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Structured illumination microscopy (SIM) achieves super-resolution (SR) by modulating the high-
frequency information of the sample into the passband of the optical system and subsequent image
reconstruction. The traditional Wiener-¯ltering-based reconstruction algorithm operates in the
Fourier domain, it requires prior knowledge of the sinusoidal illumination patterns which makes the
time-consuming procedure of parameter estimation to raw datasets necessary, besides, the pa-
rameter estimation is sensitive to noise or aberration-induced pattern distortion which leads to
reconstruction artifacts. Here, we propose a spatial-domain image reconstruction method that does
not require parameter estimation but calculates patterns from raw datasets, and a reconstructed
image can be obtained just by calculating the spatial covariance of di®erential calculated patterns
and di®erential ¯ltered datasets (the notch ¯ltering operation is performed to the raw datasets for
attenuating and compensating the optical transfer function (OTF)). Experiments on reconstructing
raw datasets including nonbiological, biological, and simulated samples demonstrate that our
method has SR capability, high reconstruction speed, and high robustness to aberration and noise.

Keywords: Structured illumination microscopy; image reconstruction; spatial domain; digital
micromirror device (DMD).
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1. Introduction

In the ¯eld of super-resolution (SR) microscopic
imaging of living cells, structured illumination mi-
croscopy (SIM)1 is favored by biological and medi-
cal researchers compared to stimulated emission
depletion (STED)2 microscopy and single molecule
localization microscopy (SMLM)3–5 because of its
fast image acquisition, low photobleaching e®ect
and phototoxicity, and compatibility with general
°uorescent labeling protocols.

Compared to STED and SMLM, SIM is a tech-
nology that relies on computational processing of
the acquired raw datasets to reconstruct an SR
image. Traditional linear two-dimensional- (2D)
SIM and three-dimensional- (3D) SIM6,7 uses nine
(three orientations of 0�, 60�, and 120�, and three
phases with 2�=3 phase di®erence per orientation)
and ¯fteen (three orientations of 0�, 60�, and 120�,
and ¯ve phases with 2�=5 phase di®erence per ori-
entation) sinusoidal illumination patterns to ac-
quire nine and ¯fteen raw measurements,
respectively, for reconstruction. Processing Wiener-
¯ltering-based reconstruction algorithm on the raw
measurements, the frequency support of the sys-
tem's optical transfer function (OTF) can be ex-
tended up to two times in the Fourier domain, and
thus the highest 2-fold resolution enhancement can
be achieved in the spatial domain. To be speci¯c,
the reconstruction process includes the separation of
the high-frequency component from the low-fre-
quency ones, position correction of the high-fre-
quency components, and the ¯nal Wiener
deconvolution. Thereinto, the ¯rst two processing
steps require accurate knowledge of illumination
patterns (that are spatial frequency vector, initial
phase, and modulation depth these three para-
meters in fact) which makes parameter estimation
on the raw measurements necessary. Until now,
many algorithms (mainly focusing on spatial fre-
quency vector8,9 and initial phase10–12) have been
proposed to estimate parameters as precisely as
possible, even though, the estimation is susceptible
to aberrations, noise, or experimental errors, which
cause obvious artifacts in the reconstructed SIM
image. For example, the estimation of the spatial fre-
quency vector parameter will be disturbed when there
are periodic structures in the sample. Besides, the es-
timation of the initial phase parameter is very sensitive
to noise, so the estimated value may have serious
deviations from the real one when the signal-to-noise

ratio (SNR) of the raw measurements is low. In addi-
tion, when the biological sample is thick, aberrations
introduced by the refractive index di®erence inside the
sample itself will distort sinusoidal patterns and thus
the illumination modulation will deviate from sinu-
soidal distribution.

In addition to the low robustness of the parameter
estimation mentioned above, their time-consuming
computation process is another big problem. Al-
though the computation can be speeded up by ap-
plying the graphics processing unit (GPU)13–15

acceleration technology, the parallel computing
characteristic of GPU calls for higher con¯guration
requirements for a computer. To solve the time-
consuming problem fundamentally, some methods
without parameter estimation have been proposed,
and they can be divided into two types according to
whether it is incompatible with the traditional SIM
implementation or not. The former applies non-
sinusoidal structured illumination, for example,
instant SIM16 applies multi-spot illumination to
obtain an initial resolution-enhanced (

ffiffiffi
2

p
-fold)

image using optical means, and a ¯nal resolution-
doubled image is produced by a subsequent decon-
volution operation. The optical device17 it relies on
to get the initial image is di®erent from the tradi-
tional SIM devices that use physical grating,1 liquid
crystal on silicon spatial light modulator (LCoS-
SLM),18 or digital micromirror device (DMD)19–23

as projection or di®ractive element to produce
structure illumination. Because of the specialty and
complexity of the device, the applications of instant
SIM are extremely limited. Also applying multi-spot
(and/or random speckle) illumination, PE-SIMS24

obtains a resolution-doubled SIM image by calcu-
lating the spatial covariance of raw measurements
and estimated patterns (obtained from an iterative
calculation, and the covariance of the estimated
patterns is as a statistical prior during reconstruc-
tion). The method has high robustness to aberra-
tion-induced pattern distortion and parameter
tuning because of the needless parameter estima-
tion. Nevertheless, its reconstruction process does
not fully release the high-speed advantage of spa-
tial-domain-related (SD) reconstruction due to the
iterative process of pattern estimation, and because
random speckle and/or multi-spot illumination
patterns are needed, the device it relied on for data
acquisition is limited to projection-type SIM devi-
ces. The latter applies the same implementation
(nine sinusoidal illumination patterns in 2D-SIM for
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example) and devices as traditional SIM, and their
frameworks can be classi¯ed as SD reconstruction.25

Among them, SDR-SIM26 and JSFR-SIM27–29 are
two methods that still need the help of parameter
estimation to construct coe±cient matrixes in ad-
vance, it is because they are still linear reconstruc-
tion processes like the Wiener-¯ltering-based
reconstruction process substantially. Di®erently,
SPSIM30 is a nonlinear SD reconstruction method
that achieves reconstruction just by calculating the
variance of raw measurements, and the recon-
struction of °uorescent nanoparticles demonstrates
its e®ective SR ability. However, because only var-
iance is calculated, the high-frequency information
of the sample may be decreased which is harmful in
imaging biological samples with ¯ne structures. On
the basis of SPSIM, direct-SIM31 considers the
wide¯eld component and adds post-processing of
spectrum optimization, and the testing experiments
on reconstructing nonbiological and biological
samples reveal the doubled resolution enhancement
and artifacts-free results, except for the additional
spectrum-optimization time. To complete recon-
struction entirely in the spatial domain so as to
achieve a fast reconstruction speed, a method
adopting a remodulation mechanism of calculating
spatial covariance of measurements and illumina-
tion patterns to reconstruct a SIM image has been
proposed recently.32 It achieves one-step recon-
struction in the spatial domain without the need for
post-processing but only pre-processing of ¯ltering
operation on the raw measurements and deconvo-
lution operation on the illumination patterns (cap-
tured using a mirror sample by the camera). The
experiments on biological and simulated samples
show high-speed and high-quality SIM reconstruc-
tions, however, its requirement of a dismountable
¯lter before the camera in the device for the capture
of the illumination patterns sets a limitation to its
applications.

Here, we propose a parameter-estimation-free SD
method (termed EFSD-SIM) that adopts remodu-
lation mechanism for SIM reconstruction. In our
method, we ¯rst performed notch ¯ltering (for OTF
attenuation and OTF compensation) and Wiener
¯ltering (to calculate patterns) on the raw mea-
surements, and then a reconstructed result could be
obtained just by calculating the spatial covariance
of the ¯ltered measurements and the calculated
patterns. The device that our method relies on
for the acquisition of the raw measurements is

compatible with the common SIM devices whether
these are projection- or interference-type. Based on
our home-built two-color interferometric DMD-SIM
device, we acquired raw measurements of nonbio-
logical and biological °uorescence samples for SIM
reconstruction. The reconstructed results demon-
strate that our method enables SR, high-speed, and
artifact-free reconstruction.

2. Materials and Methods

2.1. Theoretical analysis

Before introducing our method, we would like to
explain SIM reconstruction and resolution enhance-
ment from the perspective of the spatial domain.

In traditional 2D-SIM, the ‘th measurementM‘ðrÞ
is the product of the sample's °uorescence distri-
bution �ðrÞ with the ‘th sinusoidal illumination
patterns I‘ðrÞ and then convolved with the system's
detection-side point spread function (PSF) hdetðrÞ,
just as follows:

M‘ðrÞ ¼ ½�ðrÞ � I‘ðrÞ� � hdetðrÞ; ð1Þ
where r ¼ ðx; yÞ denotes the lateral spatial coordi-
nates and � is the convolution operator. The ‘th
sinusoidal illumination patterns I‘ðrÞ can be
given by

I‘ðrÞ ¼ 1þm cosðk0r� ’‘Þ; ð2Þ
where m, k0, and ’‘ are the modulation depth,
spatial frequency vector, and initial phase of the
sinusoidal illumination patterns, respectively. It can
be expanded as follows:

I‘ðrÞ ¼ 1þm cos’‘ cosðk0rÞ þm sin’‘ sinðk0rÞ;
ð3Þ

substituting Eq. (3) into Eq. (1), we have

M‘ðrÞ ¼ �ðrÞ�hdetðrÞ þm cos’‘McðrÞ þm sin’‘MsðrÞ
¼M0ðrÞ þm

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M 2

c ðrÞ þM 2
s ðrÞ

q
cosð’‘ ��ðrÞÞ;

ð4Þ
where �ðrÞ ¼ arctanðMsðrÞ=McðrÞÞ, the unmodu-
lated item M0ðrÞ ¼ �ðrÞ � hdetðrÞ results from the
zero-frequency component of the sinusoidal illumi-
nation patterns, McðrÞ ¼ ½�ðrÞ cosðk0rÞ� � hdetðrÞ
and MsðrÞ ¼ ½�ðrÞ sinðk0rÞ� � hdetðrÞ results from
two high-frequency components, that are cosðk0rÞ
and sinðk0rÞ of the sinusoidal illumination patterns.
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If we construct a formula
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M 2

c ðrÞ þM 2
s ðrÞ

p
cosðk0r� �ðrÞÞ, a reconstruction result MrecðrÞ can
be written as follows:

MrecðrÞ ¼ M0ðrÞ þm
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M 2

c ðrÞ þM 2
s ðrÞ

q
cosðk0r� �ðrÞÞ;

¼ M0ðrÞ þ
m

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M 2

c ðrÞ þM 2
s ðrÞ

q
� ½expðiðk0r� �ðrÞÞÞ þ expð�iðk0r� �ðrÞÞÞ�;

¼ M0ðrÞ þ
m

2
f½McðrÞ � iMsðrÞ� expðik0rÞ

þ ½McðrÞ þ iMsðrÞ� expð�ik0rÞg; ð5Þ

where M0ðrÞ contains sample's low-frequency
component which is equivalent to a wide¯eld image,
McðrÞ and MsðrÞ contain sample's high-frequency
components which correspond to the ¯ne structure
of the sample. Therein,ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M 2
c ðrÞ þM 2

s ðrÞ
q

cosðk0r� �ðrÞÞ

¼ 1

2
½McðrÞ � iMsðrÞ� expðik0rÞ

þ 1

2
½McðrÞ þ iMsðrÞ� expð�ik0rÞ

¼ 1

2
F �1f~�ðkÞ½~hdetðk� k0Þ þ ~hdetðkþ k0Þ�g;

ð6Þ

where F �1 denotes the inverse Fourier transform
operation, ~� denotes the Fourier transform of a

certain function, and ~hdetðkÞ is the system's detec-
tion-side OTF with cuto® frequency kc. Therefore,
MrecðrÞ refers to an SR image with an e®ective OTF

½~hdetðk� k0Þ þ ~hdetðkþ k0Þ� whose cuto® frequency
is kc þ jk0j, and when the value of jk0j is equal to kc,
the frequency support of the e®ective OTF can be
extended 2-fold, and thus the resolution of the
reconstructed SIM image can be improved by a
factor of two. Besides, from Eqs. (5) and (6), we can
conclude that the resolution enhancement is related
to ½MrecðrÞ �M0ðrÞ�. The principle of resolution
enhancement of our method is just based on the
above theory. In the following section, we give a
detailed description of our method.

2.2. Method

2.2.1. OTF attenuation and OTF
compensation (step 1a)

The work°ow of our method is summarized in
Figure 1. Empirically, the out-of-focus background
originating from the \missing cone" of the OTF
will give rise to signi¯cant background °uore-
scence and periodic honeycomb artifacts in the

Fig. 1. Overview of the working °ow of our method. The captured nine raw measurements by the camera are operated by a notch
¯lter for OTF attenuation and OTF compensation (step 1a), and the calculated patterns are obtained from the raw measurements
by applying Wiener ¯ltering (step 1b). Then, the ¯ltered measurements and the calculated patterns are both processed by step 2a to
get their respective di®erence images, and a SR image is ¯nally obtained by calculating the covariance of the two di®erential images
in step 2b.
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reconstructed result. Therefore, OTF attenuation
and OTF compensation are always essential in SIM
reconstruction which can be achieved by performing
a bandpass notch ¯ltering operation to the raw
measurements.27 The notch ¯lter ~W notchðkÞ used in
our method is as follows:

~W notchðkÞ ¼ 1� aatt exp � k2

2k2
�

� �� �
~h
�
detðkÞ; ð7Þ

where � stands for conjugate operation, aatt and k�
are attenuation amplitude and attenuation width,
respectively, which can be adjusted empirically to
get a better signal-to-background ratio according to
the sample. aatt is employed to adjust the optical
sectioning performance of our method. For °uores-
cence samples with low out-of-focus backgrounds,
the value of aatt is generally set to zero to turn o®
the OTF attenuation. For °uorescence samples with
strong out-of-focus backgrounds, aatt is generally set
to 0.9–1 to suppress them e®ectively. k� is designed
to adjust the area of the attenuation function, a
small value of k� will result in an abundant residual
background, while a large value will remove most
of the low-frequency components of the sample. We
set aatt ¼ 1 and k� ¼ 1 in our experiments. As a
result, the ‘th ¯ltered measurement M 0

‘ðrÞ becomes

M 0
‘ðrÞ ¼ F �1f ~M‘ðkÞ ~W notchðkÞg; ð8Þ

its e®ective OTF is ~h
0
detðkÞ ¼ ½~hdet � ~W notch�ðkÞ

whose cuto® frequency is consistent with that of
~hdetðkÞ.

2.2.2. Pattern calculation (step 1b)

Our method applies the remodulation mechanism in
Ref. 30 but is di®erent from its method of obtaining
illumination patterns with a mirror sample. Instead,
we get calculated patterns from the raw measure-
ments. Because the wide¯eld image M0ðrÞ repre-
sents the convolution of the sample �ðrÞ with
hdetðrÞ, the deconvoluted wide¯eld image can be
considered as the estimated low-resolution sample,
just as follows:

Mest�sampleðrÞ ¼ F �1
~M0ðkÞ~h �

detðkÞ
j~hdetðkÞj2 þ �

( )
; ð9Þ

where � is Wiener constant. Similarly, From Eq. (1)
we know, M‘ðrÞ represents the convolution of the
½�ðrÞ � I‘ðrÞ� with hdetðrÞ, we can perform deconvo-
lution operation to each raw measurement to get

the estimated ½�ðrÞ � I‘ðrÞ� as follows:

Mest‘ðrÞ ¼ F �1
~M‘ðkÞ~h �

detðkÞ
j~hdetðkÞj2 þ �

( )
; ð10Þ

where � is Wiener constant. With them, we calculate
the ‘th pattern as follows:

Pcal‘ðrÞ ¼
Mest‘ðrÞ

Mest�sampleðrÞ þ �

¼ 1þm cosðk0r� ’‘Þ; �ðrÞ 6¼ 0;

0; �ðrÞ ¼ 0;

�
ð11Þ

where � is a constant to guarantee the divisor is
positive and Pcal0ðrÞ ¼ 1. Besides, too-small values of
Wiener constants � and � will cause hammer stroke
artifacts because the high-frequency noise cannot be
suppressed e®ectively, and we set the value of both of
� ¼ 0:5 and � ¼ 0:5 in our experiments.

2.2.3. Calculate the di®erence (step 2a)

We have known that the resolution enhancement is
related to ½MrecðrÞ �M0ðrÞ�. Besides, from Eqs. (3)–
(6) we know that it is patterns' high-frequency
components rather than the zero-frequency com-
ponents that shift sample's high-frequency infor-
mation into the frequency support of the OTF (that
is, the modulation process). Therefore, we perform
di®erential calculations on the ¯ltered measure-
ments as well as the calculated patterns in our
method as follows:

M‘�diffðrÞ ¼ M 0
‘ðrÞ �M 0

0ðrÞ; ð12Þ
Pcal‘�diffðrÞ ¼ Pcal‘ðrÞ � Pcal0ðrÞ: ð13Þ

2.2.4. Calculate the covariance (step 2b)

The remodulation mechanism of our method is to
shift the high-frequency components using the es-
timated patterns so that the OTF support can be
expanded. Therefore, the ¯nal step of our method is
to calculate the spatial covariance of the MdiffðrÞ
and the Pcal�diffðrÞ, and the covariance image is just
the ¯nal reconstructed result. Speci¯cally,

MavgðrÞ ¼ hM‘�diffðrÞ � Pest‘�diffðrÞi‘
¼ h½M 0

‘ðrÞ �M 0
0ðrÞ� � ½Pcal‘ðrÞ � Pcal0ðrÞ�i‘

¼ m2hf½ð�ðrÞ cosðk0r� ’‘ÞÞ � h 0
detðrÞ�g

� cosðk0r� ’‘Þi‘

Estimation-free spatial-domain image reconstruction of SIM
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¼ m2F �1 h ½ðexpði’‘Þ~�ðk� k0Þ
þ expð�i’‘Þ~�ðkþ k0ÞÞ
� ~h

0
detðkÞ�

� ½expði’‘Þ�ðk� k0Þ
þ expð�i’‘Þ�ðkþ k0Þ�

i
‘

8>>>>>>><
>>>>>>>:

9>>>>>>>=
>>>>>>>;

¼ m2F �1 h expði2’‘Þ~�ðk� 2k0Þ
� ~h

0
detðk� k0Þ

þ ~�ðkÞ~h 0
detðk� k0Þ

þ ~�ðkÞ~h 0
detðkþ k0Þ

þ expð�i2’‘Þ~�ðkþ 2k0Þ
� ~h

0
detðkþ k0Þ

i
‘

8>>>>>>>>><
>>>>>>>>>:

9>>>>>>>>>=
>>>>>>>>>;

¼ m2F �1

~�ðkÞð~h 0
detðk� k0Þ þ ~h

0
detðkþ k0ÞÞ

þ hexpði2’‘Þi‘~�ðk� 2k0Þ
� ~h

0
detðk� k0Þ

þ hexpð�i2’‘Þi‘~�ðkþ 2k0Þ
� ~h

0
detðkþ k0Þ

8>>>>>>><
>>>>>>>:

9>>>>>>>=
>>>>>>>;
;

ð14Þ
where h�i‘ is the mean operation concerning ‘, and �
is the Dirac delta function. It is easy to know

mathematically, hexpð	i2’‘Þi‘ ¼ 0 when ’‘ ¼ ’1 þ
ð‘�1Þ¼=NðN¼2Þ or ’‘ ¼ ’1 þ2ð‘�1Þ¼=NðN
 3Þ
in Eq. (14), where N is the number of phase shifts in
every orientation of the sinusoidal illumination
patterns. On this condition, we have

MavgðrÞ ¼ m2F �1f~�ðkÞ½~h 0
detðk� k0Þ

þ ~h
0
detðkþ k0Þ�g: ð15Þ

The uniformity of Eqs. (15) and (6) shows thatMavg

ðrÞ refers to an SR image with e®ective OTF ½~h 0
det

ðk� k0Þ þ ~h
0
detðkþ k0Þ� whose cuto® frequency is

kc þ jk0j.

2.3. System

Our method has high system °exibility, and all the
raw measurements for reconstruction in the article
are acquired by our home-built two-color interfer-
ometric DMD-SIM setup (Fig. 2(a)) which is
mounted on an inverted °uorescence microscope
(Ellipse Ti, Nikon).

Before the DMD, there are two modules includ-
ing the wavelength switching and ¯ber coupling
module and the laser combination module. In the

Fig. 2. The diagram of our custom-built DMD-SIM system. (a) Experimental setup. There are two modules including wavelength
switching and ¯ber coupling module and laser combination module before the di®raction element DMD. M1 and M2, mirror; D1–
D3, dichroic mirror; L1–L7, lens; LBC, laser beam coupler; MMF1–MMF3, multimode ¯ber; DM, deformable mirror; GM, galva-
nometer; QWP1-QWP2, quarter-wave plate; TL, tube lens. (b)–(d) are the binary grating patterns loaded onto the DMD, the
homemade Fourier mask, and the pizza polarizer, respectively.
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wavelength switching and ¯ber coupling module,
the 642 nm laser (Red 2RU-VFL-P-642, MPB
Communications) and the 488 nm laser (Blue 2RU-
VFL-P-488, MPB Communications) re°ected from
a mirror M1 are combined with a dichroic mirror
(D1, ZT488rdc, chroma), and then coupled into a
customized square-core multimode ¯ber (MMF1,
70	m� 70	m, numerical aperture (NA) 0.22)
using a laser beam coupler (LBC, 60SMS-1-4-
RGBV11-47, Schäfter þ Kirchho®). Subsequently,
the output laser beam re°ected from a deformable
mirror (DM, 	DM, Dyoptyka) passes through a
pair of lenses (L1 and L2) of 1.5-fold magni¯cation.
The high-frequency (500 kHZ) DM is used to sup-
press MMFs' speckle e®ect. Then, the laser is
re°ected from a galvanometer (GM, S-8107, Sunny)
which could swing at di®erent angles to switch the
two laser wavelengths. The \on" laser beam of
488 nm (642 nm) is coupled into the corresponding
square-core MMF2 (MMF3) (M103L05, Thorlabs,
150	m� 150	m, 0.39 NA) whose ceramic head of
¯ber's input port is ¯xed in the Jig. The Jig is
mounted on a compact ¯ve-axis stage (PY005,
Thorlabs) which is used to adjust the positions of
the ceramic heads to guarantee maximum light
transmission. In the laser combination module, the
output ports of MMF2 and MMF3 are ¯xed in 2D
adjuster1 and adjuster1, respectively. Then, the
collimated 488 nm laser (re°ected from M3) and
642 nm laser after L3 and L4 are combined with D2
(DMLP505R, Thorlabs) and arrive at the DMD.
Although the two colors used in our experiment
have almost the same angle of incidence (40:58� for
488 nm and 40:22� for 642 nm to DMD's base sur-
face using micromirrors in the \on" state, their
angle of re°ection is the same 16:58� to the DMD
base surface. The angles are calculated by the sim-
ulation method in Ref. 22 in advance) to illuminate
the DMD, we separate the 488 nm and 642 nm laser
light paths apart so that this design guarantees that
our device can be expanded to simultaneous two-
color imaging easily.

The binary grating patterns shown in Fig. 2(b)
are prepared to be loaded onto the DMD, and there
are three di®raction orders (0 order and 	1 order)
after lens L5 (TTL200, Thorlabs). A homemade
Fourier mask (Fig. 2(c)) keeps the passage at 	1
order and blocks the zero-order and orders higher
than 1. The grooved hole maintains the passage of
	1 order di®racted by the grating pattern with

di®erent periods, and the width of the groove is
1mm. The adjuster1 and adjuster2 can adjust the
translation of the 	1 order in the transverse plane
of the Fourier mask to ensure unblocked passage of
	1 order. Behind it, there is a customized pizza
polarizer (Fig. 2(d)) consisting of six pieces of po-
larizing ¯lms to control the polarization of the three
pairs of 	1 order beam, and every two opposite
pieces have identical tangential polarization direc-
tions. Because the laser beams are circularly polar-
ized after passing through MMFs and quarter-wave
plates (QWP1 and QWP2), with the pizza polar-
izer, the respective 	1 order beam in every orien-
tation becomes identical tangential polarization
which guarantees the highest interference fringe
contrast. The two di®racted beams ¯nally come to
the microscope objective (Nikon, 100X/1.49 TIRF)
through a couple of lenses (L6 and L7, TTL200,
Thorlabs) and interfere at the sample plane. The
°uorescence emitted from the sample is separated
from the laser by a polarization-maintaining di-
chroic mirror D3 (ZT405/488/561/640-phase
R-UF3, Chroma) and then focused by a micro-
scope's tube lens (TL) onto a scienti¯c comple-
mentary metal-oxide-semiconductor (sCMOS) camera
(Dhyana 400BSI V2.0, Tucsen). The exposure time
of the camera was 50 milliseconds in our experiments.

3. Results

3.1. Imaging experiment results

To demonstrate the reconstruction performance of
our method, we conducted reconstructions on raw
measurements of °uorescence nanoparticles and
biological °uorescence samples that are obtained by
our home-built two-color interferometric DMD-SIM
device. We compared the reconstructed results of
our method with the SD method JSFR-SIM27 and
the high-¯delity Fourier-domain method HiFi-
SIM,33 both of which have the requirement of pa-
rameter estimation.

First, we imaged 100 nm °uorescent nano-
particles and a ground truth °uorescent calibration
slide (Argo-SIM V2, Argolight) under an excitation
wavelength of 488 nm, the corresponding emission
wavelength is 525 nm. In the experiment, we loaded
nine binary grating patterns (three orientations of
0�, 60�, and 120�, and three phases with 2�=3 phase
di®erence per orientation) with a period of 12 DMD

Estimation-free spatial-domain image reconstruction of SIM
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pixels onto the DMD, and the period of the sinu-
soidal illumination patterns is 339 nm. Figures 3(a)
and 3(b) show the wide¯eld image and its decorr-
elation analysis34 result, and Figs. 3(c) and 3(d)

show the EFSD-SIM image and its decorrelation
analysis result. The bold vertical lines in Figs. 3(b)
and 3(d) indicate the normalized local maximum of
the highest frequency kmax which corresponds to a

Fig. 3. Experimental results of nonbiological °uorescence samples under an excitation wavelength of 488 nm. (a) and (b) is
wide¯eld image of 100 nm nanoparticles (average of the nine raw datasets) and the result of decorrelation analysis33 of (a)
respectively. (b) and (c) are SIM images of 100 nm nanoparticles reconstructed using our method and the result of the decorrelation
analysis of (b) respectively. The values of resolution in (a) and (c) are calculated as (2� pixel size=kmax), the pixel size in (a) and (c)
is 32.5 nm, the kmax is the normalized local maximum of the highest frequency of (a) and (b), that is the \res" value as shown in the
top of (b) and (d). (e) is the wide¯eld image (left) and EFSD-SIM (right) image of star geometrical ¯gure of °uorescent calibration
slide. The normalized intensity pro¯les along the white line at the same position of wide¯eld image and EFSD-SIM image in (e) is
shown in (f). SNR, signal-to-noise ratio; C.c., cross-correlation.

X. Li et al.

2350021-8



resolution of (2� pixel size=kmax), and the image
pixel size in Figs. 3(a) and 3(c) is 32.5 nm. As a
result, the resolution of the EFSD-SIM image is
150 nm, which is 1.6-fold higher than that of the
wide¯eld image, i.e., 240 nm, the resolution en-
hancement is consistent with the theoretical value
of 1.63 (calculated as 1þ 215=339, 215 is calculated
by the Rayleigh criterion 0:61� 525=1:49). The
Argo-SIM V2 calibration slide has geometrical star
with 16 arms, and Fig. 3(e) shows the wide¯eld
image and EFSD-SIM image of the star. We can see
that the hollow structures of the arms are more
resolvable in the EFSD-SIM image, and the di®er-
ence is more visualized in the intensity pro¯les, as
shown in Fig. 3(f).

Secondly, we imaged AF488-labeled outer mem-
brane protein Tom-20 of mitochondria in ¯xed Cos-
7 cells, and the reconstructed results of our method,
SPSIM, JSFR-SIM, and HiFi-SIM are shown in
Fig. 4(a). It shows that all the SIM images enable a
clearer distinction of the mitochondrial protein
distribution compared to the wide¯eld image.
The images in Fig. 4(b) are obtained by taking
the Fourier transform of the corresponding images

in Fig. 4(a), and the white circle indicates the
boundary of the spectrum range of the HiFi-SIM
image. It can be found that the spectral range of the
EFSD-SIM image is wider than that of the SPSIM
image and comparable to that of JSFR-SIM and
HiFi-SIM images. It means that our algorithm has a
comparable degree of resolution enhancement to
JSFR-SIM and HiFi-SIM algorithms and does not
lose high-frequency sample information compared
to the SPSIM algorithm at the same time, it can be
seen more obviously in Figs. 4(c) and 4(d) which are
magni¯ed regions of interest (ROIs) 1 and 2 in
Fig. 4(a).

Finally, we imaged beta-tubulins (E7) stained
with STAR RED dye in ¯xed Cos-7 cells under an
excitation wavelength of 642 nm, and the emitted
°uorescence wavelength is 670 nm. In the experi-
ment, we loaded binary grating patterns with a
period of 8 DMD pixels onto the DMD and thus
the period of the sinusoidal illumination patterns
was 290 nm. We conducted reconstructions using
our method, JSFR-SIM, and HiFi-SIM, respective-
ly, the results are shown in Fig. 5. In Figs. 5(a)–
5(d), the resolutions (calculated using decorrelation

Fig. 4. Experimental results of AF488-dyed mitochondria in a ¯xed Cos-7 cell under an excitation wavelength of 488 nm.
(a) Wide¯eld image and SIM images reconstructed with our method, SPSIM, JSFR-SIM, and HiFi-SIM. (b) The corresponding
spectral distributions (obtained by taking the Fourier transform of the corresponding images, and the white circle indicates the
boundary of the spectrum range of the HiFi-SIM image) in (a). (c) and (d) are magni¯ed images of the ROI 1 (cyan-dashed-box) and
ROI 2 (green-dashed-box) in (a), respectively. ROI: Region of interest.
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analysis algorithm) of the wide¯eld, EFSD-SIM,
JSFR-SIM, and HiFi-SIM images are 327 nm,
167 nm, 164 nm, and 167 nm, respectively. The
theoretical wide¯eld resolution is calculated by the
Rayleigh criterion (274 nm; calculated as
0:61� 670=1:49), and the respective 1.96-fold, 1.99-
fold, and 1.96-fold resolution enhancement of
EFSD-SIM, JSFR-SIM, and HiFi-SIM is consistent
with the theoretical value of 1.94-fold (calculated as
1þ 274=290). Besides, the two adjacent microtu-
bule ¯laments (under the respective green dashed
line in Figs. 5(a)–5(d)) which cannot be resolved in
the wide¯eld image are resolvable in the EFSD-
SIM, JSFR-SIM, and HiFi-SIM images, it can be
seen more intuitively from their respective intensity
pro¯les in Fig. 5(e). Meanwhile, our method is
less prone to background artifacts compared to

JSFR-SIM and HiFi-SIM, as indicated by the
arrows in Fig. 5(e).

3.2. Simulation experiment results

Furthermore, we quanti¯ed the resolution en-
hancement and robustness of our method to dis-
tortion and noise with the simulated Siemens star
test target, the results are shown in Fig. 6. In the
simulation experiment, we set system parameters as
follows: Objective NA of 1.49, excitation wave-
length of 488 nm, and emission wavelength of
525 nm, respectively. The simulated star sample
(Fig. 6(a)) and its ROI (Fig. 6(b)) were both illu-
minated under sinusoidal illumination patterns
with a period of 296 nm which corresponds to 10
pixels of our DMD. In Fig. 6(c), the wide¯eld

Fig. 5. Experimental results of STAR-RED-dyed microtubules in a ¯xed Cos7-1 cell under an excitation wavelength of 642 nm.
(a) Wide¯eld image and SIM images reconstructed with (b) our method, (c) JSFR-SIM, and (d) HiFi-SIM. Their respective
resolution is calculated using decorrelation analysis algorithm. (e) Intensity pro¯les along the green dashed lines in (a)–(d), and all
the intensity pro¯les are normalized to their peak intensities.
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resolution dR is the Rayleigh criterion, and the
resolution of our method is 0.56dR (quanti¯ed by
reading the minimal resolved period when the con-
trast reaches 0.01). As a result, our method achieves
1.79-fold resolution enhancement which is consis-
tent with the theoretical value of 1.73 (calculated as
1þ 215=296), and the resolution of the EFSD-SIM
image is comparable with that of the SPSIM, JSFR-
SIM image and HiFi-SIM image. In addition, our
method has high robustness to optical aberrations35

and noise, as shown in Figs. 6(d)–6(f). In Fig. 6(d),
the star sample was illuminated by distorted sinu-
soidal illumination patterns, and the reconstruction
results indicate that our method provides compa-
rable aberration-robustness to SPSIM, however, the
results of JSFR-SIM and HiFi-SIM both have dif-
ferent degrees of deterioration. Figure 6(e) is the
ROI of an ideal HiFi-SIM reconstruction image
whose sinusoidal illumination patterns are absent of
distortion or noise, and we considered it as a refer-
ence to calculate the respective peak signal-to-noise
ratio (PSNR) of the same ROI of EFSD-SIM,
SPSIM, JSFR-SIM, and HiFi-SIM images (all of
them were reconstructed from nine raw measure-
ments that were added with 25 dB Gaussian noise).

As shown in Fig. 6(f), the value of PSNR of the
EFSD-SIM image is 16.87, it is higher than that of
the SPSIM image (13.99) and lower than that of
JSFR-SIM (20.50) and HiFi-SIM (29.88) images
which have obvious artifacts in the high-frequency
region near the 0.56dR however.

3.3. Reconstruction speed testing

results

Moreover, we compared the respective reconstruc-
tion speed of our method, JSFR-SIM, and HiFi-SIM
in Table 1. The methods were all executed on
MATLAB 2021a based on the same workstation
(Dell Precision T7610, Intel(R) Xeon(R) CPU E5-
2690 v2 @ 3.0GHz, 3.0GHz, 20 Cores; RAM 80GB;

Fig. 6. Simulation experiment results. (a) and (b) is the simulated Siemens star target and its ROI, respectively. (c) and (d) are
experimental results of the simulated Siemens star under a wide¯eld microscope, our method, SPSIM, JSFR-SIM, and HiFi-
SIM using nondistorted and distorted sinusoidal illumination patterns, respectively. The magenta and green curves indicate the
resolutions of wide¯eld imaging and SIM imaging, respectively, and dR. is the Rayleigh criterion. (e) is the same ROI of the HiFi-
SIM image in (c) as in (b), it is considered as a reference to calculate values of PSNR of (f) the EFSD-SIM, SPSIM, JSFR-SIM,
and HiFi-SIM images reconstructed from nine raw measurements that are added with 25 dB Gaussian noise. PSNR: peak signal
to noise.

Table 1. Execution time for tested methods.

Reconstruction time (ms)

Method CPU GPU

HiFi-SIM 5507:0	 93:6 —
JSFR-SIM 680:6	 26:9 11:6	 2:0
Our method 613:2	 15:7 28:6	 0:7

Estimation-free spatial-domain image reconstruction of SIM
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NVIDIA GeForce RTX 2080 Ti 11GB). The nine
raw measurements were up-sampled by a factor of
two before reconstruction and the output recon-
structed image size is 1024� 1024, and the values
shown in Table 1 are the average execution time of
10 individual processing events. The result of the
comparison is that the reconstruction speed of our
method is � 8:98-fold and � 1:11-fold faster than
HiFi-SIM and JSFR-SIM respectively in the CPU
environment, and � 2:47-fold lower than JSFR-SIM
in the GPU environment.

4. Discussion

In fact, as a promotion, because hexpð	i2’‘Þi‘ ¼ 0
can also be achieved when ’‘ ¼ ’1 þ ð‘� 1Þ�=Nð
N ¼ 2Þ in Eq. (14), in principle, our method can be
extended to a more time-saving reconstruction
mechanism with seven frames which include six
raw measurements (three orientations of 0�, 60�,
and 120�, and two phases with �=2 phase di®erence
per orientation) and one wide¯eld image (can
be obtained by taking the average of the six raw
measurements) compared to the present nine-frame
reconstruction. Besides, because the remodulation
mechanism of our method just relies on the
frequency-spectrum-shifting characteristic of the
estimated sinusoidal patterns, any illumination
patterns that can be decomposed into superposition
of sinusoidal functions, such as lattice and speckle,
can be combined with our method in principle.
Open-source codes and test data for our method are
available on our GitHub repository: https://github.
com/Xiaoyan-github/zjulxy.git.

5. Conclusions

In conclusion, we have proposed an SD-SIM recon-
struction method termed EFSD-SIM without the
requirement of knowing speci¯c illumination pat-
terns and thus the time-consuming parameter esti-
mation procedure. What is novel, we obtain
required patterns by calculating from raw mea-
surements to achieve remodulation. The recon-
struction of our method is conducted directly by
calculating the spatial covariance of the di®erential
calculated patterns and the di®erential ¯ltered
measurements (by performing notch ¯ltering on the
raw measurements for background suppression).
We quanti¯ed the SR capability, the reconstruction

speed, and the robustness to noise and pattern
distortion of our method by performing recon-
structions on the raw measurements of the nonbio-
logical/biological °uorescence samples and the
simulated Siemens star target. The reconstruction
results show that our method provides equivalent or
better performance in terms of resolution enhance-
ment, reconstruction speed, and noise/aberration-
robustness compared to the state-of-the-art meth-
ods whether with the requirement of parameter es-
timation (including the SD method JSFR-SIM and
the Fourier-domain method HiFi-SIM) or not (the
SD algorithm SPSIM). The speed advantage of our
method makes it has potential to be used in the real-
time imaging by applying 7-frame reconstruction in
the future.
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