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The possibilities of wavefront generation by amplitude holograms are theoretically and experi-
mentally investigated. Holograms could be generated in any PC using a MATLAB program devel-
oped by the author. The wavefronts of the generated holograms are obtained experimentally and
confirmed by theoretical calculations both qualitatively and quantitatively. The errors of wavefront
restoration are obtained on the example of the first 12 Zernike aberrations. The effect of the pixel
size and pixelate noise on hartmanogramms of the generated wavefront and restored wavefronts are
experimentally investigated.
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I. INTRODUCTION

The generation of optical wavefronts, their perturba-
tion and subsequent acquisition within a controlled envi-
ronment such as an optical laboratory setup is an impor-
tant problem of modern adaptive optics [1,2]. The ability
to control the dynamics of temporally evolving pertur-
bations is essential for the measurements of the eyesight
aberrations [3], for turbulence compensation in astron-
omy [4], in optical defectoscopy [5], and elsewhere. Com-
putationally, closed-loop systems [6] are comparatively
less stringent since they are produced on the basis of
electromechanical controls that correct the optical path
in real-time. The mentioned system needs a reference
phase screen, which can be generated using a computer
program as a 2D array of phase distortions and has the
same set of aberrations as injected by the optical channel.
However, according to [7], the image calibration of any
optical system could be done using amplitude holograms
to avoid the phase component. Therefore, the present pa-
per is devoted to the study of efficient algorithms used
for the estimating and correction of aberrations of differ-
ent optical systems. The development of the amplitude
diffractive optical element (DOE), described in the pa-
per, is the easiest way to correct aberrations of an optical
system and could be used directly in the image plane or
introduced indirectly by using the interference of the cor-
rected wave and the image one.

The layout of the paper is as follows. The optical
setup developed for this study is given in Section II. A
brief background on optical setups, emphasizing the use
of diffractive optical elements to generate phase aberra-
tions, is given in Section III, which includes an overview
of wavefront propagation and DOE generation. The ex-
perimental results of image restoration using the direct

wavefront sensing and discussion are given in Section IV.
Finally, some concluding remarks are made in Section V.

II. EXPERIMENTAL SETUP

The optical setup configuration is shown in Fig. 1.
The basic configuration comprising a He–Ne laser

module, supporting the polarized 30 mW source at 632.8
nm, is shown at the top of the figure. Mirror M1 and
lenses L1, L2 create the plane wavefront for the propaga-
tion via movable mirrors and mirror M3 (reference chan-
nel), or via mirror M2, DOE to form an aberrated wave-
front. The DOE with the compensation of the carrier
spatial frequency is used to introduce wavefront phase
aberrations (MATLAB code, depicted in [10], is used
to create DOE profile). As one knows [11], a beamsplit-
ter could be used for the wavefront correction in an in-
direct way, however additional calculation of the DOE
image is needed. Lenses L4, L5 or L3, L5 are config-
ured for a 4F system, where imaging is performed by
the holographic Shack–Hartmann wavefront sensor [8,9].
The point spread function (PSF) of the aberrated wave-
fronts analysis and verification is allowed in the second
channel containing beamsplitter BS, lens L7 and CCD2.
Two cameras KPC-303BH manufactured by KT&C are
used. This camera supported a 8-bit grayscale Sony im-
age sensor, providing good resolution and high-speed
performance for capturing video sequences.

The PSFs of a plane wavefront are shown in Fig. 2,
where the reference PSF in the channel with mirror M3
is compared with the one from the channel with mirror
M2 (Fig. 2c). As one can see, the used tilt of 0.5◦ does
only cause image displacement, and no increas in the
PSF size caused by the tilt is observed [12].
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Fig. 1. Basic configuration of experimental setup. Source (632.8 nm) He-Ne laser with polarizing filter, mirror M1 with
a collimator (lens assembly L1 and L2), movable mirrors and mirror M3 are used to generate a plane reference wavefront
for calibration. Mirror M2 and DOE with the compensation of carrier spatial frequency are used to generate an aberrated
wavefront. Wavefront sensor module comprises a holographic Shack–Hartmann sensor (HSHS) as in [8].

(a) (b) (c)

Fig. 2. Point spread functions for the mirror reference (a), the DOE reference (b), and the computer generated sum of two
channels (c).

III. THEORY AND SIMULATION

Any optical system input and output can be related by the simple equation [12]:

U (x, y|z) =
∫ ∞
−∞

∫ ∞
−∞

U(ξ, η|0)OTF (x− ξ, y − η|z) dξ dη, (1)

where U(ξ, η|0) is the initial amplitude of the wave, OTF is the small angle approximation of the free space optical
transfer function [13,14]:

OTF(x− ξ, y − η|z) = 1

iλz
ei

2πz
λ ei

π
λz ((x−ξ)

2+(y−η)2), (2)

where λ is wavelength, z is the distance from DOE to the image plane. The fundamental expression (1) demonstrates
the important fact that any linear system is completely characterized by its responses to unit signals. However, PSF
is used to provide knowledge a posteriori of the angular effect of anisoplanatism [1]. Considering the distance of the
propagation of the light pupil from lens L7 to image plane z, additional phase shifts on lens L7, the relationship
between the wavefront and PSF is given by Goodman [12]:

PSF (x, y|z) =
∣∣∣F̂U (x, y|z)

∣∣∣2 =

∣∣∣∣∣e−i2π zλ
∫ a/2

−a/2

∫ a/2

−a/2
U(ξ, η|0)e−i 2πλz (xξ+yη) dξ dη

∣∣∣∣∣
2

≡ PSF (x, y) , (3)
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where a is the pupil aperture (image lateral dimension),
F̂U (x, y|z) is the Fourier transform of U (ξ, η|0).

Initial amplitude U (ξ, η|0) is determined by the DOE
as U (ξ, η|0) = U0T (ξ, η), where the transmittance func-
tion of the DOE in terms of two waves can be expressed
as:

T (ξ, η) = T0

∣∣eiφ(ξ,η) + 1
∣∣2

2
, (4)

where T0 = 1 is general transmittance (weighting func-
tion), φ(x, y) is the aberrated wavefront which should be
generated. One should note that according to [12], coef-
ficient 1

2 in (4) could be neglected to get identical total
beam amplitudes on the input and output of DOE, how-
ever in the present paper this coefficient is neglected only
for the PSF image calculation. Zernike polynomials Znm
are used to perform controlled aberrations [15]:

φ(ξ, η) = π
∑
n,m

αnmZ
n
m, (5)

where αnm denotes the Zernike amplitudes or coeffi-
cients. The present paper deals exclusively with the first

four aberration orders: astigmatism (Z−22 and Z2
2 ), de-

focus (Z0
2 ), trefoil (Z

−3
3 and Z3

3 ), coma (Z−13 and Z1
3 ),

quadrafoil (Z−44 and Z4
4 ), secondary astigmatism (Z−24

and Z2
4 ), and primary spherical (Z0

4 ). As one knows, some
literature uses different index schemes [13,15–17]. There-
fore, care should be taken when comparing results from
different journal papers and software packages, due to
the variety of indexing schemes that are available. So
present the paper deals with the scheme depicted in [15].
Fig. 3 shows the holograms of aberrated waves.

To avoid an interference of diffraction orders, a small
tilt should be used, and the transmittance function of
the DOE can be defined as:

T (ξ, η) =

∣∣∣eiφ(ξ,η)+i 2πλ ξ sinψ + 1
∣∣∣2

2
, (6)

where ψ is the tilt angle. One should note that for an
additional tilt Zernike polynomials Z−11 and Z1

1 could be
used [15]. Fig. 4 shows the holograms of an aberrated
wavefront with the additional tilt of 0.5◦.

(a) (b) (c) (d)

Fig. 3. Sample of defocus (a), astigmatism (b), coma (c) and trefoil (d) holograms. Parameters are R = 5mm,
α0
2 = α2

2 = α1
3 = α3

3 = 5.

(a) (b) (c) (d)

Fig. 4. Same as on Fig. 3, but with the additional tilt ψ=0.5◦.

One can see the interference lines with the structure close to the one on fig. 3. Additional vertical lines denote the
small tilt which was used for the generation.

With respect of the experimental setup, PSF is determined by the DOE with the tilt compensation and the focal
length of lens L7 (z = fL7):

PSF (x, y) =

∣∣∣∣∣
∫ a/2

−a/2

∫ a/2

−a/2
U0e

i 2πλ ξ sinα T (ξ, η)e
−i 2π

λfL7
(xξ+yη)

dξ dη

∣∣∣∣∣
2

. (7)
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(a) (b) (c) (d) (e)

Fig. 5. PSF for the aberrated wavefronts: defocus (a), astigmatism (b), coma (c) and trefoil (d), depicted on Fig. 3. For
comparison, (e) shows the PSF of a spatially limited optical system [13].

Figure 5 shows the PSFs calculated using amplitude
DOEs from Fig. 4 spatial distributions. It is visible that
PSF images are close to the ones from the literature
[13, 18, 19]. Additional aberration images are visible on
the holograms (Fig. 4) due to the image resolution in
paper, however, these images PSFs and restored wave-
fronts. The examination of the generated DOEs on the
wavefront reconstruction and error estimations is made
in the next Section.

IV. EXPERIMENTAL RESULTS AND
DISCUSSION

A. Wavefront generation and calibration

Employing the above algorithm, the wavefronts of the
first 12 polynomials were generated, which cover the first
four orders of the Zernike polynomials. Using the pro-
gram described in [10] the values of the required inputs
(aperture parameters, pixel size, the light wavelength,
the pupil angles and the Zernike amplitudes) are in-
putted via a graphic user interface into the program.

Holograms with lateral step ≈ 7µm are generated to test
the optical system and calibration. The obtained DOEs
were inserted in the experimental setup together with
the compensation of the carrier spatial frequency (see
Fig. 1).

The Zernike coefficients of the aberrations that con-
tribute to the wavefront distortions were determined,
using the procedure described in [20]. Table shows the
restored Zernike coefficients for the holograms with the
recorded aberrations with αmn = 5. As is shown in Table,
for each generated wavefront the restored coefficients are
close to the target value of 5 and all other coefficients are
close to zero.

The record-recovery error was estimated using the re-
stored Zernike coefficients for each hologram with aber-
rations up to the fourth order. As one can see, the error
does not exceed 3.2%, and differences in the values are
caused by the error that occurs due to the imperfect
manufacturing process and possible infiltration of dust
particles, which affects under such microscopic param-
eters of the DOEs. However, this error can be further
minimized by improving the process of recording of the
amplitude diffraction element or by using spatial light
modulator.

Restored Recorded
No α α0

2 α2
2 α1

3 α3
3 α0

4 α2
4 α4

4

1 α−22 1.44 · 10−3 3.56 · 10−2 1.28 · 10−2 −2.34 · 10−3 −2.89 · 10−2 −6.55 · 10−3 8.78 · 10−3

2 α0
2 4.89 1.13·10−2 9.63·10−3 7.89·10−3 −5.21 · 10−2 4.25·10−3 5.63·10−3

3 α2
2 −1.98·10−3 5.13 −1.02·10−3 7.58·10−3 7.44 · 10−3 −9.84·10−2 1.56·10−3

4 α−33 −1.21 · 10−2 2.23 · 10−2 −6.12 · 10−3 1.54 · 10−2 3.14 · 10−2 −2.08 · 10−2 −3.97 · 10−3

5 α−13 3.27 · 10−2 −3.69 · 10−2 −1.23 · 10−2 5.16 · 10−3 −2.12 · 10−2 −4.54 · 10−3 2.62 · 10−2

6 α1
3 1.86 · 10−2 2.57 · 10−3 4.84 −1.95·10−3 −3.79 · 10−4 −6.13·10−3 9.45·10−4

7 α3
3 −2.33 · 10−2 −7.85 · 10−3 5.47 · 10−3 5.14 6.13·10−3 9.45·10−4 5.98 · 10−4

8 α−44 1.57 · 10−3 −3.33 · 10−2 −8.56 · 10−3 4.12 · 10−2 1.14 · 10−2 −9.51 · 10−3 4.15 · 10−3

9 α−24 −1.19 · 10−3 −7.79 · 10−3 −5.31 · 10−3 9.44 · 10−3 1.75 · 10−2 −1.88 · 10−2 −3.64 · 10−2

10 α0
4 9.45·10−4 1.86 · 10−2 2.57 · 10−3 −1.25 · 10−2 4.86 −3.79 · 10−4 −6.13·10−3

11 α2
4 −7.97 · 10−4 1.94 · 10−2 2.34 · 10−3 −3.29 · 10−2 7.56 · 10−4 4.86 −7.85 · 10−2

12 α4
4 −1.54 · 10−2 −1.35 · 10−2 5.67 · 10−3 7.89 · 10−4 −8.15 · 10−3 −1.57 · 10−2 5.14

Error, % 2.1 2.6 3.2 2.8 2.9 2.9 2.8

Table. Zernike coefficients for the produced diffractive optical elements.
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One should note that the usage of phase screens is
complicated by phase deviations in the screen. The de-
viations are lightly controlled with the usage of spatial
light modulators [21], however, they are not completely
controlled in the case of using PFG-01 holographic plates
[22]. Phase errors cause additional phase noise, which
leads to the speckles in the Shack–Hartman sensor im-

age plane [12]. High spatial frequencies of the phase noise
(a small amount of noise pixels) could be filtered by using
lenses L4 and L5 [23]. However, the present paper does
not deal with noise filtering and the effect of unfiltered
noise on the wavefront restoration can be found in the
next Subsection.

B. Noise effect

With the idea of observing the performance of a more realistic situation a number of DOEs were produced as
the later wavefront with a noise signal [24]. Fig. 6 shows the holograms with different pixelate noise [25, 26]. The
coefficients measured from the generated holograms are shown in Fig. 7.

Relative noise intensity, %
10 30 60 100

Q
ua

nt
it
y
of

no
is
ed

pi
xe
ls
,% 10 (b) (c) (d) (e)

30(a) (f) (g) (h) (i)

10
0

(j) (k) (l) (m)

Fig. 6. Holograms of defocus α0
2 = 5 without noise (a), with noise (b)-(m).

(b) (c) (d) (e)

(a) (f) (g) (h) (i)

(j) (k) (l) (m)

Fig. 7. Measured Zernike coefficients for the holograms from Fig. 6 without noise (a), with noise (b)-(h), (j), (k). Speckle
patterns in Shack–Hartmann wavefront sensor (i), (l), (m).
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As one can see, even in the presence of a high level
noise (Fig. 6) the Zernike coefficients of the DOE could
be measured (Fig. 7). On the other hand, it can be also
observed, that an increase in the noise intensity leads to
an increase in the amplitude of higher modes (Fig. 7), at
the same time the variation of the coefficient increases
too [13,23].

One can see the light spots from the DOEs (i) and
(l) on Fig. 6. However, used centroid computation algo-
rithms [27, 28] cannot find the centre of spots. The last
DOE (m) on Fig. 6 forms only an irregular speckle struc-
ture.

C. Pixel size effect

To verify the stability of the DOEs to the pixel size
(this allows using the amplitude or the phase spatial light
modulator (SLM), like in [29], for wavefront generation),
a number of holograms were produced witha different
step. Fig. 8 shows the error for the used 12 Zernike poly-
nomials. One can see that the pixel size does not exceed
50µm, the percentage error is less than 5%.

Despite the LCD dimensions, which are normally
larger than the dimension of the CCD, the usage of SLM
with the step less than 50 µm does not introduce large
errors in the optical wavefront. Besides, the usage of an
optical beam compressor [29], which can introduce addi-
tional aberrations, is not necessary.

Fig. 8. Mean error via step size for the produced DOEs.

V. CONCLUDING REMARKS

The wavefronts of the first 12 Zernike modes were gen-
erated, using produced holograms with arbitrary aberra-
tions and the experimental setup depicted in Section II.
The results show that lower-order wavefront modes can
be generated with high accuracy (error does not exceed
5%) in a large dynamic range (Zernike coefficients are up
to 5). The experimental results show that the maximal
lateral pixel step size should not exceed 50 µm. It was
shown that the generated holograms are stable enough
to the pixelate noise on the plate.
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ВПЛИВ ШУМУ ТА РОЗМIРУ ТОЧКИ НА ХВИЛЬОВИЙ ФРОНТ,
ЗҐЕНЕРОВАНИЙ АМПЛIТУДНИМИ ГОЛОГРАМАМИ
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Для попередньої компенсацiї спотворень оптичного хвильового фронту розроблено рiзноманiтнi пристрої
та методики адаптивної оптики, а статичнi виправлення аберацiй продемонстровано в рiзних лабораторiях
iз використанням як гнучких дзеркал, так i рiдкокристалiчних просторових модуляторiв. При цьому
достатньо перспективним є застосування голографiчних елементiв в адаптивних оптичних системах i
приладах. Головною перевагою таких елементiв є їхня простота виготовлення й точнiсть, оскiльки цi
елементи працюють на пропускання, а не на вiдбивання, як гнучкi дзеркала. Тому в цiй статтi теоретично
та експериментально дослiджено можливостi ґенерацiї та вiдновлення хвильового фронту амплiтудними
голограмами. Голограми можуть бути розрахованi за допомогою комп’ютерної програми як 2D-масиву
амплiтудних спотворень i мати той же набiр аберацiй, що вводяться оптичним каналом або протилежним для
їх компенсацiї. А вивчення ефективних алґоритмiв, що можуть використовуватися для оцiнки та корекцiї
аберацiй рiзних оптичних систем, є перспективним з погляду проблем адаптивної оптики. Показано, що
розробленi та виготовленi амплiтуднi дифракцiйнi оптичнi елементи є найпростiшим способом корекцiї
аберацiй оптичних систем. У роботi отриманi хвильовi фронти, що утворенi зґенерованими голограмами.
Установлено, що похибки вiдновлення хвильових фронтiв, якi отриманi на прикладi перших 12 аберацiй
Цернiке, не перевищують 5% та можуть бути зменшенi через полiпшення процесу виготовлення голограм.
Дослiджено вплив амплiтудних шумiв на якiсть зображення в сенсорi Шека–Гартмана та встановлено,
що виготовленi голограми i, вiдповiдно, зґенерованi ними хвильовi фронти є достатньо стiйкими до
амплiтудних шумiв з вiдносною iнтенсивнiстю 30%. Вплив таких шумiв можна зменшити введенням системи
фiльтрацiї в системi переносу пiсля голограми. Експериментально дослiджено вплив розмiру елементарної
точки (пiкселя) на гартманограми та вiдновлення хвильових фронтiв. Показано, що похибка вiдновлення
хвильового фронту, зґенерованого амплiтудним дифракцiйним елементом з розмiром точки менше 50 мкм,
лежить у межах 5% i використання оптичної системи переносу зi зменшенням променя, яка може вводити
додатковi аберацiї, не є необхiдним.
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