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Far-¯eld °uorescence microscopy has made great progress in the spatial resolution, limited by
light di®raction, since the super-resolution imaging technology appeared. And stimulated emis-
sion depletion (STED) microscopy and structured illumination microscopy (SIM) can be grouped
into one class of the super-resolution imaging technology, which use pattern illumination strategy
to circumvent the di®raction limit. We simulated the images of the beads of SIM imaging, the
intensity distribution of STED excitation light and depletion light in order to observe e®ects of
the polarized light on imaging quality. Compared to ¯xed linear polarization, circularly polarized
light is more suitable for SIM on reconstructed image. And right-handed circular polarization
(CP) light is more appropriate for both the excitation and depletion light in STED system.
Therefore the right-handed CP light would be the best candidate when the SIM and STED are
combined into one microscope. Good understanding of the polarization will provide a reference
for the patterned illumination experiment to achieve better resolution and better image quality.

Keywords: Structured illumination microscopy; stimulated emission depletion microscopy;
polarized light; di®raction limit.

1. Introduction

Fluorescence microscopy is widely used in life-
science ¯eld. However, the spatial resolution of con-
ventional °uorescence microscopy is limited because

of the di®raction of light, which is called the Abbe

di®raction limit.1 Over the past decade the research-

ers have developed several super resolution techni-

ques, such as stimulated emission depletion (STED)
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microscopy,2,3 structured illumination microscopy
(SIM),4,5 photoactivated localization microscopy
(PALM).6 and stochastic optical reconstruction
microscopy (STORM)7 to circumvent the di®raction
limit. And these super resolution techniques can be
divided into two categories. The STED and SIM
techniques are based on patterned illumination. In
this category of techniques, a patterned light is ap-
plied to the sample to modulate its °uorescence
emission. And the PALM and STORM use single-
molecule imaging and locating method to obtain the
center of the single molecule to achieve super resolu-
tion imaging. So the accuracy of the locating method
is related to the resolution, and the brightness of the
used dye can also a®ect accuracy of the locating
method. Therefore locating algorithm and °uorescent
dye are the key factors to a®ect the resolution of this
kind of super resolution technique. However, the
wavelength, frequency, polarization, amplitude and
phase of the illumination beam have e®ects on the
patterned light. Here, we focus on the e®ect of light
polarization on patterned illumination super resolu-
tion techniques.

The polarization of light in structured illumina-
tion was employed to enable single-shot optical
sectioning by utilizing polarization-maintaining
properties of °uorescent dyes, which was called
polarized illumination coded structured illumina-
tion (pico-SIM).8 And three-beam interference with
circular polarization (CP) for SIM was proposed to
provide isotropic illumination and routinely main-
tained modulation contrast at all orientations
without a complicated polarization rotator.9

In STED microscopy, circular polarized beam
was widely used in generation of either 2D or 3D
super-resolution spots.10 However, cylindrical vec-
tor beams, especially radially polarized beam and
azimuthally polarized beam, gained more attention
in STED microscopy recently.11–13 The researchers
also studied the relationship between the polariza-
tion of the beam and the size of the dark focal
spot.14

Some researchers have applied the STED to the
nonlinear SIM.15,16 And the two techniques may be
combined within one microscope for di®erent pur-
poses of super resolution imaging. This manuscript
aims to analyze the optimal beam polarization when
the two super resolution techniques are combined
within one microscope through computer simula-
tion. To demonstrate the in°uence of polarized light
of di®erent modes on the quality of images of SIM

and STED, we simulated images of °uorescence
beads for SIM and scanning spot of the excitation
light and depletion light with polarization for
STED.

2. Two Pattern Illumination

Super-Resolution Imaging Modes

2.1. SIM

The principle and image reconstruction algorithm of
SIM were brie°y given based on that of Gustafsson.4

The detection °uorescence distribution DðrÞ is a
convolution of the distribution of °uorescent emis-
sion EðrÞ with the point spread function H(r) of the
system,

DðrÞ ¼ ðE �HÞðrÞ ð1Þ
And if an object is excited with illumination inten-
sity IðrÞ, and the density distribution of °uorescent
dye is SðrÞ, the resulting emission °uorescence dis-
tribution is

EðrÞ ¼ SðrÞIðrÞ ð2Þ
and the illumination intensity distribution of two-
beam interference is described as9

I½rðx; y; zÞ; �; ��

¼ 2I1 þ
1

2

2

1þ e2

� �
cos2� þ cos 2�sin2�ð Þ

þ 2e2

1þ e2

� �
cos2� � cos 2�sin2�ð Þ

2
6664

3
7775

� 2I1 cos
2kx cos � sin �

þ2ky sin � sin� þ 2’

� �
;

ð3Þ
where k ¼ 2�=�, ellipticity e = x=y; x and y corre-
spond to the lengths of the semi-major and semi-
minor axes; e = 0 and 1 represent linear polarization
(LP) and CP, respectively. Here, the expressions of
the intensity distribution of the left-handed CP and
right-handed CP are the same. ’ is the initial phase
of the illumination light. Half of the angle between
the two ¯rst-order beams is interaction angle �;
which is set at 40�. � is the pattern orientation.

Accordingly, the corresponding spectrum in fre-
quency space is described by

DðkÞ ¼ ðSðkÞ � IðkÞÞOTF ðkÞ; ð4Þ
where DðkÞ, SðkÞ, IðkÞ and OTF ðkÞ are Fourier
transforms of DðrÞ, SðrÞ, IðrÞ and HðrÞ.
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The expression IðrÞ in Eq. (3) represents the in-
tensity distribution of two-beam interference. And
its Fourier transform IðkÞ contains 0 and � 1 order
high frequency information. So the observable
emission spectrum of the formula (4) contains three
spectrum components of sample structure: the zero-
order component with the same information as the
conventional image; � 1 order high frequency com-
ponents with encoded super-resolution information.
By changing the illumination phase and capturing
three images at di®erent phases, we can separate
the three high frequency components. And then the
� 1 order high frequency components are shifted to
the right position, then the three components are
superimposed to obtain the extended spectrum.
However, the spectrum is extended only in one
illumination direction. By repeating the above
procedure for other illumination orientations, the
extended spectrum of the other direction is obtained
to restore the isotropic resolution improvement.
And the inverse Fourier transform is applied to
the extended spectrum to obtain the super resolu-
tion image. And for detailed information please see
Ref. 4.

2.2. STED Microscopy

The complex amplitude of the Gaussian beam at the
input plane can be written as

E0ð�; �Þ ¼ A0 exp �� 2 sin
2�

sin2�

� �
; ð5Þ

where, A0 is the amplitude of the Gaussian beam,
� ¼ a/w is the truncation parameter, that denotes
the fraction of the beam inside the aperture, with a
as the aperture radius and ! as the beam size at
waist. � is the conic angle (the angle between the
optical axis and the given ray), � is the maximum
semi-aperture angle of the objective, and the nu-
merical aperture NA ¼ n sin �max, n is the refractive
index. Using the vectorial Debye theory, the ¯eld
distribution of the point near focus is given by17

Eðx;y;zÞ ¼ �iC

�

Z �

0

Z 2�

0

E0

ffiffiffiffiffiffiffiffiffiffi
cos�

p
A1ð�;’Þ

� exp½iknðx sin�cos’þ ysin� sin’þ zcos�Þ�
��sð�;’ÞP ð�;’Þ sin�d�d’: ð6Þ

Here, C is related to the optical system para-
meters, � is the wavelength in the medium, And
k ¼ 2�/� is the wave number. (x, y, z) are the

Cartesian coordinates of the point in the focal re-
gion. A1(�, ’) represents the wavefront aberration
function, here we ignore the aberration. So A1(�,
’Þ ¼ 1. �s(�, ’) is the phase delay of the phase
mask inserted on STED beam. For a commonly
used 0–2� vortex phase plate, the phase delay �s(�,
’Þ ¼ expði’Þ; 0 � ’ � 2�. And P (�, ’) represents
the polarization distribution of input light and can
be expressed as

P ð�; ’Þ ¼
1þ ðcos �� 1Þcos2’ ðcos �� 1Þ cos’ sin’

ðcos �� 1Þ cos’ sin’ 1þ ðcos �� 1Þsin2’

� sin � cos’ � sin � sin’

2
64

3
75 px

py

� �
:

ð7Þ
The Jones matrix of

px
py

h i
of LP and CP can be

expressed as18

X/Y LP:

px
py

� �
¼ 1

0

� �
and

0
1

� �
: ð8Þ

Right-hand/Left-hand CP:

px
py

� �
¼ 1ffiffiffi

2
p 1

i

� �
and

1ffiffiffi
2

p 1
�i

� �
: ð9Þ

And, the intensity distribution of the point near
focus could be calculated by

I ¼ Eðx; y; zÞj j2: ð10Þ

3. Results and Discussion

To demonstrate the e®ects of light polarization on
SIM imaging, we simulated two-beam interference
structured illumination with di®erent polarization.
In the simulation, the emission light wavelength is
set at 520 nm, and the numerical-aperture is set at
0.8. Here, LP represents ¯xed LP without rotating
polarization with pattern orientation. The beams of
s-LP occurs only at pattern orientation � ¼ 0�. The
simulated sample is several randomly distributed
100 nm beads.

First, we simulated single pattern orientation
with LP and CP. We found that the ¯xed LP of two
¯rst-order beams in pattern orientation 90� has the
lowest modulation contrast. And the modulation
contrast of CP in pattern orientation 90� is better
than that of LP, as shown in Figs. 1(a) and 1(b).
To quantitatively compare the resolution improve-
ment of the di®erent polarizations, we plotted the
intensity pro¯les of the single bead along 90�
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direction (red dotted line) with Gaussian ¯t, shown
in Fig. 1(c). The FWHMof reconstructed LP andCP
SI image are 245 nm and 152 nm, respectively. This
result re°ects that CP and LP have di®erent mod-
ulation depths. And the modulation depth obviously
a®ects the resolution improvement.

And we simulated three pattern orientations
(0� þ 60� þ 120�) for isotropic resolution enhance-
ment. The results of images of 100 nm °uorescence
beads for conventional wide-¯eld and SIM recon-
structed from three pattern orientations of LP and
CP are shown in Fig. 2. The conventional image and
intensity distribution of the single bead (red arrow)
are shown in Figs. 2(a) and 2(d). And Figs. 2(b) and
2(e), 2(c) and 2(f) show those reconstructed from LP
and CP, respectively. As shown in Fig. 2(d), the
FWHMof conventional image is� 320 nm.As shown
in Figs. 2(e) and 2(f), the resolution improvement is
nearly a factor of two, and the FWHM along 0� di-
rection are 146 nm and 165 nm with LP and CP.
However, the FWHM along 90� direction of CP is
better than that of LP, which are 180nm and 215nm,
respectively. And the FWHM of other directions are
also calculated, for instance, 174 nm and 187 nm for
LP and CP along 45� direction, and 172 nm and
166 nm for LP and CP along 135� direction. This
result shows that the reconstructed images of CP
have better isotropy than that of LP.

To explain the di®erent reconstructed results
with LP and CP, we ¯nd that the coe±cient of 2I1
of the second term in Eq. (3) is di®erence between
LP and CP. And the coe±cient of 2I1 is called

modulation contrast. We calculate the modulation
contrast of interference with two beams in pattern
orientation from 0� to 180� for LP and CP, which
is shown in Fig. 3. As shown that the contrast has
the maximum value 1 with orientation 0� and the
minimum value about 0.174 with orientation 90� for
LP. It is the di®erent contrast that causes the
FWHM of reconstructed image of LP with 0� ori-
entation better than that with 90� orientation. And
therefore the reconstructed image produces poor
isotropy. However, the contrast has stable value
about 0.59 for CP, which produces better isotropy.

To demonstrate the e®ects of light polarization
on STED, we consider three kinds of typical polar-
ized light, X-direction LP, right-handed and left-
handed CP. And the simulated intensity distribu-
tion of excitation light with three kinds of typical
polarized light is shown in Fig. 4. As shown in
Fig. 4(d), the intensity distribution of linear polar-
ized light is slightly elongated in the X-direction
deviation. However, in Figs. 4(e) and 4(f), the
intensity distribution of right-handed circular
and left-handed circular polarized light is more
uniform.

Figure 5 demonstrates the intensity distribution
of depletion light with 0–2� vortex phase plate with
three polarizations. As shown in Figs. 5(a) and 5(d),
with LP the spot is not round, the intensity distri-
bution is slightly elongated in the X direction de-
viation and the boundary is fuzzy. However, in
Figs. 5(b) and 5(e), with right-handed CP the spot
is round with a dark center and sharp boundary.

(a) (b) (c)

Fig. 1. Simulations of resolution improvement by structured illumination in pattern orientation 90�. (a) is the reconstructed result
for ¯xed LP, (b) is for CP. (c) is the intensity pro¯les of single bead (red dotted line) in Figs. (a) and (b) along pattern orientation
with Gaussian ¯t.
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But in Figs. 5(c) and 5(f), the spot boundary is also
round and sharp, but the center cannot reach
darkness completely.

An ideal intensity distribution of STED beam is
hoped to be a null intensity surrounded with a steep
intensity pro¯le at the periphery. The above results
show that LP is not suitable for STED imaging, as
it produces asymmetrical intensity distribution.
Although the left-handed CP can create doughnut
pattern, the center of the focal spot cannot achieve
darkness completely, which would cause low e±-
ciency of STED. And the right-handed CP can
generate a zero intensity at center and a steep in-
tensity pro¯le at the periphery. Therefore, the right-
handed CP is more appropriate for the STED mi-
croscopy. In summary, the right-handed CP would
be the best candidate when the SIM and STED are
combined into one microscope.

(a) (b) (c)

(d) (e) (f)

Fig. 2. Simulations of e®ects of polarization on reconstructed image. (a) and (d) are the image and intensity pro¯les of the bead
(red arrow) with Gaussian ¯t for conventional wide-¯eld microscopy. (b) and (c) are the SIM reconstructed images with three
pattern orientations — 0�, 60� and 120� for ¯xed LP and CP. (e) and (f) are the intensity pro¯les of the bead (red arrow) with
Gaussian ¯t for ¯xed LP and CP in (b) and (c). The intensity pro¯les are along 0�, 45�, 90�, 135� direction, respectively.

Fig. 3. Modulation contrast for interference with two beams
for two case — CP and ¯xed LP in pattern orientation from 0�

to 180�. The interaction angle � is 40�.

E®ect of light polarization
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(a) (b)

(c) (d)

(e) (f)

Fig. 4. Images of the scanning spot and normalized intensity distribution of excitation light with their di®erent polarization on
focus. (a), (b) and (c) correspond to LP (X-direction), right-handed CP and left-handed CP, respectively. The intensity dis-
tributions in (d), (e) and (f) are along the spot center X ¼ 0 nm (solid line), Y ¼ 0 nm (dot line) in (a), (b) and (c) respectively.
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4. Conclusions

In summary, we con¯rm that the polarization of
illumination light has an e®ect on the patterned il-
lumination super-resolution imaging. In SIM, we
show that circularly polarized light is more suitable,

compared to ¯xed LP, for SIM on reconstructed

image quality, as the reconstructed image of CP has

better isotropy than that of LP. And in STED,

right-handed CP light is more appropriate for both

the excitation and depletion light in STED system.

(a) (b)

(c) (d)

(e) (f)

Fig. 5. Images of the scanning spot and normalized intensity distribution of di®erent polarization on focus with a 0–2� vortex
phase plate. (a), (b) and (c) correspond to the LP (X-direction), right-handed CP and left-handed CP, respectively. The intensity
distributions in (d), (e) and (f) are along the spot center X ¼ 0 nm (solid line), Y ¼ 0 nm (dot line) in (a), (b) and (c) respectively.
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So, when the SIM and STED are combined with
each other into one microscope, the right-handed
CP light would be the best candidate. Through
simulation, we are able to obtain the optimized
polarization to guide experiments and achieve bet-
ter resolution and better image quality.
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