Fig. 6).

To filter off n aberration Zernike modes, n pairs of subho-
lograms should be used. One subhologram from a pair cor-
responds to the interference pattern formed by some ith 
Zernike mode bZi(x, y) and a reference spherical wave con-
verging at some point A. The second subhologram corre-
sponds to the interference pattern formed by the same mode 
Zernike but with negative amplitude (– bZi (x, y)) and a refer-
ence spherical wave converging at some point B. To correct 
initial-wavefront distortions and construct an image at point 
C, one should use another subhologram with a complex 
amplitude transmittance in the form 

( , ) ( ) ( )expH x y jk x x y y z /
C C C
2 2 2 1 2L= - - + - +6 @" ,,

where L is a scale factor, which can be used to change the 
ratio of the fraction of image energy (at point C) to the total 
energy in the diffraction spots of the subholograms filtering 
aberration modes. 

A schematic of the dynamic holographic adaptive system, 
whose operation principle was implemented experimentally, 
is shown in Fig. 7 [39]. The light source was a helium--neon 
laser with l = 632.8 nm. The liquid-crystal spatial light modu-
lator LC-SLM, applied for probing and correcting the wave-
front, had a resolution of 256 ́  256 pixels with a pixel size of 
24 mm; the diffraction efficiency was 71.5 %. Eight Zernike 
modes were filtered off in the experiment: Z(2, 0), Z(2, – 2), 
Z(2, 2), Z(3, –1), Z(3, 1), Z(3, 3), Z(3, –3), and Z(4, 0). Thus, 17 
imposed subholograms were formed on the light modulator 
LC-SLM. The Zernike mode amplitudes in subholograms 
were ±0.251, and the factor L was 1/23. A CCD camera with 
a resolution of 1920 ́  1080 pixels and a pixel size of 7.4 mm 
served a photodetector. When switching on the system, it was 
necessary to perform seven correction cycles to control intro-
duced aberrations. 

Based on these results, a method allowing one to measure 
aberrations of laser beam wavefront using a computer-syn-
thesised Fourier hologram and a spatial phase light modula-
tor was developed and experimentally verified. In this method, 
the wavefront measurement is divided into two stages. In the 
first stage, the range in which the desired aberration value 
falls is roughly estimated (one determines the amplitudes of 
the aberration modes recorded in the filter hologram that are 
optimal for the measured wavefront). In the second stage, the 
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aberration is exactly estimated based on the methods of local 
optimisation of the objective function. This approach makes 
it possible to extend the range of measurements preserving at 
the same time their high sensitivity [40 – 42]. In the future (in 
view of the development of spatial phase modulators), holo-
graphic WFS’s based on the above-described method may 
compete with interferometric and Shack – Hartmann sensors 
in problems where a bandwidth of 60 – 120 Hz is sufficient but 
exact measurements must be performed in a wide range of 
phase fluctuations and on apertures exceeding 10 mm. These 
advantages of holographic sensor also make it possible to 
apply it in the modal regime without preparing high-precision 
references. 

5. Application of diffuse Fourier holography 

A promising way to design WFS’s is based on the use of dif-
fuse Fourier holography [43], which in theory should help to 
exclude cross-correlation interferences. These interferences 
are the response of photosensitive matrix caused by incorrect 
energy transfer by multiplexer components; the structure of 
this response is similar to the measured distortion but is not 
related to it. The use of a scatterer leads to the occurrence of 
noise characteristic of holograms with an extended reference 
source, which are also referred to as holograms with a coded 
reference beam. The noise intensity for these holograms is 
equal to the signal intensity (here, the signal is the correlation 
peak, and the noise is the wide plateau of the autocorrelation 
function). If the number of holograms recorded with an 
extended reference source is equal to 2N, the ratio of the sig-
nal intensity from any superimposed hologram in the plane of 
photographic plate to the intensity of noise formed by the 
entire holographic plate does not exceed 1/(2N). It should be 
noted that the intensity of the characteristic noise induced by 
the scatterer can easily be reduced applying spatial filtering. 

In this case, the sensor contains a hologram consisting of 
individual portions; two superimposed Fourier holograms, 
detecting one of the Zernike modes, are recorded in each por-
tion. While recording, a wave containing one of Zernike 
modes with a positive amplitude and an object wave, incident 
on the surface of recording medium at some angle, are 
directed to the portion of a recording medium through a scat-
terer and a focusing system performing a Fourier transform. 
A mobile diaphragm, mounted in front of the holographic 
plate, makes it possible to choose a region on it to record one 
of matrix holograms. Then the angle of incidence of the object 
wave varies, the sign of the Zernike mode amplitude changes 
to opposite, and the second hologram is recorded on the same 
portion. Other portions of the hologram are recorded in the 
same way after displacing the diaphragm. A schematic dia-
gram of recording is presented in Fig. 8. 

A proposed schematic of a sensor based on diffuse Fourier 
holography is shown in Fig. 9. When carrying out a measure-
ment, the wavefront is transmitted through a scatterer and a 
focusing system (similar to those used in recording) and 
passes through a matrix of holograms. Along with scatterer S, 
lens L1, and hologram matrix HM, the sensor contains two 
microlens arrays MLAs, with the aid of which reconstructed 
object waves are focused on photodetectors PD, and a set of 
diaphragms D2, which filter off the scatterer-introduced noise 
from the radiation incident on the photodetectors. To date, 
first experimental data have been obtained with this sensor 
[44]. Further on, its efficiency is planned to be verified in more 
detail. 

6. Zonal holographic WFS’s

Based on holographic filtering, one can implement not only 
modal but also zonal WFS’s. The principle of operation of 
this sensor, proposed by G. Andersen [45] (United States Air 
Force Academy, United States), is a kind of compromise 
between the above-described holographic WFS and conven-
tional zonal approach. It is based on the same concept as the 
modal sensor; however, instead of measuring aberration 
modes, the depth of local distortions in each wavefront ‘zone’ 
is measured in this case. Here, the term ‘zone’ indicates wave-
front partition into individual subapertures, as in conven-
tional Shack – Hartmann or curvature sensors. The operation 
principle of a zonal holographic WFS is illustrated in Fig. 10. 

Thus, Andersen developed a concept of holographic 
WFS and adapted it for operation as a component of optical 
adaptive system with a zonal corrector. In this case, one uses 
a segmented (mosaic) hologram divided into square zones, 
and only two superimposed subholograms (similar to those 
considered in Fig. 10) are recorded in each zone. They are 
recorded by convergent spherical waves and the waves cor-
responding to the maximum and minimum accumulated 
phase differences (piston shift) that are expected in a given 
beam zone. The entire mosaic hologram can be recorded in 
only one substrate. Certainly, this device provides informa-
tion not about minimally required 2 – 30 amplitudes but 
about approximately several hundreds of local wavefront 
distortions. Nevertheless, even in this case the gain in the 
operating speed and computational resources is obvious. 
Though, it should be noted that zonal correctors (i.e., seg-
mented mirrors) are generally much more complicated and 
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Figure 8.  Schematic diagram of hologram matrix recording: (S) scat-
terer mounted in the front focal plane of lens L1; (D1) mobile dia-
phragm; (HP) holographic plate. 
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Figure 9.  Schematic of wavefront sensor: (S) scatterer; (L1) lens; (HM) 
hologram matrix; (MLA) microlens array; (D2) diaphragm installed in 
the focal plane of microlenses; (PD) photodetectors. 
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expensive than the modal correctors of bimorph-mirror type 
and other similar devices. 

The above-described approach was used to implement a 
real prototype of inexpensive and fast adaptive optical system 
with a closed feedback loop, which does not involve any com-
plicated computations (Fig. 11) [46]. When a distorted wave-
front arrives at the adaptive system, the difference in the 
intensities of pairs of symmetric spots is proportional to the 
signal that must be supplied to the corresponding drives of 
zonal corrector to eliminate wavefront aberrations. 

It should be noted that one can minimise cross-modula-
tion interferences using this holographic sensor, because in 
this case each portion of filter hologram consists of only two 
superimposed holograms. Obviously, this scheme is fairly 
convenient when adaptive mirrors with ‘zonal’ control are 
applied: it is sufficient to match the sizes of mirror zones and 
mosaic hologram. These segmented mirrors are available; 
however, they are much more expensive than continuous flex-
ible mirrors with ‘modal’ control, for example, well-known 

bimorph mirrors. Therefore, despite the successful demon-
stration of a zonal holographic WFS, the problem of design-
ing a modal sensor with an acceptable level of cross-modula-
tion noise and compact architecture remains urgent. 

7. Hybrid holographic WFS’s 

An individual line of research in the field of WFS’s is the 
development of hybrid holographic sensors, in which WFS’s 
of several types are integrated due to the use of one multi-
plexed hologram [47, 48]. For example, one can combine a 
zonal Shack – Hartmann sensor and a modal holographic sen-
sor [47]. In this case, in contrast to the classical Shack –
Hartmann sensor, a hologram in the form of an array of 
phase diffraction gratings with different periods and line ori-
entations (rather than a lens array) is used to obtain a 
Hartmann pattern on the photodetector (Fig. 12а). After 
passing through this hologram and the lens installed behind 
it, wavefront portions are focused on the sensitive photode-
tector platform at the sites specified by diffraction grating 
parameters (Fig. 12b). This hologram is multiplexed with the 
hologram filtering aberration Zernike modes. As a result, 
when a wave passes through a multiplexed hologram, two 
spatially separated diffraction patterns are observed on the 
photodetector (Fig. 13), one of which (Hartmann pattern) is 
located at the centre and the other (determined by aberration 
Zernike modes) is on the periphery. In this hybrid WFS, the 
lower order aberrations are calculated according to the 
Hartmann pattern, and the higher order ones are determined 
from the difference in the intensities of pairs of symmetric 
spots on the periphery of photodetector sensitive platform. 
As was mentioned above, the measurement range of a modal 
holographic sensor is limited and depends on the amplitude 
of the aberration modes recorded in the filter hologram: the 
larger the amplitude of recorded aberrations, the wider the 
measurement range of the sensor and the lower its sensitivity 
are, and vice versa. Thus, the determination of lower order 
aberrations (which generally have the largest amplitude) from 
the Hartmann pattern allows one to extend the measurement 
range of modal holographic sensor without deteriorating its 
sensitivity. 

In a similar way, having combined a modal holographic 
sensor with a curvature sensor, one can obtain a hybrid holo-
graphic WFS of another type [48]. In this case, the subholo-
gram forming a Hartmann pattern on the photodetector sen-
sitive platform is replaced with a subhologram composed of a 
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Figure 10.  (a, b) Recording of a multiplexed hologram corresponding 
to the distortion of wavefront in a certain zone with maximum (a) posi-
tive and (b) negative amplitudes and (c) its reproduction; DM is a de-
formed mirror. 
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Figure 11.  Simple fast adaptive system that does not require any com-
plex computations [46]; BSC and DM stand for beam-splitting cube and 
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Figure 12.  (a) Arrangement of phase diffraction gratings 1 – 12 on a ho-
logram and (b) the Hartmann pattern obtained using this hologram. 
Reprinted with permission from [47] © The Optical Society. 
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hologram matrix of defocusing Z4. Due to this hologram 
matrix, several pairs of spots are formed on photodetector, 
which correspond to local wavefront defocusings. The local 
wavefront defocusing value Z4 on the corresponding portions 
is estimated from the difference in the intensities in each pair 
of spots. The local wavefront curvature in the subapertures 
corresponding to holograms from the matrix is proportional 
to local defocusing values Z4. Furthermore, amplitudes of 
lower order aberrations are determined in correspondence 
with the standard operation algorithms of curvature sensor. 
The aforementioned subhologram is multiplexed with the sec-
ond hologram, which filters aberration (nonlocal) Zernike 
modes. When this hybrid sensor operates as a component of 
adaptive system, dominant aberration modes are first mea-
sured using a curvature sensor and compensated for, after 
which the system is switched to a modal sensor. This approach 
allows one to reduce the number of correction cycles and, in 
the case of slow wavefront corrector, increase the operating 
speed of the system in comparison with an adaptive system 
based on a conventional holographic WFS [48]. 

8. Conclusions

In the nearest future the development of holographic WFS’s 
will imply different ways of optimising their design in order to 
solve specific applied problems. It should be noted that the 
transition from recording filter holograms in photosensitive 
media (plates, films, etc.) to computer (digital) synthesis of 
holograms with their subsequent fabrication or reproduction 
on a spatial light modulator, which began in this century, will 
be continued. This approach is expected to reduce the errors 
caused by recording, yield a larger freedom in optimising a 
filter hologram, and simplify them. The studies aimed at 
increasing the number of aberration modes recorded by 
modal holographic WFS’s will also be continued. 

The development of holography as a whole and holo-
graphic WFS’s in particular is directly related to the progress 
in the field of recording and synthesising holograms. In par-
ticular, the improvement of spatial phase modulators 
(increase in the frame rate to several tens of kHz or more, 

decrease in the pixel size, etc.) should give a strong impetus to 
the design of holographic WFS’s, especially sensors with tem-
poral multiplexing. The characteristics of holographic WFS’s 
can also be significantly improved due to the development of 
new types of hologram carriers (holographic media), for 
example, those operating on the principles of plasmonics 
[49, 50]. 

Even now holographic WFS’s make it possible to imple-
ment optical adaptive systems with a zonal corrector without 
any computer engineering. In future one will be able to design 
other types of optical adaptive systems on their basis, charac-
terised by smaller sizes and lower cost and enhanced operat-
ing speed (up to several MHz or more). 
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