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Abstract: In order to improve the wavefront sampling frequency in wavefront detection, a wavefront
reconstruction method based on two element complementary mode is proposed. The method reconstructs
the real part of the light field by using the far field focal light intensity obtained under binary
complementary modulation mode, and then reconstructs the imaginary part of the light field through the
light intensity distribution of the beam. The method avoids the use of additional modulation mode, which
reduces the number of modulation modes used in the process of wavefront sampling to 2/3 of the original
method, and improves the wavefront sampling frequency. The wavefront of the beam with uneven
intensity distribution is reconstructed in the numerical simulation, and the tilt aberration is reconstructed
by experiments, which verify the feasibility of the method.
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0 Introduction

Wavefront sensing plays an indispensable role inmodern optics. It is widely used in optical testing,

ophthalmology and adaptive optics. Presently, most of the available wavefront sensing techniques include

the Shack-Hartmann sensor o' Le-6]

, curvature sensing and phase retrieval 7%, These wavefront sensing

methods acquire the wavefront by analyzing the intensity distribution detected with array detectors. The
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array detectors also have significant limitations in speed. It restricts the step of applying these techniques to
detecting the wavefront which is stochastic and vary rapidly. Meanwhile, a large amount of data is
produced in measurement. The transmission and operation of the mass data also consume a lot of time.
However,the wavefront sensing method based on single detector can deal with it well. Single detectors
usually have mature manufacturing process and outstanding performance in practice. It can works well at
high speed. Meanwhile, full aperture light is focused in the wavefront sensing method. So the focus light
intensity contains the wavefront information of the whole aperture. More effective measurement
information can be acquired in the method. Basing on the study results in existence, as few as dozens of

[10-11]

signals can realize the wavefront reconstruction . In order to explore the wavefront sensing method, a

L1 " The wavelront sensing method through measurements of binary

great deal of research has been done
aberration modes is one of the valuable directions. It realizes wavefront sensing by acquiring the expansion
coefficients of the aberration modes directly. Based on spatial light phase or intensity modulation, many
researches have shown its great worth"*'J, But, the traditional iterative algorithm and optimization
strategy cannot reconstruct wavefront accurately and quickly. Non-uniqueness and slow convergence limits
its use. Although the method realizing wavefront reconstruction by adding extra modulation patterns can
realize wavefront reconstruction quickly and precisely, the added extra patterns mean that extra time is
consumed"'",

Here, a wavefrontrconstruction method is introduced based on binary complementary modulation
modes. In the method, complementary modulation modes are used to modulate the incident light and the
focus light intensities are acquired to reconstruct the real part of the optical field. Then the intensity
distribution of the incident light is introduced to determine the imaginary part, which reduces the number
of the modulation functions used in the modulation. The incident wavefront is reconstructed quickly and
precisely while the number of the modulation functions is reduced. The feasibility of the method is

validated with numerical simulation and experiment.

1 Principle of wavefront sensing

The optical arrangement of the wavefront sensor is shown in Fig.1. In this schematic arrangement, the
incident light is modulated with Digital Micromirror Device (DMD) firstly. Then the modulated light beam
is focused with focus into the pinhole. The Photodiode (PD) is used to detect the light intensity of the focal

point,
Pinhole Lens
PD
| S~
/ Computer
( DMD

Fig.1 Schematic setup for the proposed wavefront sensing method
In the optical arrangement, DMD works as the spatial light modulator. It consists of an array of

moving micromirrors, as shown in Fig. 21",

10 um

Fig.2 The micromirror array of DMD
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Each micromirror can be rotated to either a +12° or —12° positions along the diagonal direction. It
acts as an on/off switch and produces two modulation state, light on and light off. So the modulation
functions can be expressed with these functions which have two values, 0 and 1. The Walsh functions are a

(617 They also have only two values, —1 and 1. So they can

series of binary and orthogonal functions
express modulation functions by simple line transformation. In order to express the modulation functions
of the optical field over a circular aperture, the two-dimensional Walsh series for the polar coordinate are
necessary. They are generated by the segments formed by dividing the azimuth angle and the radius over

[10] [14]

the circular aperture-'”’. Fig. 3 shows the Walsh functions with the circular divided into 16 segments

l+1
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Fig.3 The Walsh functions for the polar coordinate when the circular aperture is divided into 16 segments

According to the Fourier diffraction theory,the amount of light in the ideal focal point collected from

an incoming optical field EC(x, y) can be given by %

I =D, - ﬂE(l ,y)dldy‘ =D,

ﬂ‘Ae‘“dJ dy ‘ (D

where A and ¢ are the amplitude and phase of the incident light, Do is a constant. The incident optical field
is expanded with the Walsh series as follows
N N N
E(x.y) =Ac* =Acosg +i+ Asing = >,a,W, +i+ >,0,W, = > ,B,W, (2)

=0 =0 =0

where index [ can be any integer from 0 to N, W, is the /th Walsh function, a, and b, are the /th Walsh
function expansion coefficients of the real part and the imaginary part of the optical field, and
B,=a,+1i-* b, 3)

Thecomplementary modulation functions are generated to modulate the incident optical field, as

follows
1wy
2
4
, 1—w, “
T/{::liT/J: 2

where the index £ can be any integer from 0 to N, W, is the £th Walsh function. T, and T, are the
complementary modulation patterns produced based on W,. As discussed in Ref.[14], modulating the
incident light with the modulation functions shown in Eq. (4), the light intensities collected with PD can

be written as

D ,
Ik: 40 * Bo_’_B/(‘z
(5)
I'—D” B,—B,|?
kT 4 0 k
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And the expansion coefficients of the real part and the imaginary part of the optical field can be written as

= /i b,=0 k=0
ao Do’)o

, (6)

I,—1,) 20, +1,))
=L -t ,[,k:Jk ! —ai—ai k=1
1,D, D,

By now., the coefficients of the real part of the optical field is determined and the real part can be

ap

reconstructed by

ACOSSD:/\/DO . za[W[ (7)

=0
where »/D, is unknown. As above discussed, the coefficient of the imaginary part of the optical field, &, ,
is zero. When /=1, the mean of W, is zero. It means the average value of the imaginary part is zero.
Considering that the optical field is continuous, there is a point whose imaginary part value equal to zero or
approximately zero in the optical field. The absolute value of cosg is 1. So the value of D, can be acquired
based on

o:[max(‘ia,Wl/A‘)]Z (8)

=0

Moduli of both sides of Eq.(2) equal to each other, which can be described with

A =D, [ W) +Ola W' ] 9
=0

=0

where A? is the light intensity distribution of the incident light. The Eq. (9) establishes a relationship
among the light intensity distribution and the coefficients of the real and imaginary part of the optical field.
It can be regarded as the quadric multiple equation and b, is unknown variable of the Eq. (9). And
considering / can be very large, it would be hard to solve Eq. (9) directly.

Considering that only the sign of 4, is unknown and the absolute value of 4, is determined in Eq. (9).
For different sign of b,, different optical field can be acquired. But only when all the sign of b, is right,
could Eq. (9) be tenable. So the determination of the sign of b,can be transformed into the solution to the

minimization of
A A’ a 2 Y 2
dD—(ZbIWZ) —(OLa,W) an
0 [1=0 =0

The solution of Eq. (10) is different with the traditional common optimization. The only uncertainty in Eq.

2

A
(10) is the signs of b,. So the sign of b, can be determined quickly. The minimization of d can be gotten
just by changing the signs of ,. Meanwhile, the sign of b, is determined. Then the imaginary part of the

optical can be described as

N
Asing =+/Dy, >,b,W, an
=0

By now., the optical field is reconstructed. The wavefront can be expressed as

N
¢=i"'In( > B,W,/A) (12)
=0

The wavefront acquired by Eq.(12) is wrapped and its range is [ — =, ]. So phase unwrapping is required
for reconstructing the wavefront. Based on the Nyquist sampling theory, we can reconstruct a discrete

wavefront which is similar to the incident wavefront when the phase difference of the neighboring segments

L8] A fluent wavefront can be determined by transforming the discrete wavefront into a

[19]

of ¢ is less than =
smoothing wavefront expressed with the Zernike polynomials

In the wavefront reconstruction method, the wavefront reconstruction procedure is as follows: 1) The
calculation of the focal intensities. The complementary modulation functions, T, and T, generated based
on Walsh functions, W, , are used to modulate the incident light. And the focal intensities, I, and I, , are
calculated. 2) The real part reconstruction. The coefficients of the real part and the absolute value of the
coefficients of the imaginary part can be determined by the focal intensities. The real part can be
reconstructed with the coefficients of the real part. 3) The imaginary part reconstruction. A constraint on

1011002~ 4
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the imaginary part is built based on the relationship between the light intensity distribution and the
imaginary part. Then an equation is built to determine the sign of the coefficients of the imaginary. The
imaginary part can be reconstructed with the coefficients. 4) Wavefront reconstruction. A discrete and
wrapped wavefront can be acquired from the reconstructed optical field. Then an accurate reconstruction

wavefront can be acquired by phase unwrapping and smoothing.

2 Numerical simulation

An incident wavefront is produced withthe first 35 Zernike polynomials depending on the power

2] Fig. 4 shows the synthesized incident

spectrum of the Kolmogorov model for atmospheric turbulence
wavefront. Fig. 4(a) is the incident wavefront and Fig. 4(b) is the amplitude of the optical field and the

value of the amplitude is 1. Fig. 4(¢) and Fig. 4(d) are the real part and the imaginary part of the optical
field.

1.0 -
~ 05 i
0
600
(a) Incident wavefront (b) Amplitude

(c) Real part (d) Imaginary part

Fig.4 Incident optical field

The modulation patterns are generated from the first 256 Walsh series according to Eq. (4).These
patterns are used to modulate the incident optical field. The light intensities detected with the photodiode
in the focal point can be calculated based on Eq. (1). These light intensities satisfy the nonlinear Eq. (5).
By solving these equations. the expansion coefficients of the real part and the absolute value of the
coefficients of the imaginary part can be calculated based on Eq. (6). The real part of the optical field can
be reconstructed based on Eq. (7). Fig. 5(a) shows the reconstructed real part of the optical field. Then by

solving Eq. (10), the signs of the expansion coefficients of the imaginary part can be determined.

A
Accordingly, the value of d is 0.0455. The imaginary part of the incident optical field can be reconstructed
and Fig. 5(b) shows the reconstructed imaginary part. Based on Eq. (12), the incident wavefront can be

reconstructed, as shown in Fig. 5(c).
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Fig.5 The reconstructed wrapped and discrete wavefront

It can be seen from Fig. 5(c) that the reconstructed discrete wavefront is a wrapped and discrete
wavefront and different with the incident wavefront. In order to acquire accurate wavefront, the wrapped

and discrete wavefront is unwrapped, as shown in Fig. 6(a)/".

05 e

600 "N L, 600

200 200
(a) Reconstructed wavefront (b) Residual wavetront

Fig.6 Unwrapped discrete wavefront
Considering the incident wavefront is continuous, it is not a good idea to describe the incident
wavefront with the unwrapped discrete wavefront directly. So in order to acquire more accurate
reconstructed wavefront, we do the smoothing on the discrete wavefront. Fig. 7(a) shows the smoothed
wavefront and Fig. 7(b) is the residual wavefront. It can be seen from Fig. 7(b) that both PV and RMS of

the residual wavefront is very small. The incident wavefront is reconstructed accurately.

0.5 o

%1073
(=}

—05 CE

200 200 200

(a) Reconstructed wavefront (b) Residual wavefront

Fig.7 Reconstructed continuous wavefront
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In order to validate the feasibility of the method more fully, 100 stochastic wavefront are produced and
reconstructed with the method. Fig. 8 shows the wavefront reconstruction result. The vertical ordinate is
the ratio of the RMS of the residual wavefront and the RMS of the stochastic wavefront. Horizontal
ordinate is wavefront reconstruction time. It can be seen from that the stochastic wavefront can be

reconstructed correctly.
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Wavefront reconstruction times

Fig.8 Theerror of wavefront reconstruction

The light intensity distribution of the incident may be not uniform. In order to research the feasibility
of the method, wavefront reconstruction is simulated. Fig. 9 shows the wavefront reconstruction with

uneven light intensity distribution.
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(a) Gaussian light distribution (b) Reconstructed wavefront (¢) Residual wavefront
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(d) Tilt light distribution (e) Reconstructed wavefront (f) Residual wavefront

Fig.9 Wavefront reconstruction with uneven light distribution
It can be seen from Fig.9 that the wavefront reconstruction method works well with uneven light

distribution.

3 Error analysis of wavefront reconstruction
The same incident wavefront isreconstructed with the existing method described in Ref.[14], as
A
shown in Fig. 10. Meanwhile, the value of d, calculated based on Eq.(10) and its value is 0.045 7. The

A

value of d, is larger than the value acquired in the proposed method. But the existing method provides
analytic solutions of the expansion coefficients of the optical field. And the simulation result shows that the
wavefront reconstruction accuracy of the existing method is higner than that of the proposed method. It
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A
means that the sign of the expansion coefficients of the imaginary part when d reaches its minimum.

| Y W N
: ~ P 5
~ 0: To 0« i -
. — : 2
X r ‘
—0.5 * e
200 -
200
(a) Reconstructed wavefront (b) Residual wavefront

Fig.10 Reconstructed wavefront and residual wavefront (PV=0.000 412, RMS=0.000 0331)

As shown in Eq. (2), the optical field is expressed with Walsh functions.It means the optical field of
single segment is equal in the expression. Accordingly, the light intensity and phase is equal too. We can

get that
JJA e’dxdy ZHAle“"' dxdy (13)
S1 S1

where S, is the square of the segment. A, and ¢, are the equivalent amplitude and phase. Considering the

value of ¢ is fluctuant slightly, we can get that

Ujei“’dxdy ‘ < ‘ﬂei‘“ dxdy ‘ (14)
Al Al

The equivalent amplitude changes as ¢ fluctuates. Fig. 11 shows the equivalent light intensity distribution.

It can be seen that the equivalent light intensity distribution is not equal any more.

0.95

0.90

Fig.11 Equivalent light intensity distribution
We set the value of A% in Eq. (10) to be the light intensity distribution shown in Fig. 11 and optimize

the value of oAl The reconstructed wavefront is shown as Fig. 12.

By comparing Fig. 12(b) with Fig. 10(b), the proposed wavefront method can acquire same wavefront
reconstruction precision. It demonstrate that the wavefront reconstruction error of the proposed method is
from the non uniform light intensity distribution caused by the phase fluctuating in single segment. But
considering the square of each segment usually is very small, the phase fluctuating is very small in single
segment accordingly. So the reconstructed wavefront acquired by the proposed method is accurate and

reliable.
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(a) Reconstructed wavefront (b) Residual wavefront

Fig.12 Wavefront reconstruction based on the equivalent light intensity distribution

4 Experiment

The experimental apparatus is shown in Fig.13. The light beam is modulated with DMD and focused
with lens. Then a pinhole is placed in the focus point to filter the light and the photodiode is used to
detected the light in the pinhole.

Photodiode
g ? \

\

Fig.13 Experimental setup for wavefront sensing

A tilt aberration (PV=0.671,RMS=0.171) is introduced into the incident wavefront and the light
intensities are detected with photodiode. Fig. 14(a) shows the reconstructed wavefront tilt aberration. It
can be seen that the RMS of the residual wavefront is less than 0.2 times of the RMS of the incident
wavefront. The tilt aberration is reconstructed. The feasibility of the method is validated.

(a) Reconstructed wavefront (b) Residual wavefront

Fig.14 Tilt aberration reconstruction
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5 Conclusion

A wavefront reconstruction method based on binary complementary modulation modes is proposed.
The expansion coefficients of the imaginary part of the optical field are determined based on the light
intensity distribution in the method. The wavefront reconstruction method realizes wavefront
reconstruction precisely. And the sampling frequency of the proposed method is 1.5 times of the method
described in Ref.[14]. The numerical simulations and experiments also prove the feasibility of the method.
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