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Abstract: The resolut ions of CCD camera and digital computer are limited by Nyquist frequency when deep

aspheric w avefronts are tested using phase�shif ting technique. A new pow erful technique based on parallel

g enerat ions of three phase�shift pat terns through elect ronic multiplicat ion w ith computer�generated graft ings

and low pass filtering , is proposed for measuring w avef ronts w ith large departures f rom a reference sphere

such as those encountered during testing of steep aspheric surfaces. The phase dist ribution of aspheric sur�
faces is obtained using a three�step phase�shif t ing algorithm.
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1 � Introduction

� � Fringe analysis has become more and more

popular in industry for the evaluat ion and quant ita�
t ive analysis of opt ical components and systems.

T radit ional automat ic fringe analysis is lim ited in

phase�shift ing interferometry ( PSI)
[ 1�4]

and Fourier

transformer technology
[ 5]
. PSI is the most fre�

quent ly applied technique for analyzing interferom�
etry , but requires at least three phase�shif ted fringe

pat terns generated sequent ially by the appropriate

phase shift ing of fringes such as piezoelect ric t rans�
ducer driving mirror or w avefront modulation. T he

test ing of steep aspheric wavef ronts is limited by

the resolut ion of a CCD camera as w ell as the aber�
rations of imaging optics . The f requency beyond

Nyquist frequency may produce aliased interfero�
g ram that cannot be analyzed by using standard

technique PSI. The Fourier t ransform technique

requires high�resolut ion cameras and much more

computat ion loads for t ransformat ion and filtering.

In t radit ional aspheric test ing, testing an aspheric

surface in null conf igurat ion requires use of null

lens, i. e. opt ical compensators, and an auxiliary

optical system that can change the w avefronts, so

that it is normal to the standard surface. More�
over, a different opt ical compensator, w hich usual�
ly is expensive and results in aberrat ion misestima�
t ion of the system, must be const ructed for each

aspheric surface. Even the adapt ing of an opt ical

compensator may lead to be diff icult in alignment

and fabricat ion of the system, even delay a project

if a component must w ait for an opt ical compensa�
tor.

� � Recent ly, w ith the development of manufac�
turing methods for computer�controlled polishing
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of sphere and asphere, such as CCOS
[ 6�8]

( comput�
er�controlled opt ical surfacing ) , it is easy to pro�
duce aspheric surfaces w hose w avefronts are w ith

large departures f rom a reference sphere, especially

those encountered when test ing steep aspheric sur�
face. So tradit ional optical testing is quickly be�
com ing bot t lenecks in the applicat ion of aspheres to

optical design.

In this paper w e present a new and pow erful

techique to avoid the use of opt ical compensators

based on phase�shif ting electronic moir��pattern
technology. The pat tern is multiplied w ith com�
puter�generated reference pat terns to generate

phase�shifted moir� pat terns . So w e can test deep

aspheric surfaces with large departures f rom a ref�
erence sphere by directly testing surface.

2 � Principle of the phase�shifting
electronic moir��pattern tech�
nique

� � T he principle of this technique is based on the

delivery of three phase�shifted moir� patterns in

parallel and subsequent computat ion of phase by

computer memory.

F igure 1 shows a schematic diagram of fringe

analysis based on the phase�shift ing elect ronic

moir��pattern technique.

Fig . 1� Conceptual diagram of fringe pattern analysis

� � The reference fringe pat terns generated by

dig ital computer, having a frequency f r close to the

CCD spat ial frequency of the carrier fringes f s , are

stored in the f rame memory . So we obtained three

phase�shif ted interferogram stored in the f rame

memory as reference surface, w hich are elect ronic

v irtual plates named by us. The fringe pat tern ob�
tained by CCD camera is mult iplied w ith each of

the references by an electronic analog mult iplier

and low�pass filter to generate three phase shifted

moir� patterns . We w ill illum inate the principle as

the example of aspheres.

Aspherical surfaces with rotational symmetry

may be defined by means of the follow ing equat ion,

taking the z axis of revolut ion:

Z =
cS

2

1 + [ 1�( k + 1) c
2
s
2
]

1�2 + �
n

i= 1

A iS
2( i+ 1)

,

( 1)

where S
2
= x

2
+ y

2
, c = 1�R radius of curvature,

A i is the aspheric deformation constant, and k is

funct ion of the eccentricity of a conic surface ( k =

�e 2
) ;
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� � For clarity, f rom now on w e w ill take Z �ax is,
neg lect high �order terms, and keep low �order
terms in the aspheric equat ions.

Opt ical path difference ( OPD) between the

ideal aspheric w avefront and spherical surface most�
ly close to the ideal aspheric wavef ront in the direc�
t ion of normal line may be expressed by :

X opd =
cx

2

1+ [ 1�( k + 1) c
2
x

2
]
1�2 � cx

2

1 + [ 1�kc 2
x

2
]
1�2 � 1�( k + 1) c

2
x

2

1�kc 2
x

2

1�2

, ( 2)

T herefore, the irradiance of the double�beam inter�
ferogram being obtained by CCD camera may be

expressed by:

Io ( x , y ) = I ( x , y ) [ 1 +

�cos 2�f sX opd + �0 ( x , y ) ] , ( 3)

Where f s , �, and I ( x , y ) are the spat ial frequency

of carrier f ringes by CCD cameras, the background

bias, and modulation depths of the f ringes, respec�
t ively.

Based on the ideal aspheric w avefronts as ref�
erence surfaces, w e w ill get electronic pat terns

simulated by dig ital computer and stored in f rame

memory.

T he irradiance of the ideal aspheric expressed

in the follow ing as:

IR
i
( x , y ) = I ( x , y ) [ 1 + �cos( 2�f rX opd + � i ) ] ,

i = 1, 2, 3 , ( 4)

Where � i is the mutual phase shif t given init ially.

So w e obtain three phase�shif ted pat terns stored in

the frame memory as reference surfaces.

M ult iplying Eq. ( 3) by Eq. ( 4) , so w e ob�
tain:

I 0 ( x , y ) I R ( x , y ) =

I
2
o ( x , y ) + I ( x , y ) �cos[ 2�f sX opd + �0 ( x , y ) ] +

I ( x , y ) �cos[ 2�f rX + � i ] +
1
2
�
2

cos[ 2�( f r + f s ) X opd + �0 ( x , y ) �� i ] +

1
2
�

2
cos[ 2�( f s - f r ) X opd + �0 ( x , y ) + � i ] ,

( 5)

If Eq. ( 5) , 2
nd
, 3

rd
, 4

th
terms have a higher fre�

quency than cutof f of the filter, they can be omit�
ted by low�pass filter . So only 1 stands 5

th
term

controlled by computer w ill remain. Given the rela�
t ive phase step equal to ��2

I i ( x , y ) = �( x , y ) + �( x , y ) �

cos[ 2�( f s�f r ) X opd + �0 ( x , y ) + � i ]

i = 1, 2, 3; �i = ��4, 3��4, 5��4 , ( 6)

�, �are the bias and the modulat ion�depth factors,

respectively. Given f s�f r equals to zero, we get

three equat ions as w e expected as follows:

I 1 ( x , y ) = �( x , y ) + �( x , y ) cos �0 ( x , y ) +
�
4

,

( 7)

I 2 ( x , y ) = �( x , y ) + �( x , y ) cos �0 ( x , y ) +
3�
4

,

( 8)

I 3 ( x , y ) = �( x , y ) + �( x , y ) cos �( x , y ) +
5�
4

,

( 9)

From equat ions ( 7) , ( 8) , and ( 9) , w e obtain the

expected phase distribut ion as follows:

�( x , y ) = tan
�1 I 3 ( x , y ) �I 2 ( x , y )

I 1 ( x , y ) �I 2 ( x , y )
, ( 10)

3 � Application and implementation of

analysis of moir� fr inge patterns

� � In order to implement this technique, we de�
sign a f ringe analy zer . The f ringe analy zer mainly

consists of three parts � � � a phase computation cir�
cuit, an electronic moir� pat tern generator, and a

phase�unw rapping processor
[ 9]
, as show n in Fig.

2.
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Fig. 2 � Conceptual illustration

( I f �( n) ��( n�1) ��, BIAS= BIAS�2�; I f �( n) ��( n�1) � �, BIAS= BIAS+ 2�)

F ig. 3� Diagr am of parallel signal processor for implementing phase shift ing algorithm

� � T he fringe pat tern obtained by a CCD camera

and three reference patterns stored in the f rame

memory are input ted into the elect ronic moir� pat�
tern generator. The f ringe pat tern obtained by the

CCD camera mult iplied w ith three reference each

by analog mult iplier and low �pass f ilter to produce

three phase�shift moir� patterns. Those pat terns

are input ted into the parallel signal processor, as

shown in Fig. 3. In this system, the CCD camera

and the processing operations are synchronized to

the same sampling clock. By subtract ion of the in�
put moir� pat terns, I 2 �I 2 and I 3 �I 2 are generated

and digit ized w ith analog �dig ital converters. For

the testing of aspheric surface w ith large departures

from a reference sphere, such as those encountered

when test ing steep aspheric surface, we can use

this technique so as to avoid the use of opt ical com�
pensators to analyze the aspheric surface to be test�
ed. Ideal aspheric w avefronts IR ( x , y ) generated

by the dig ital computer as reference w avefronts are

stored in the f rame memory , as show n in Fig. 4 at

top left . If the spherical aberration of ( x
2
+ y

2
)

and coma of y ( x
2
+ y

2
) are input ted into ideal as�

pheric wavef ront, w e can regard this w avefront

I ( x , y ) as a CCD camera one, as shown in Fig. 3

at dow n left . M ultiplying I R ( x , y ) by I 0 ( x , y )

and those f requency , which are higher than the

cutof f of the f ilter , can be removed by a low�pass
filter, as show n in Fig. 5 . Clearly, the fringe pat�
tern in Fig. 4 shows the shape of the spherical aber�
ration of ( x

2
+ y

2
)
2
and coma of y ( x

2
+ y

2
) .
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F ig. 4 � Aspherical shape based on phase�shifting electronic moir� patterns

Fig . 5 � Phase shifting electronic by low pass filter

4 � Conclusion

� � By means of phase�shift ing electronic

moir��pattern technique, w e present a simple and

powerful technique to test deep aspheric surface

with large departures from reference sphere w ith�
out using an optical compensator. T he advantage of

this technique is that in this case the compensat ion

is achieved numerically rather than optically. Un�
fortunately, the present technique is lim ited to un�
w rapping only full�f ield phase maps that have no

invalid areas inside them. So w e need study of the

optimizat ion parameters and the implementat ion of

the experiment.
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摘要:通过相移技术检测深度非球面波前时, CCD相机和计算机分辨率受到 Nyguist 频率的限制。基于相互平行相移莫

尔条纹干涉技术,我们提出一种新颖有效的检测技术。相互平行的相移电子莫尔条纹是由计算机产生三幅光栅作为参

考波前,分别和输入被检干涉图相叠加, 并通过低通滤波器滤波滤掉高频而得到的。最后, 由三步相移算法, 我们得出非

球面的面形分布。
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