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A general lateral shearing interferometry method to measure the wavefront aberrations with a continuously variable shear ratio by the randomly encoded hybrid grating (REHG) is proposed. The REHG consists of a randomly
encoded binary amplitude grating and a phase chessboard. Its Fraunhofer diffractions contain only four orders
which are the 1 orders in two orthogonal directions due to the combined modulation of the amplitude and
phase. As a result, no orders selection mask is needed for the REHG and the shear ratio is continuously variable,
which is beneficial to the variation of sensitivity and testing range for different requirements. To determine the
fabrication tolerance of this hybrid grating, the analysis of the effects of different errors on the diffraction intensity
distributions is carried out. Experiments have shown that the testing method can achieve a continuously variable
shear ratio with the same REHG, and the comparison with a ZYGO GPI interferometer exhibits that the aberration testing method by the REHG is highly precise and also has a good repeatability. This testing method by the
REHG is available for general use in testing the aberrations of different optical systems in situ. © 2015 Optical
Society of America
OCIS codes: (120.0120) Instrumentation, measurement, and metrology; (120.3180) Interferometry; (050.1950) Diffraction gratings;
(120.5050) Phase measurement.
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1. INTRODUCTION
In the aberration measurement of highly precise projection optics for very large scale integration (VLSI), the coherent length of
the excimer laser is only about 1 mm, which makes it difficult for
conventional interferometers like Fizeau or Twyman–Green
interferometers to test the wavefront distortion. Due to the
common-path and self-reference features, the multilateral shearing interferometers (multi-LSIs) are available for aberration testing of optical systems with short coherent lengths [1–6]. Besides,
the multi-LSIs also show an advantage in compactness and good
suppression over environmental vibration compared with conventional interferometers. The cross grating lateral shearing
interferometer (CGLSI) is one of the most commonly used
multi-LSIs for aberration testing, and it was first proposed for
the extreme ultraviolet (EUV) wavefront metrology system in
extreme ultraviolet lithography system development association
(EUVA). The CGLSI consists of a two-dimensional Ronchi grating and an order selection mask. The wavefront passed through
the cross grating is diffracted into many different orders at first,
then the 1 orders in two orthogonal directions will be selected
by the order selection mask and the final lateral shearing
1559-128X/15/308913-08$15/0$15.00 © 2015 Optical Society of America

interferogram can be obtained in the image plane. The CGLSI
is highly precise and the fabrication of the cross grating and the
order selection mask is simple, however, the designing process is
relatively complex. The grating pitch, the distance between the
order selection windows on the order selection mask, and the
observation distance should all be specially determined according to the aperture and the focal length of the optics under test
[7,8]. Even to one specific grating pitch, a different optical system also corresponds to different parameters of order selection
masks. Therefore, the CGLSI is not suitable for general testing of
aberrations. The quadriwave lateral shearing interferometer
(QWLSI) based on the modified Hartmann mask (MHM) introduces a phase chessboard on the basis of a cross grating whose
duty ratio is 2/3, and the even and multiples of 3 orders are then
eliminated [9,10]. Different from the CGLSI, the QWLSI based
on the MHM has a large dynamic range and is capable of measuring different optical systems with the same equipment
[11,12]. However, as other orders including the 5 and the
7 orders still remain in the diffraction, the interferogram of
the MHM also suffers from the Talbot effect periodically under
monochromatic illumination [9,13] and the spacing from the
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MHM to the image plane should be carefully selected, which
means the lateral shear ratio that is limited by this spacing cannot
be freely chosen as well. Besides, the transverse resolution of the
interferogram obtained by the MHM degrades when the lateral
shear increases, so the MHM is usually placed very close to the
image plane with a small lateral shear ratio to ensure a better
transverse resolution [14]. A small shear ratio is typically better
for large wavefront distortions, as the shearing wavefront which
is the difference between two replicas of the original wavefront
with lateral shear will not be too large to be measured. However,
for the testing of tiny wavefront aberrations, a proper selection of
lateral shear ratio is beneficial to the enhancement of detection
sensitivity [15]. Furthermore, Rimmer and Wyant have estimated that the larger the amount of shear goes, the less rootmean-square (RMS) error will be obtained in the testing results
[16]. On the other hand, the amount of shear cannot be too large
either as the effective testing aperture will reduce with an increase
in lateral shear. As a result, the shear ratio should be determined
considering the dynamic range, the detection sensitivity, the
accuracy, and the effective aperture of the optical system under
test, and a continuously variable shear ratio is very important for
the general measurement of the optical system aberrations.
In this paper, a general lateral shearing interferometry
method to measure the wavefront aberrations with a continuously variable shear ratio is proposed based on the REHG. The
concept of the REHG has been introduced in our previous
work [17], and the optimal subdivision number, the fabrication
tolerance, and the continuous control of shear ratio which need
to be further studied are presented in this paper. Section 2 describes the basic principle of our testing method. The detailed
designing of the REHG and the optimization of the subdivision
number is introduced in Section 3. Section 4 mainly presents
the error analysis due to the effects of different fabrication errors. The continuous control of the lateral shear ratio in relation
to the position of the REHG in the optical path is given in
Section 5. Section 6 describes the wavefront retrieval method
employed for the REHG. Finally, the microscopic images of the
actual REHG are shown and the aberration testing results of
different optical systems compared with the ZYGO GPI interferometer are presented in Section 7.
2. BASIC PRINCIPLE
The principle of the aberration general testing system based on
the REHG is illustrated in Fig. 1. Passing through the optics
under test, the light beam emitted from the collimator will converge and impinge on the REHG. In detail, the REHG is made
up of a randomly encoded binary amplitude grating and a phase
chessboard. Different from the conventional cross grating and
MHM, there are only four orders in the REHG diffractions,
which are exactly the 1 orders in two orthogonal directions.
As a result, the wavefront under test is diffracted into four
beams by the REHG, and the interferogram will be obtained
in the overlapped region of these beams on the image plane, as
shown in Fig. 1. Due to the elimination of all the other unwanted diffractions, the spacing between the REHG and the
CCD image is never restricted. The shear ratio can be controlled to be large or small by changing the distance from the
REHG to the image plane wider or narrower.

Fig. 1. Layout of the aberration general testing system with a continuously variable lateral shear ratio based on the REHG.

The wavefront distortion which indicates the system aberration can be extracted from the lateral shearing interferogram
obtained by the REHG. In the data processing procedure, the
interferogram is transformed into its Fourier spectrum at first
by a fast Fourier transform (FFT). Selecting the spectrum of the
1 orders on the angle bisector directions of the x and y axes,
the shearing wavefronts can be obtained from the interferogram
by the inverse FFT (IFFT) [18]. Finally, the Zernike coefficients and the wavefront distortion suggesting the aberration
of the projection optics can be further solved by the differential
Zernike polynomials fitting (DZF) method. Since no order
selection mask is ever needed for the REHG, the advantage
of this aberration testing method compared with the conventional CGLSI is that it can achieve general testing. Moreover,
the nonrestricted spacing between the REHG and the CCD
image plane makes it possible to vary the lateral shear continuously and properly in consideration of the dynamic range, the
effective testing aperture, and the demand of sensitivity and
accuracy.
3. DESIGN OF THE REHG
The REHG is based on the ideally calculated quadriwave
grating which only contains the 1 diffraction orders in two
orthogonal directions. The Fraunhofer diffraction T id u; v of
this ideal grating, which is the Fourier transform of its transmittance t id x; y, can be described as [10]
T id u; v  δu − f 0 ; v − f 0   δu − f 0 ; v  f 0 
 δu  f 0 ; v − f 0   δu  f 0 ; v  f 0 ; (1)
where u, v are, respectively, the spatial frequencies in the x and y
directions, and the peak frequencies of the 1 orders are f 0 .
Then the transmittance t id x; y of the ideally calculated quadriwave grating can be obtained by the inverse Fourier transform
of Eq. (1), which is
t id x; y  cos2πf 0 x cos2πf 0 y:

(2)

This expression can be seen as the product of the cosine functions in the x and y directions. The pitch d of this ideal grating
can be defined as
1
:
(3)
d
f0
Substituting Eq. (3) into Eq. (2), the ideal transmittance
t id x; y related to the grating pitch d is obtained from
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t id x; y  cos

  
2πx
2πy
cos
:
d
d

(4)

As the transmittance t id x; y ranges from −1 to 1, the negative transmittance cannot be achieved by a single amplitude
grating. Therefore, the ideal transmittance is decomposed into
its sign multiplied by its absolute value. The sign part can be
realized by a phase chessboard with 0 and π modulations, and
the effect of employing this phase chessboard turns out to be
eliminating all the even orders by shifting the frequency of each
diffraction order with 1∕2d [9]. For the amplitude part, we
proposed a randomly encoded method based on the quantization of radiant flux. The principle of the randomly encoded
method is to simulate the similar radiant flux in each area
element on the ideal quadriwave grating, and it consists of three
steps, which are grid division, quantization, and random encoding [17].
At the beginning, the amplitude distribution of the ideal
quadriwave grating is divided into N × N grids in Fig. 2(a),
and the average transmittance t̄ i;j of a certain grid whose grid
coordinate is i; j can be easily calculated using Eq. (4). Next,
each grid is subdivided into M × M pixels. The radiant flux in
every grid is uniformly quantized into M 2  1 quantization
levels so that the transmittance of Grid i; j, which equals
the quantized radiant flux divided by the total radiant flux
in a transparent grid, approximates the average transmittance
t̄ i;j in the corresponding grid on the ideal quadriwave grating.
Finally, every pixel is encoded with 0 or 1 to fit the quantized
radiant flux in each grid: 0 means the light is blocked by the
pixel, while 1 means the pixel is transparent. We prefer the random function for pixel encoding rather than some fixed patterns because extra orders may be introduced by these fixed
patterns. In order to illustrate the randomly encoded method
clearly, the division number N is assumed to be 20 in Fig. 2(a).
Figure 2(b) illustrates different encoding results in Grid (15, 5)
with different subdivision numbers, as the average transmittance in Grid (15, 5) on the ideal grating is 0.48.
In the actual designing process, the pixel size will be no less
than 1 μm due to the fabrication limit. Therefore, the division
number N and the subdivision number M should be carefully
selected as the pixel size multiplied by N × M is one half of
the grating pitch. Since the final target of our designing is
to eliminate all the other diffractions except the only 1 orders,
comparison between the Fraunhofer diffractions of different

Fig. 2. Randomly encoded method based on the quantization of
radiant flux. (a) Transmittance distribution of the ideal quadriwave
grating in a half-period. (b) Different encoding results in Grid (15,
5) when the subdivision number M changes from 2 to 4.
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REHGs with different subdivision numbers has been made
in Fig. 3. The grating pitch of the REHGs in this comparison
is 50 μm and the pixel size is 1 μm. To make the high diffraction orders clearer, the normalized absolute value of the complex amplitude is given instead of the normalized intensity
which has been squared. It can be found that the diffractions
of the REHG when the subdivision number M  2 in
Fig. 3(a) contains many orders beside the central 1 orders.
As M goes up to 3 in Fig. 3(b), the amplitudes of these orders
decrease, and there are only four side lobes left in the diffraction. However, when M reaches 4 in Fig. 3(c), the amplitudes
of the side lobes and some other orders rise again. This comparison shows that the optimal result will be obtained when the
subdivision number M is chosen at 3.
The Fraunhofer diffractions of central orders by conventional cross grating and the designed REHG are shown in
Figs. 3(d) and 3(e). Order m; n illustrated in these figures
and the following passages represents that Order m; n is located on the mth order in the x direction and the nth order in
the y direction. Moreover, the x and y tick labels in Figs. 3(d)
and 3(e) also imply the locations of the orders in the x and y
directions, respectively. From this simulation, we can find
that the REHG eliminate almost all the other orders except
the 1 orders in the red dashed circles, which fits our designing
target well.
4. ERROR ANALYSIS FOR FABRICATION
TOLERANCE
The diffraction orders of the REHG are similar to those obtained with the ideal quadriwave grating, however, there are
still some tiny differences. Every group of 3 × 3 pixels on the
REHG comprises a quantization unit to simulate the amplitude
distribution of the ideally calculated grating, which will introduce a quantization error to the diffraction orders. Other errors
like the etching depth error, the sidewall steepness error, and
the grating alignment error will also bring in the differences

Fig. 3. Fraunhofer diffraction comparisons. (a), (b), (c) One-dimensional normalized absolute values of the complex amplitude of the diffractions by the REHGs when M  2, M  3, and M  4,
respectively. (d), (e) Detailed central orders of the Fraunhofer diffractions by the cross grating and the REHG.
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of the diffractions between the REHG and the ideal quadriwave
grating. Therefore, the analysis of the effect of these errors on
the final diffraction orders is very important for the REHG
fabrication tolerance determination.

Table 1. Relative Intensities (%) of the Central Orders
Compared with the Intensity of the Ideally Calculated
Order (1, 1) When the Etching Depth Error Factor is
Changing
Diffraction Orders

A. Quantization Error

The REHG is designed by quantizing the radiant flux on the
ideal quadriwave grating, which will inevitably result in quantization errors. As shown in Fig. 4(a) which is the normalized
absolute values of the complex amplitude of the Fraunhofer
diffractions by the REHG, the random function employed in
the encoding process will cause a baseband like the white noise,
and the size of the quantization element causes tiny side lobes
in the diffraction intensity. Figure 4(b) presents the relative intensity of the baseband and the side lobes compared with the
intensity of the ideally calculated Order 1; 1 when the
pixel size changes from 1 to 5 μm. These errors monotonically
increase with the enlargement of the pixel size. To obtain an
intensity distribution very close to the diffractions of the ideal
quadriwave grating, it is recommended that the size of the subdivided pixels should be less than 2 μm.
B. Etching Depth Error

The transmittance of the REHG alternates between the positive and the negative with the help of the phase chessboard, and
the negative transmittance is realized by etching the substrate to
obtain a phase modulation of π. The etching depth h can be
calculated with the following equation:
h

λ
;
2n − 1

(5)

where λ is the wavelength and n is the refractive index of the
substrate to be etched. However, it is very hard to ensure the
depth fixed precisely to our calculation, and some unwanted
diffraction orders will emerge again due to the deviation of
the etching depth. To analyze the influence of etching depth
error on these unwanted orders, the phase distribution φx; y
of the REHG is then obtained as follows:
 
  
2x
x
 comb
φx; y  1  Δe  · π rect
d
d
 
  
2y
y
 comb
;
(6)
· rect
d
d

Fig. 4. Analysis of the quantization error. (a) Normalized absolute
values of the complex amplitude of the Fraunhofer diffractions by the
REHG, which show the baseband and the side lobes caused by the
quantization error. (b) Relative intensities of the baseband and the side
lobes compared with the intensity of the ideally calculated Order
1; 1 when the pixel size changes from 1 to 5 μm.

Etching
Depth
Error Δe 0;0
2%
5%
8%
10%

0.273
1.703
4.347
6.775

1;0
5.485E-03
5.508E-03
5.509E-03
5.513E-03

2;0 2;  1 3;  1
0.024
0.161
0.419
0.657

1.836E-04
1.918E-04
2.048E-04
2.173E-04

3.489E-04
3.618E-04
3.802E-04
3.976E-04

where Δe is the factor of etching depth error and is
defined as
Δh
:
(7)
h
Considering that the intensity of central orders is stronger
than those of higher orders, the analysis of the influence of etching depth error and the other errors will be mainly focused on
the central orders, which are Orders 0; 0, 1; 0, 2; 0,
2; 1, and 3; 1. Table 1 shows the relative intensities
of different diffraction orders compared with the ideally calculated Order 1; 1 when the etching depth error factor
ranges from 2% to 10%. From this table, we can find that
the error of etching depth has a larger influence on the even
orders like Order 0; 0 and Order 2; 0 than on the other
orders, mainly because the etching depth error directly affects
the phase distribution of the REHG which determines the even
order intensities.
Δe 

C. Sidewall Steepness Error

The sidewall angle of etching sections on the phase grating is
another important parameter during the fabrication process,
which is designed to be 90° ideally. However, the sidewall
can hardly be etched perpendicular to the surface of the phase
grating and this sidewall steepness error may also cause other
orders except the 1; 1 orders existing in the REHG diffractions. The sectional view of the phase grating with sidewall
steepness error is shown in Fig. 5(a), where h is the etching
depth and θ is the sidewall angle. Then the phase distribution
φ 0 x; y of the REHG can be obtained as

Fig. 5. Analysis of the sidewall steepness error. (a) Etching depth
and sidewall angle on the phase chessboard. (b) Relative intensities
of the central orders compared with the intensity of the ideally
calculated Order 1; 1 when the sidewall angle changes from
30° to 90°.
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(8)
where m is an arbitrary integer.
The relative intensities of the central orders, as the sidewall
angle varies from 30° to 90°, are shown in Fig. 5(b). This figure
shows that the sidewall steepness error has little effect on the
intensity of the diffraction orders, and it is because the etching
depth is much less than the grating pitch. As the sidewall steepness rises gently, the effect of the sidewall angle on the other
unwanted diffraction orders becomes larger and larger, among
which Order 0; 0 is the most susceptible. During the fabrication of the phase chessboard by the reactive ion etching
(RIE), the sidewall angle can be ensured to be larger than 80°,
so the influence of the sidewall steepness error can be regarded
as negligible to our final diffraction orders.
D. Grating Alignment Error

The REHG is made up of a binary amplitude grating combined
with a phase chessboard, and these two elements should be set
very close to each other and precisely aligned so that the amplitude and phase distributions of the REHG will fit our design. However, the grating alignment error is inevitable as the
precision of the adjusting mechanism is limited in the experiments; therefore, the diffraction intensities will also be affected.
The analysis of the intensities of the unwanted central orders
compared with the ideal Order 1; 1 is shown in Table 2.
The relative intensities of the even orders like Order 0; 0 and
Order 2; 0 is much lower than that of the odd orders like
Order 3; 1. This is mainly because the alignment error
affects the amplitude distribution more than the phase distribution of the REHG. Since the alignment error is relative, if the
phase chessboard is regarded static as a reference object, the
displacement of the binary amplitude grating will result in
the growth of the intensities of the odd orders. From this table,
Table 2. Relative Intensities (%) of the Central Orders
Compared with the Intensity of the Ideally Calculated
Order 1;  1 When the Grating Alignment Error Varies
from 1 to 5 μm
Diffraction Orders
Alignment
Offset
(μm)
0;0
1
2
3
4
5

1.476E04
3.683E04
4.452E04
5.598E04
2.552E03
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to make the relative intensities of the unwanted orders less than
2%, we can also find that the grating alignment error should be
less than 3 μm to make this error negligible to the experiment
result.
5. LATERAL SHEAR RATIO CONTROL
After the REHG is fabricated and employed in the measurement, the shear ratio of this lateral shearing measurement
can be controlled to be large or small by changing the distance
from the REHG to the image plane. As shown in Fig. 6, assume
that d is the grating pitch, λ is the coating wavelength of the
optics under test, D and f are the aperture and the focal length
of the optics, respectively, l 1 is the distance between the optics
and the REHG, and l 2 is the distance between the REHG and
the image plane. The shear ratio β can be deduced in the same
way like the conventional CGLSI mathematical modeling [7].
One difference is that the diffraction orders contributing to
the interferogram in the CGLSI is one-dimensional. They are
diffracted into either the x direction or the y direction. However,
for the REHG, the diffraction orders are two-dimensional, as
they are diffracted into the angle bisectors of the x and
pﬃﬃyﬃ axes.
As a result, the shear ratio β should be multiplied by 2 from
the original CGLSI shear ratio, which is
pﬃﬃﬃ
s
2 2l 2 λf
;
(9)
β 
T
l 1  l 2 Dd − Dd f
where s is the amount of shear and T is the diameter of one
shearing wavefront on the imaging plane. During the measurement, the image plane should be set at a certain distance from the
optics under test so that the interferogram will completely fills
the field of view (FOV) of the CCD. The shear ratio β can be
further obtained as
pﬃﬃﬃ
2 2l 2 λ
;
(10)
β
hd  2l 2 λ
where h is the height of FOV. It can be found that there is only
one variable in Eq. (10), which is the distance l 2 from the REHG
to the CCD image plane. The larger the distance l 2 goes, the
larger shear ratio β can be obtained.
One of the problems for the conventional QWLSIs to continuously vary the shear ratio under monochromatic illumination is that without the order selection mask their observation
distance will suffer from the Talbot effect periodically, and thus
the selection of the shear ratio is discrete. However, due to the
elimination of all the other diffractions except the only 1

1;0 2;0 2;  1 3;  1
4.488E03
7.561E03
7.744E03
8.699E03
1.245E02

1.687E04
1.801E04
7.097E04
9.121E04
3.166E03

5.973E-04

0.043

8.649E-04

0.311

1.819E-03

1.053

3.737E-03

2.506

4.443E-03

4.494

Fig. 6. Schematic diagram of the aberration general testing system
with variable lateral shear based on the REHG. G1, randomly encoded
binary amplitude grating; G2, phase chessboard.
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After obtaining the shearing wavefronts ΔW 1 x; y and
ΔW 2 x; y by the FFT method, the relationship between the
shearing wavefronts and the differential Zernike polynomials
can be expressed in the matrix form
ΔW  ΔZa;
where


ΔW 

Fig. 7. Normalized intensity propagation of a collimated beam diffracted by different gratings. The Talbot effect exists in the optical field
diffracted by the MHM but not for the ideal quadriwave grating and
the REHG.

orders, simulations in Fig. 7 have shown that the spacing
between the REHG and the CCD image is never restricted,
which is more like the ideal quadriwave grating than the MHM.
This simulation calculates the different intensity propagations by
the ideal quadriwave grating, the MHM and the REHG, respectively. It is based on the theory of Fresnel diffraction and is carried out in case of a collimated beam striking on these gratings.
Resulting from Eq. (10) and Fig. 7, a continuously variable
lateral shear ratio can be achieved by simply moving the position
of the REHG.
6. DATA PROCESSING PROCEDURE
After obtaining the lateral shearing interferogram, we can retrieve the wavefront from the interferogram with FFT and the
differential Zernike polynomial fitting method, which is similar
to the data processing procedure in the CGLSI. First, the
Fourier spectrum is obtained by Fourier transforming of the
original interferogram, and then the shearing wavefronts are
extracted from the interferogram by selecting the 1 orders on
two orthogonal directions and performing IFFT [18]. The
wavefront under test will be retrieved by integrating the two
shearing wavefronts with the DZF method [19,20]. However,
as has been shown in Fig. 6, the centers of the replicas are along
the angle bisectors of the x and y axes by the REHG, which is
different from the location of diffraction beams in the CGLSI,
and the mathematical model for DZF needs corresponding
changes. Assuming the wavefront aberration of the optics under
test is W x; y, the two shearing wavefronts in the directions
along the angle bisectors of the x and y axes can be described as



9
ΔW 1 x;y  W x − 2s ;y − 2s − W x  2s ;y  2s =


 : 11

ΔW 2 x;y  W x − 2s ;y  2s − W x  2s ;y − 2s ;
The differential Zernike polynomials also need a corresponding
change in the coordinate expressions, which can be defined as



9
ΔZ 1  Z j x − 2s ; y − 2s − Z j x  2s ; y  2s =



 ;
12
ΔZ 2  Z j x − s ; y  s − Z j x  s ; y − s ;
2

2

2

2

where Z j is the jth term of the Zernike polynomial basis
function.


ΔW1
;
ΔW2

(13)


ΔZ 


ΔZ1
:
ΔZ2

The coefficients a of the Zernike polynomials are obtained with
the least-squares solution of Eq. (13), that is
a  ΔZT ΔZ−1 ΔZT ΔW:

(14)

With these Zernike coefficients, the wavefront aberration of the
optics under test can be finally calculated.
7. EXPERIMENT RESULTS
A. Fabrication and Characterization of the REHG

According to the fabrication tolerance obtained in the error
analysis above, a REHG whose pitch is 120 μm is separately
fabricated using RIE and electron beam lithography (EBL).
The binary amplitude grating is encoded with pixels whose
transmittance is 0 or 1 with EBL on the chrome mask, and the
pixel size is set to 2 μm, while the phase grating is made by RIE
on the fused silica substrate. The characterization results of the
REHG are shown in Fig. 8. Figure 8(a) is the reflection-type
microscopic image of the randomly encoded binary amplitude
grating. The chrome mask is bright in this image and the dark
pixels are actually transparent. Figure 8(b) shows the testing
results of the phase chessboard surface observed by a step profiler. The actual etching depth is 695.9 nm, which is 3.6 nm
different from the ideal etching depth of 692.3 nm when the
coating wavelength of the optics under test is 632.8 nm. The
sidewall angle is 88.99° with our measurement, and it is also
controlled in the tolerance range.
B. Interferograms with a Continuously Variable
Shear Ratio

In the experiment, the REHG mentioned above with a grating
pitch of 120 μm is employed to test the aberrations of two
different cemented doublet optics. The apertures of these two
optics are 30 mm and their focal lengths are 50 and 90 mm,
respectively. After the optics under test is placed in front of the
collimator, the CCD is at first set in the optical path to find the
best observation distance. Then the REHG is employed for

Fig. 8. Characterization of the actual REHG. (a) Reflection-type
microscopic image of the randomly encoded binary amplitude grating.
(b) Phase chessboard surface observed by a step profiler.
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lateral shearing interference. By simply moving the position of
the REHG, the interferograms with variable lateral shear ratio
can be obtained. Figure 9 shows the interferograms obtained
by the REHG with a different shear ratio, and a continuously
variable shear ratio from 0.059 to 0.119 can be achieved in the
measurement of different doublets.
To validate the nonrestricted feature of the spacing from the
REHG to the CCD, the partially enlarged details of the central
spots are shown in the red box in the top right corner of each
interferogram. It is found that in Figs. 9(c) and 9(f ) when the
REHG is relatively far from the CCD image plane, the central
spots in the interferograms are very smooth and of excellent
contrast. When the REHG gets close to the CCD, some particles begin to emerge in the spots and the contrast also slightly
goes down, mainly because the pixel size of 2 μm is still a bit
large. However, compared with the interferograms obtained by
the MHM with the same grating pitch in Fig. 10, the advantage
of the REHG is that the interferograms will not change from
square to cross to square periodically due to the Talbot effect,
which is the same as our simulation result in Section 5. Thus,
every spacing from the REHG to the image plane is suitable for
aberration measurement, and the continuity of the shear ratio
variation is then guaranteed.
C. Aberration Results of the Optics under Test

In order to compare the test results with the ZYGO GPI interferometer and to avoid the influence of the difference between
wavefront qualities of collimators, we employ the collimated
beam exiting from the ZYGO GPI interferometer as our testing
beam. This beam is converged by the optical system and
impinges on the REHG before it comes to the focal point. The
lateral shearing interferogram is obtained by a CCD on the image plane. In the experiment, two different cemented doublets
are tested successively by the REHG whose grating pitch is
120 μm. The interferograms of these two doublets are shown
in Figs. 11(a) and 11(b). In the data processing procedure, the
FFT method is first introduced to extract the shearing wavefronts from the interferograms with spatial carriers. The final
aberration test results can be further retrieved from these shearing wavefronts with the DZF method, which are shown in

Fig. 9. Interferograms obtained by the REHG with different shear
ratios. (a)–(c) Interferograms when the doublet with a 50 mm focal
length is under test. (d)–(f) Interferograms when the other doublet
with a 90 mm focal length is under test.
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Fig. 10. Interferograms obtained by the MHM with different shear
ratios. The central spots in (a) and (c) look like squares, while the spots
in (b) are cross shaped.

Figs. 11(c) and 11(d). Figures 11(e) and 11(f ) are the test results of the same doublets with the ZYGO GPI interferometer
equipped with a reference sphere. For the doublet whose focal
length is 50 mm, the peak-to-valley (PTV) aberration by the
REHG with a shear ratio of 0.066 is 2.80λ, while the RMS
aberration is 0.731λ. The test result with the ZYGO GPI
interferometer shows that the PTV is 2.84λ and the RMS is
0.699λ. The other doublet whose focal length is 90 mm has
a much smaller aberration. So we increase the shear ratio to
0.119 to enhance the detection sensitivity. The PTV aberration
by the REHG is 0.152λ and the RMS aberration is 0.035λ,
while the test result with the ZYGO GPI interferometer shows
that the PTV is 0.147λ and the RMS is 0.033λ.
From the experiments, we can find that the aberration test
results by the REHG are very close to the results of the ZYGO

Fig. 11. Aberration test results of two different cemented doublet
optics. (a), (c), (e) Interferogram of the doublet with a 50 mm focal
length, the test result by the REHG, and the test result with the
ZYGO GPI interferometer, respectively. (b), (d), (f ) Interferogram
of the other doublet with a 90 mm focal length, the test result by
the REHG, and the test result with the ZYGO GPI interferometer,
respectively.
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GPI interferometer, and the error mainly results from the tilts
and misalignment of the grating and the CCD image plane
[21]. In the experiment setup using the ZYGO GPI interferometer, the tilts in the measurement can be eliminated by the
self-alignment configuration between the optical system under
test and the reference sphere. For the REHG, these tilts are
reduced by careful alignment and adjustment, so it is difficult
to entirely eliminate the tilt error. However, one of the advantages of using the REHG for aberration testing is that it can
achieve in situ measurements by simply placing a REHG
and a CCD into the optical systems which are in need of test.
Compared with the conventional CGLSI or MHM, it does not
demand employing different order selection masks for testing
different optical systems and has a continuously variable lateral
shear ratio, which is very suitable for the general testing of
optical system aberrations. Moreover, the common-path characteristic of the REHG also provides test results with nice repeatability and good suppression over environment vibration.
8. CONCLUSION
A general testing method to measure optical system aberrations
with a continuously variable lateral shear ratio by the REHG is
proposed. The REHG consists of a randomly encoded binary
amplitude grating and a phase chessboard. Its Fraunhofer diffractions contain only four orders which are the 1 orders in
two orthogonal directions due to the combined modulation of
the amplitude and phase. As a result, no orders selection mask
like the one employed in the CGLSI is needed for lateral shearing interference by the REHG, and it can be moved freely for a
proper selection of the shear ratio, which is beneficial to the
variation of sensitivity and testing range for different requirements. To determine the fabrication tolerance of this hybrid
grating, the analysis of the effects of different errors such as the
quantization error, the etching depth error, the sidewall steepness error, and the grating alignment error on the diffraction
intensity distribution is also carried out. In the data processing
procedure, the DZF method that used to be employed in the
wavefront retrieval of the CGLSI interferogram has been
slightly modified due to the difference in the coordinate system.
Experiments have shown that the testing method can achieve a
continuously variable shear ratio with the same REHG, and the
comparison with the ZYGO GPI interferometer exhibits that
the aberration testing method by the REHG is highly precise
and also has a good repeatability. Compared with conventional
QWLSIs like the MHM or the CGLSI for aberration measurements, the testing method by the REHG has a continuously
variable shear ratio and does not need to design and fabricate
different order selection masks for the optical systems with
different apertures and focal lengths, which is available for general use in testing the aberrations of different optical systems
in situ, especially when the coherent length of the light source
is very short.
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