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Structured illumination microscopy (SIM) is a rapidly developing super-resolution technology. It
has been widely used in various application ¯elds of biomedicine due to its excellent two- and
three-dimensional imaging capabilities. Furthermore, faster three-dimensional imaging methods
are required to help enable more research-oriented living cell imaging. In this paper, a fast and
sensitive three-dimensional structured illumination microscopy based on asymmetric three-beam
interference is proposed. An innovative time-series acquisition method is employed to halve the
time required to obtain each raw image. A segmented half-wave plate as a substantial linear
polarization modulation method is applied to the three-dimensional SIM system for the ¯rst time.
Although it needs to acquire 21 raw images instead of 15 to reconstruct one super-resolution
image, the SIM setup proposed in this paper is 30% faster than the traditional spatial light
modulator-SIM (SLM-SIM) in imaging each super-resolution image. The related theoretical
derivation, hardware system, and veri¯cation experiment are elaborated in this paper. The stable
and fast 3D super-resolution imaging method proposed in this paper is of great signi¯cance to the
research of organelle interaction, intercellular communication, and other biomedical ¯elds.

Keywords: Super-resolution; structured illumination; asymmetric three-beam interference;
three-dimensional imaging.

1. Introduction

In recent years, super-resolution imaging techniques
that overcome optical di®raction limits have been

rapidly developed.1,2 Structured illumination mi-

croscopy (SIM) is one such super-resolution method.

It has been demonstrated that by using spatially
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structured illumination light to frequency-mix high-
resolution information into the passband of the
microscopy, SIM can double the lateral resolution of
a conventional °uorescence microscope without any
loss of light.3–6 Compared with other super-resolu-
tion imaging methods, SIM presents certain
advantages such as fast imaging speed, low photo-
toxicity, and a simple imaging system structure. In
two-dimensional SIM, the sample is illuminated by
two beams of light that interfere with each other to
form a sinusoidal-varying light intensity pattern.6

In 2008, Gustafsson et al. ¯rst conducted experi-
ments to verify the three-dimensional resolution
enhancement of the SIM system.7 The °uorescent
sample is illuminated with three mutually coherent
beams of excitation light. Many researchers have
obtained multi-polarization singularity vector light
¯elds through three-beam and multi-beam inter-
ference methods, which may lead to novel concepts
of SIM.8–10

Various research groups are actively developing
three-dimensional imaging technology of SIM based
on three-beam interference and applying it in a
variety of biological studies.11–19 Currently, large
numerical aperture (NA) objectives are used for
imaging in most laser SIM systems. The in°uence of
the polarization state of the excitation light with
the large NA objective is not negligible.20 Moreover,
it is necessary to adjust the polarization state of the
excitation light in real-time to ensure high contrast
of the interference fringes generated by the excita-
tion light on the focal plane. The main methods of
linear polarization direction modulation are: (1)
controlling the phase delay of the liquid-crystal
variable retarder together with a quarter-wave re-
tarder21; (2) controlling the fast axis direction of the
ferroelectric liquid-crystal wave plate combined
with a quarter-wave plate22; (3) using a rotating
polarizer; (4) using a quarter-wave plate with a
segmented polarizer23; and (5) utilizing zero-order
vortex half-wave retarder.24 Liquid-crystal devices
are utilized in methods (1) and (2), resulting in poor
environmental stability. The modulation response
time of method (3) is too long, leading to limiting
the imaging speed. In method (4), 50% of the energy
is lost. In method (5), the working bandwidth of the
zero-order vortex half-wave plate is narrow, and it
can only be used for monochrome imaging. These
shortcomings of the polarization modulation meth-
ods impede the imaging ability of SIM systems, es-
pecially for three-dimensional imaging performance.

In 2008, a spatially variable retardation (SVR)
plate was used to convert a linearly-polarized
Gaussian beam to a radially- or an azimuthally-
polarized Laguerre–Gaussian (LG) beams.25 It led
to a new polarization modulation method. Subse-
quently, Chen and co-workers applied it (called the
segmented half-wave plates) for polarization mod-
ulation to a two-dimensional SIM system for the
¯rst time.26 It was composed of six sectors of half-
wave plates, each one with di®erent orientation of
the crystal's slow axis. This method did not intro-
duce any moving parts, and it can avoid response
time delay and has good environmental stability.
However, the segmented half-wave plate cannot be
used in a three-dimensional SIM system based on
three-beam interference illumination because this
method cannot modulate the polarization state of
zero-order light.

In this paper, a new method named SIM based on
asymmetric three-beam interference (ATI-SIM) is
proposed to realize three-dimensional super-resolu-
tion imaging.

As the zero-order di®racted light is no longer
used in the optical path, the segmented half-wave
plate is used for the ¯rst time in 3D SIM imaging
systems. Moreover, a new time-series acquisition
method is adopted in ATI-SIM because of the
characteristics of asymmetric three-beam interfer-
ence illumination, resulting in a near-50% reduction
in the acquisition time of each raw image. The
feasibility of a three-dimensional SIM system based
on asymmetric three-beam interference is veri¯ed
through theoretical derivations and experiments.

2. Background Theory

In traditional three-dimensional SIM, �1 and 0
di®raction orders of the grating are refocused into
the back focal plane of the objective. The three
beams interfere with each other to generate an il-
lumination fringe. However, the zeroth order of the
di®racted beam cannot be utilized because the
central position of the segmented half-wave plate is
at the joint of six sector half-wave plates. In this
study, an innovative method of structured illumi-
nation light using ATI between �2-, þ1-, and
þ2-order di®racted lights is proposed.

In a linear-response °uorescence microscopic
imaging system, the distribution of °uorescent
emission is proportional to the illumination
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intensity IðrÞ and the density distribution of °uo-
rescence dye SðrÞ. The intensity of the image and
object satis¯es the convolution relation in Eq. (1),

DðrÞ ¼ ½IðrÞSðrÞ� �HðrÞ; ð1Þ
where DðrÞ denotes the observed data, HðrÞ
denotes the point spread function, r is the coordi-
nate vector, and � represents convolution.

Assume that the xy-plane is the sample plane and
the z-axis is the vertical direction of the sample
plane. The three beams can be expressed as follows,
respectively:

E1 ¼ A1 expf�j½kðrxy sin �1 þ z cos �1Þ þ �1�g; ð2Þ
E2 ¼ A2 expf�j½kðrxy sin �2 þ z cos �2Þ þ �2�g; ð3Þ
E3 ¼ A2 expf�j½kð�rxy sin �2 þ z cos �2Þ � �2�g;

ð4Þ
where A1 and A2 denote the amplitudes, rxy denotes
the lateral coordinates, k represents the wave num-
ber, � denotes the angle between the light and the
optical axis, and �1 and �2 denote the phases of light.
The three-light spots, corresponding to the �2, þ1,
and þ2 di®raction orders of the spatial light mod-
ulator (SLM), are equally spaced on the back focal
plane of the objective lens. Assume that on the back
focal plane of the objective lens, the distance from
the þ1 spot to the center is x1 and the distance from
theþ2 (�2) spot to the center is x2 (x2 ¼ 2x1Þ. In an
optical microscopy system, 1

NA ¼ f
x, where NA

denotes the numerical aperture and f represents the
focal length. It can be derived that

sin �2 ¼ 2 sin �1: ð5Þ
The intensity distribution of interference light on

the sample plane is as shown in Eq. (6), where E �
represents the conjugate of E,

IðrÞ ¼ ðE1 þE2 þ E3Þ � ðE �
1 þ E �

2 þ E �
3Þ: ð6Þ

Substituting Eqs. (2)–(4) into Eq. (6), it can be
derived that

Iðrxy; zÞ ¼
X
m

GmðzÞJmðrxyÞ; ð7Þ

where m ¼ 0;�1;�3;�4; JmðrxyÞ and GmðzÞ are
the lateral and axial illumination intensities, re-
spectively,

JmðrxyÞ ¼ exp½jð2�pmrxy þ ’mÞ�; ð8Þ
G0ðzÞ ¼ A2

1 þ 2A2
2; ð9Þ

G�1ðzÞ ¼ A1A2 exp �j
zm

jmj ðcos �1 � cos �2Þ
� �

;

ð10Þ

G�3ðzÞ ¼ A1A2 exp j
zm

jmj ðcos �1 � cos �2Þ
� �

; ð11Þ

G�4ðzÞ ¼ A2
2; ð12Þ

where pm is the lateral wave vector and ’m is the
phase shift.

For 3D SIM systems, the three-dimensional data
are acquired via axial scanning of the object. The
illumination pattern is ¯xed relative to the focal
plane of the microscope, not in relation to the ob-
ject. This means that GmðzÞ will depend on the
di®erence coordinate of the objective lens and
specimen frame. The measured data can be repre-
sented as the following convolution integral, which
is suitable for three-dimensional SIM:

DðrÞ ¼
X
m

Z
Hðr� r 0ÞGmðz� z 0ÞSðr 0ÞJmðr0xyÞdr 0

¼
X
m

½ðHGmÞ � ðSJmÞ�ðrÞ: ð13Þ

If Dm denote the mth term of the above sum, its
Fourier transform can be obtained as follows:

~DmðkÞ ¼ ½OðkÞ � ~GmðkÞ� � ½ ~SðkÞ � ~JmðkÞ�; ð14Þ
where k is the coordinate vector in the frequency
domain and OðkÞ is the optical transfer function
(OTF) of the system,

~DðkÞ ¼
X
m

~DmðkÞ

¼
X
m

AmOmðkÞ expðj’mÞ ~Sðk�mpxyÞ; ð15Þ

O�1ðkÞ ¼ Oðkþ pzÞ; O�3ðkÞ ¼ Oðk� pzÞ; ð16Þ
where pxy and pz are the lateral and axial spatial
frequencies of illumination, respectively.

For an optical three-dimensional microscope
system, the OTF support is a torus-like region
[Fig. 1(a)]. The \hole" of the torus is the \missing
cone" of information near the z-axis.7 Therefore,
the high-resolution tomographic images cannot be
obtained via the conventional °uorescence micros-
copy. The principle behind SIM improving the res-
olution is to obtain the high-frequency information
of samples by using illumination light of a speci¯c
structure. Three-dimensional super-resolution im-
aging is equivalent to ¯nding an approach to detect

SIM based on asymmetric three-beam interference
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information from outside of the original observable
region and solve the missing cone complication. The
imaging distribution based on asymmetric three-
beam interferometric illumination is illustrated in
Eq. (15). A single raw data observation is a sum of
seven components, each moved laterally by a dis-
tance mPxy and ¯ltered by a transfer function
OmðKÞ. Figures 1(b)–1(d) exhibit the detected
sample information distributions in a three-dimen-
sional frequency domain when m is equal to �1;�3,
and �4, respectively. The superposition of all the
frequency components to construct the ¯nal super-
resolution image of the SIM based on asymmetric
three-beam interference is shown in Fig. 1(e).
Moreover, the spectrum expansion diagram of the
traditional three-dimensional SIM based on sym-
metrical three-beam interference is displayed in
Fig. 1(f). It can be observed in Fig. 1(e) that the
resolution in three dimensions is improved

compared with Fig. 1(a). Therefore, the feasibility of
three-dimensional SIM based on asymmetric three-
beam interference illumination is theoretically veri-
¯ed. Moreover, it is indicated in Figs. 1(e) and 1(f)
that the asymmetric three-beam interference illu-
mination method can obtain the same lateral reso-
lution and slightly lower axial resolution compared
with the traditional three-beam interferencemethod.

3. Materials and Methods

3.1. Apparatus

The implementation of SIM employed in this study
is similar to the conventional laser SIM systems7

and has an experimental setup akin to that
employed for the generation of complex 3D pho-
tonic vortex lattice structures 27 (Fig. 2). In this
study, SLM with a high frame rate is used to
generate and switch the excitation patterns.

Fig. 2. Simpli¯ed diagram of the apparatus: PBS: polarized beam splitting cube; HWP: half-wave plate; SHWP: segmented
half-wave plate; BFP: back focal plane; DM: dichroic mirror; TL: tube lens; and sCMOS: scienti¯c CMOS camera.

(a) (b) (c)

(d) (e) (f)

Fig. 1. Enlargement of the optical transfer function through structured illumination.

L. Xu et al.
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The di®raction orders of þ1 and �2 are ¯ltered out
by ¯lter aperture and refocused into the back focal
plane of the objective lens. The segmented half-
wave plate is disposed behind the ¯lter aperture to
adjust the illumination polarization. The objective
(60� PlanApo 1.49NA) collimates the beams and
makes them intersect at the focal plane in the
sample, where beams interfere with each other to
generate an intensity pattern with both axial and
lateral structures. An sCMOS camera with 82%
peak quantum e±ciency is used to detect the
emission °uorescence.

3.2. Polarization modulation method
using a segmented half-wave plate

The illumination intensity distribution on the sample
surface in traditional three-beam illumination

microscopy can be expressed as follows:

I ¼ E 2
0 ½2þ 2 cosð2kxxþ 2’nÞcosð�Þ�; ð17Þ

where � denotes the angle between the polarization
directions of the illumination light. According to
Eq. (17), the contrast of fringe will decrease as �
increases. Therefore, it can be predicted that the
fringe structure on the sample surface will be blurred
when � is large, resulting in greater di±culty in
extracting high-frequency illumination.

For a large-numerical-aperture microscopic ob-
jective, the angle between the di®raction beams is
about 100	, and the beams can be decomposed into
the polarization components p (parallel paper sur-
face) and s (vertical paper surface) (see Fig. 3).
Since the orientations of the s-polarization compo-
nents are parallel with each other, the modulation
degree of the interference fringes by the s-compo-
nent is one; meanwhile, the modulation degree of
the interference fringes by the p-component is only
about 0.17 because the angle between the two
p-components of light is 80	. Consequently, the
s-component of illumination light on the sample
surface should be maintained only to obtain the
maximum modulation degree.28

In this study, a new method based on a seg-
mented half-wave plate is introduced into the three-
dimensional SIM system to modulate the polarized
light. The segmented half-wave plate consists of six
half-wave plates that have the same area but dif-
ferent fast axis directions [Fig. 4(b)].

Before the polarization modulation, the dif-
fracted beams pass through the 4f optical system
and the ¯lter apertures that are applied to the for-
mation of the desired þ1- and �2-order di®raction
spots. All the di®racted beams in the system have

Fig. 3. Schematic diagram of the polarization direction of two
beams.

Fig. 4. Schematic diagram of the segmented half-wave plate polarization modulation. (a) Distribution of the incident beam; the
arrow indicates the polarization direction of the incident beam. (b) Segmented half-wave plate; the arrow indicates the fast axis
direction. (c) Distribution of the outgoing beam on the sample surface; the arrow indicates the polarization direction of the beam.

SIM based on asymmetric three-beam interference
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the same polarization direction [Fig. 4(a)]. The
propagation direction of the di®racted beams can be
adjusted by controlling the SLM. Moreover, the
polarization directions of the incident beams will be
modulated to speci¯c directions when they pass
through the segmented half-wave plates, as illus-
trated in Fig. 4(c).

The polarization direction of the beam can always
be parallel to the interference fringe direction by
using this polarizationmodulationmethod. The light
on the sample plane has only the s-component, which
ensures themaximal fringemodulation degree. There
are no moving parts and electro-optic modulation
parts in the whole polarization modulation module,
resulting in the reduction of time delay for hardware
change. The cost of polarization modulation with
this method is lower and the imaging performance is
more stable compared to the traditional methods.

3.3. Fast acquisition method of
three-dimensional SIM based

on asymmetric three-beam

interference

In the system, an SLM was used as a structured
light generating device. Due to the working char-
acteristics of the SLM, when it generates the fringe
image (Aþ) that we need, it must be accompanied
by a loading fringe image (A�Þ with a phase dif-
ference of � from Aþ. The fringe image A� shows
that we do not need to produce interference fringes,
and its loading time is the same as Aþ. For tradi-
tional 3D SIM, 15 raw images are required to be
taken for each layer of the super-resolution image
reconstructed. The time taken by the SLM to load
the fringe image A� will be wasted when each raw
image is taken. The thicker the sample taken in 3D
imaging, the more time wasted.

Di®erent from traditional SIM, it can be deduced
from the theory that the interference light I remains

unchanged when the phases �1 and �2 in
Eqs. (2)–(4) change by �� simultaneously. With
the new illumination method, the interference fringe
will not change when the phases of the three beams
are changed by �� simultaneously. Therefore, both
binary fringes Aþ and A� loaded by the SLM can
be used to produce the same set of illumination
stripes. In this study, a unique fast acquisition
method is designed by taking advantage of this
feature.

As shown in Fig. 5, it is assumed that four raw
images need to be collected and the exposure time
for acquiring each raw image is 10ms. The tradi-
tional timing acquisition method and the new fast
acquisition method we use in our system are illus-
trated in Figs. 5(a) and 5(b), respectively. The
traditional method requires 20-ms acquisition time
for each raw image whose exposure time is 10ms. In
the new method we adopted, the fringe images Aþ
and A� generated by the SLM can correspond to
the same raw image. The exposure time of the Aþ
and A� stripes is shortened to 5ms simultaneously,
and the images produced by the Aþ and A� stripes
illumination will be both captured by the camera. In
this way, the raw image with an exposure time of
10ms can be captured with an acquisition time of
10ms. It can be observed that the new acquisition
method can reduce the acquisition time of each
original image by half.

The raw data of each layer is acquired with seven
pattern phases and three pattern orientations with
the illumination method based on asymmetric
three-beam interference. Speci¯cally, 21 original
images are required to reconstruct each layer of
super-resolution images. Fifteen raw images are re-
quired in traditional three-dimensional SIM. The
raw images to be collected are increased from 15 to
21 while the time for acquiring each image is halved;
therefore, the time to reconstruct one super-resolu-
tion image is reduced by 30%. More time can be
saved by using the SIM system based on

(a) (b)

Fig. 5. (a) Traditional timing acquisition method. (b) New fast timing acquisition method.
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asymmetric three-beam interference for three-
dimensional imaging. High acquisition speed is sig-
ni¯cant for avoiding reconstruction artifacts when
observing living samples.22 Therefore, the new SIM
with its advantages of fast speed and stability pro-
posed in this study is more suitable for three-di-
mensional imaging and live-cell imaging.

4. Results and Discussion

In order to quantify the resolution, 100-nm °uo-
rescent microspheres excited by 488-nm laser were
constructed. The 3D dataset of 2.5-�m-thick sam-
ples was acquired, and the z-step was 0.1�m. Fig-
ures 6(a) and 6(b) show wide-¯eld and SIM results
on the 15th xy-plane, respectively. Figures 6(c)
and 6(d) show wide-¯eld and SIM results of four
beads on the xz-plane, respectively. The light in-
tensity distributions of the °uorescent beads were
detected and the full width at half-maximum
(FWHM) was determined. As shown in Figs. 6(e)

and 6(f), measurements yielded mean FWHMs of
115 nm laterally and 309 nm axially on average for
the 3D ATI-SIM. The resolution of the traditional
SIM can reach up to 103 nm laterally and up to
279.5 nm axially.7 Although the requirements for
super-resolution imaging have been met, the reso-
lution of ATI-SIM is not as high as that of tradi-
tional SIM. However, the stability and speed of
three-dimensional imaging will be better than those
of a traditional SIM, which will be explained in the
second bioimaging example.

Two imaging examples of biological samples with
two- and three-dimensional complex structures are
illustrated in Figs. 6 and 7 to evaluate ATI-SIM
proposed as a good tool for conducting life science
research in this study.

For the ¯rst biological example, the microtubule
cytoskeleton of a HeLa cell was imaged with the
single-layer imaging mode of SIM. A 60� =1:49NA
oil immersion objective and 488-nm laser excitation
were used. Individual microtubules can be followed.

Fig. 6. Experimental reconstruction results of microspheres. (a) Wide-¯eld image of the xy-plane; (b) ATI-SIM image of the xy-
plane; (c) wide-¯eld image of the xz-plane; (d) ATI-SIM image of the xz-plane; and (e), (f) four beads' intensity and Gaussian ¯tting
along the lateral and axial directions, respectively.
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Three images are presented in Fig. 7. It can be ob-
served in Figs. 7(a) and 7(b) that ATI-SIM pro-
duces striking improvements in lateral resolution
over the conventional wide-¯eld data, as also veri-
¯ed in Fig. 7(c).

For the second biological example, the Golgi
bodies in a mouse kidney section were imaged with
the 3D imaging mode. A 60� =1:49NA oil immer-
sion objective and 488-nm laser excitation were
used. Raw data were acquired on 30 z-planes with a
100-nm step. The views of the 17th optical section
in the xy-plane obtained by ATI-SIM and wide-¯eld
microscopy are illustrated in Figs. 8(a) and 8(b),
respectively, while the views of the red line section
in the xz-plane are exhibited in Figs. 8(c) and 8(d).
The results demonstrate that ATI-SIM produces
much-improved lateral and axial resolutions over
conventional wide-¯eld microscopy and is indeed
able to suppress the out-of-focus blur. Moreover,
visualization 1 is the video display of the recon-
struction performance of ATI-SIM to o®er more
intuitionistic information.

Furthermore, the imaging results of the Golgi
bodies using the traditional SIM were compared and
analyzed to compare ATI-SIM with the traditional
SIM based on three-beam interference illumination.
Similarly, a 60� =1:49NA oil immersion objective
and 488-nm laser excitation were used. The views of
the 25th optical section in the xy-plane obtained by
a traditional SIM and a wide-¯eld microscopy are
illustrated in Figs. 9(a) and 9(b), respectively, while
the views of the red line section in the xz-plane are
shown in Figs. 9(c) and 9(d). It can be established
through theoretical analysis that the axial resolu-
tion of the traditional SIM is higher than that of
ATI-SIM. Moreover, although the axial resolution
of ATI-SIM is slightly lower, its good performance
in experimental studies would not be a®ected. The
3D dataset of 3-�m-thick samples was acquired and
the exposure time of each raw image was 10ms in
both experiments; ATI-SIM only required an ac-
quisition time of 105ms while the traditional SIM
required 150ms. In our method, the speed was in-
creased by 30%. For three-dimensional imaging or

Fig. 7. Experimental results of the microtubule cytoskeleton in the HeLa cell. (a) SIM reconstructed image; (b) wide-¯eld image;
and (c) relative intensity of line-scans in (a) and (b). The pictures in the top right corner of each image are local zooms of the red box
region.
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live-cell imaging, more researchers are paying
increased attention to imaging speed.

5. Conclusions and Limitations

In this paper, a novel implementation of SIM
based on asymmetric three-beam interference
was presented. Di®erent from traditional SIM
systems, the illumination light in the proposed

system was formed by the interference with
þ1- and �2-order di®racted lights. Moreover, the
segmented half-wave plate was used to replace
the traditional polarization modulation method
and was used in a three-dimensional SIM for the
¯rst time. Simultaneously, a new acquisition
method was adopted due to the characteristics of
the new illumination method, contributing to
shortening the acquisition time of each raw image
by nearly half.

Fig. 9. Experimental results of Golgi bodies. Maximum intensity projection of a SIM z-stack (30 planes, 3-�m thick). (a) SIM
reconstructed image in the xy-plane; (b) wide-¯eld image in the xy-plane; (c) SIM reconstructed image in the xz-plane; and (d) wide-
¯eld image in the xz-plane.

Fig. 8. Experimental results of Golgi bodies in the mouse kidney section. Maximum intensity projection of a SIM z-stack
(30 planes, 3-�m thick). (a) SIM reconstructed image in the xy-plane; (b) wide-¯eld image in the xy-plane; (c) SIM reconstructed
image in the xz-plane; and (d) wide-¯eld image in the xz-plane.
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To verify that our system can perform high-
quality two- and three-dimensional super-resolution
imaging with stable quality, we performed the the-
oretical derivation of the asymmetric three-beam
interference illumination method and imaged the
microtubule cytoskeleton of HeLa cell and the Golgi
bodies of the mouse kidney section. The experi-
mental results indicate that the system can ensure
maximal pattern contrast and long-term stability;
meanwhile, imaging resolution in both lateral and
axial directions is greatly improved compared with
the conventional wide-¯eld microscope. Moreover,
the comparison between ATI-SIM and traditional
3D SIM is also performed. Although the axial res-
olution of ATI-SIM is slightly lower than that of a
traditional SIM, the imaging speed is 30% faster. In
the ¯elds of three-dimensional morphological im-
aging of organelles and dynamic imaging of living
cells, the imaging speed determines whether a
unique research object can be captured. Increas-
ingly more researchers value the three-dimensional
imaging speed of super-resolution microscopes,
which is also an essential advantage of ATI-SIM.

Thus, ATI-SIM has the advantages of a simple
structure, high speed, and good stability. It can be
applied to most biomedical research and is espe-
cially suitable for ¯elds that require fast 3D imaging
and live-cell imaging. In the future, we will develop
the technologies of multi-channel and fast three-
dimensional living cell imaging based on ATI-SIM,
and solve various complications faced by the super-
resolution ¯eld and the biomedical ¯eld.

In this paper, there are still some limitations. How
to adjust the light intensities of di®erent di®ractive
spots to achieve the optimal interference modulation
and how to complete the rapid three-dimensional
imaging of living cells are our future research focuses.
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