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In order to improve the spatial resolution of a confocal system, a lateral birefringent pupil filter is introduced into
a differential confocal system which consists of two polarizers and a birefringent element between them. The
expression of the pupil function is deduced using Jones algorithm. The size and position of the birefringent pupil
filter are optimized by analyzing the first zero ratio, one of the most important parameters. Lateral superresolution can be realized by changing the direction of the polarizer in the radial birefringent pupil filter and the
angle between the axis of the birefringent element and the optical axis. A maximum improvement of axial superresolution can be realized by detecting the difference between the signals coming from two optical paths. The
results of theoretical analysis and preliminary experiment indicate that the optimized pupil filter can be used to
bring the axial resolution up to 3nm and to significantly improve the lateral resolution while the lateral size
deviates from the standard step by 0.27μm . The spatial resolution of imaging and detecting can be further
improved by introducing radial birefringent pupil filter into a confocal system.
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1. Introduction
Since the 50s of last century, when it was first brought up by M.
Minsky, the confocal microscopy technology has been widely applied
in biomedicine, micro-electronics, and material science, due to its
high resolution and unique chromatographic ability. However, a
traditional confocal system could not satisfy the high resolution
requirement of imaging and detecting. With the development of verylarge-scale integration (VLSI) of semiconductor and the micrometer
or quantum devices, micro fabrication has reached the deep submicron and nano 3-D process stage[1]. Lateral deep sub-micro and
axial nano high spatial resolution have become an important objective
to be achieved in present confocal field.
Nowadays, introducing pupil filtering technology into confocal
microscope technology to realize super-resolution is the most
effective way to achieve optical super-resolution imaging[2-7].
Differential confocal detecting technology, complex dynamic color
confocal technology and dephasing detecting technology were put
forward to realize higher axial resolution[8]. In order to satisfy the
requirement of lateral high resolution, the research of “Spatial Superresolution Differential Confocal Microscopy based on Radial
Birefringent Pupil Filter (SSDCM based on RBPF)” is proposed in
this paper by introducing an optimized radical birefringent super-

resolution pupil filter into a differential confocal system, and
deducing the expression of the pupil function using Jones algorithm;
Lateral super-resolution can be realized by changing the angle
between the direction of the polarizer in the radial birefringent pupil
filter and the optical axis of the birefringent element; while the axial
super-resolution can be improved by differential detection of dual
optical path.

2. Principle of SSDCM based on RBPF
As shown in Fig.1 and Fig.2, filter can be placed in position A, B
and C[9-10]. The radial refringent filter is composed of two polarizers
and a birefringent element between them. Supposed the radius of
curvature of the spatial birefringent element is R (R<0), and the
minimum thickness of the element as d0. Its fast axis is defined as the
optical axis, and the angle between the optical axis and x axis as θ.
Thus, Jones matrix of the birefringent element could be expressed as
shown below:
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Where Δn is the difference of the birefringent materials, λ is the
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wavelength of incident light. d(r) is the thickness the birefringent
element at r. According to the Jones algorithm, the pupil function of
the radial birefringent filter could be deduced as:
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From Eq.(3), the pupil functions of object lens and collecting lens
can be obtained when the pupil filter is placed at position A, B or C in
the system.
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Fig. 1 Schematic diagram of differential confocal microscopy based
on pupil filter
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2.1 Lateral Response of SSDCM based on RBPF

d0

According to (4)-(9), the distribution of lateral response intensity
can be obtained when the object of the system is on the focal plane of
object lens, and there is no deviation in detector:
Polarizer

Polarizer

Radial birefringent element

Fig. 2 Diagrammatic sketch of radial birefringent filter and radial bire
fringent element
In order to apply the spatial birefringent element as a half-wave
plate along axis z, and a full-wave plate at position a away from axis z,
the unknown parameters of the pupil function are a and θ, which
are the size of filter and the angle between x axis. By evaluating the
parameters of super-resolution characteristics, it can be found that
when θ=π/4, the first zero coordinate G, one of the parameters, has its
minimum. The relationship between a and G can be obtained by
defining the first zero ratio. Considering the probability of processing,
a=7 is assigned. Thus the parameters of birefringent element are
obtained, d0=5.673mm，da=5.730mm，R=-427.55mm. So the pupil
function is obtained as shown below:
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We may also obtain the intensity response function I(v,u) of the
whole system:
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Where L stands for positions A, B, and C; uM is the axial
deviation of a detector; and the pupil functions of object lens and the
collecting lens are P1() and P2() respectively; J0(ρv) is the zeroorder Bessel function;  is the normalized radius, and =r/a; a is the
size of a lens; r is the radial coordinate and z is the radial defocusing

a) lateral response intensity

b) normalized lateral
response intensity

Fig.3 Relationship between lateral response intensity and pupil
position
It can be seen from Fig.3 that the system can be used to realize
lateral super-resolution in three positions; but its characteristics vary
with positions and defocusing amounts. The lateral resolution of the
system reaches its minimum when there is no filter at all, but the
response intensity is the highest. In position B, the response intensity
is the highest, while the lateral resolution is still higher than the one
when there is no filter. In position C, the response intensity is the
minimum and the lateral resolution is the highest. In position A, the
response intensity is higher than that of position C, and the resolution
is higher than that of position B; the resolution at A and C is nearly
the same.
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2.2 Axial Response of SSDCM
When the detectors have a defocusing amount, the axial response
function of SSDCM can be expressed as below:
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It can be seen from Eq.(11) that the axial response intensity
function has relations with the defocusing amount and the position
pupil filter placed. When the parameters of a pupil filter are fixed, the
axial response function of SSDCM is a binary function of normalized
axial coordinate u and axial deviation uM. When axial deviation
uM=5.21, the axial response curves of the pupil filter is as shown in
Fig.4.
It can be seen from Fig.4 that when the pupil filter is placed in a
different position, the axial response curves of differential confocal
imaging system vary. In summary, after introducing the pupil filter,
axial response curves become worse.

Fig.4 Relationship between axial intensity and position of filter

Fig.6 Comparison of axial response curves of pupil differential
confocal microscopic systems
In order to test the axial resolution of pupil differential confocal
microscopy system simulated by a liquid crystal spatial modulator,
we used P-517.3CD inching operating platform to make a traverse
motion periodically along axis z, to make sure that the measuring
system can recognize the periodical traverse motion as a criterion to
test the axial effective resolution. Shown in Fig.7 is the resolution test
curve of the axial resolution of differential confocal system with or
without birefringent pupil filter.
By comparing Fig.7 a) and b), we can see that, for a differential
confocal system, when the step length is 3nm or 2nm, the system can
recognize the surface periodical traverse motion forward or backward
correctly; when the step length is 1.5nm, the experimental curve
presents mistakes about the direction in some places. Therefore, we
can regard the axial resolution of the system is 2nm. For the superresolution pupil confocal microscopy system, when the step length is
4nm or 3nm, the system can recognize the surface periodical traverse
motion forward or backward correctly; when the step length is 2nm,
there are several mistakes about the direction from the third data point
in the experimental curves. Thus, we think the axial resolution of the
system is 3nm.

2.3 Experiment and Analysis
The experimental set-up of SSDCM is based on the principle
shown in Fig.1. During the experiment, a liquid crystal spatial
modulator (SLM) based on birefringent principle was used to
simulate the pupil filter placed in position A. And the correlative
phase-modulation could be carried out on a grey-scale map.

2.3.1 Experimental Analysis of Axial Response
a) without the pupil filter element

b) with the pupil filter element

Fig.7 Experimental curve of axial resolution of pupil differential
confocal system

2.3.2 Experimental Analysis of Lateral Response

a) without pupil filter element

b) with pupil filter element

Fig.5 Experimental axial response of the differential confocal system
It can be seen from Fig.5 a) and b) that the linearity of axial
intensity response curve after differential is much better than that of
the single path. Within its focusing range, the axial response curve has
its rate of slope twice higher and has an absolute zero point.
As shown in Fig.6, birefringent pupil filter placed in position A
will cause a little decrease in the axial characteristics of the superresolution differential confocal system.

During the experiments, we used TGZ1-PTB grating as a
standard step to test the lateral resolution of the system, which is a
grating structure with a period of 3±0.01μm, and a height of
21.3±0.9nm.
As shown in Fig.8, the coordinate in the position of 1/4 height of
the step response from A to B and the one from C to B, are (3.547,
0.2848) and (5.232, 0.2796), respectively. The separation of their
horizontal ordinate is 1.685μm, with a deviation of 0.185μm which is
comparable to 1.5μm shown in the TGZ1-PTB certification. That is to
say, the deviation from the lateral width of standard step is 0.19μm, if
NA=0.75, when the laser source with wavelength of 632.8nm is used.
As shown in Fig.8, the coordinate in the position of 1/4 height of the
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step response from D to E and the one from F to E, are (3.514,
0.3197) and (5.28, 0.2576), respectively. The separation of their
horizontal ordinate are 1.746μm, with an extra 0.266μm which is
comparable to what is shown in TGZ1-PTB certification. In summary,
under the same condition, the lateral resolution of the system can be
greatly improved by introducing the birefringent filter.
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Fig. 8 Comparison of scanning curves of the step during the
experiment

3. Conclusions
Contents In order to improve the resolution of our optical system,
by combining the super-resolution pupil filtering technology and the
differential confocal microscopy, the super-resolution differential
confocal sensing method and technology based on the birefringent
principle are carefully studied. In order to suppress the side lobe and
to have a high axial resolution, we introduce a specially designed
radial birefringent pupil filter into differential confocal system, to
enable the system to realize 3-D super-resolution. The imaging
characteristics of the super-resolution differential confocal
microscopy with a birefringent pupil filter are discussed in detail,
especially the super-resolution character and the response sensitivity
with the filter placed in different positions. Experimental results
indicate the effectiveness of the super-resolution ability of the system.
Seen from the result, the lateral characters of the system can be
improved by introducing the birefringent element. However, due to
the influence of the performance parameters of a liquid crystal spatial
modulator, there is much room for further improvement of the lateral
characters of the system when a real birefringent element is
introduced.
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