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Using spatially non-uniform illumination significantly improves
the resolution of light microscopy1. Indeed, frequency mixing
between the object and the illumination permits the recovery
of object frequencies beyond the diffraction-limited detection
band pass2–5. However, the image reconstruction process
requires a precise knowledge of the illumination patterns
(usually focused or periodic) and therefore sophisticated
stable mountings6,7. Here, we show, both theoretically and
experimentally, that image reconstruction can be performed
without knowing the illumination patterns, provided that their
average is roughly homogeneous over the sample. Using blind
structured illumination microscopy (blind-SIM), a resolution
about two times better than that of conventional wide-field
microscopy is obtained by simply illuminating the sample
with several uncontrolled random speckles. Our approach is
insensitive to specimen or aberration-induced illumination
deformations, does not require any calibration step or stringent
control of the illumination, and dramatically simplifies the
experimental set-up.

In classical wide-field fluorescence microscopy, the sample fluor-
escence is excited by a uniform light intensity and the emitted
fluorescence is detected at the image plane of a microscope objec-
tive. In the linear regime, the recorded intensity M can be modelled
as the convolution of the fluorescence density of the sample r with
the microscope detection point spread function h. The image resol-
ution is limited by the spectral band pass of h, the cutoff of which is
fixed by nmax¼ 2NA/lem, where lem is the emitted wavelength and
NA is the numerical aperture of the microscope objective. To
improve the frequency content of the image, a widespread
solution consists of illuminating the sample with a non-uniform
light pattern. In this case, the recorded intensity is given by

M = Ir
( )

∗ h (1)

where ∗ indicates the convolution product and I is the spatially
varying illumination intensity. If the illumination largest spatial
frequency allowed by the excitation band pass is ni , the convolution
theorem shows that M depends on the spatial frequencies of r up to
nmaxþ vi. Thus, the recorded intensity map contains sample infor-
mation that is beyond the detection band pass. Many imaging
approaches exhibiting a resolution that is better than that of classical
wide-field microscopy (including structured illumination fluor-
escence microscopy (SIM) with periodic excitation patterns2,3,8 or
near-field hot spots9,10, tomographic diffraction microscopy with
rotating plane waves or translating speckles4,11–14 and even confocal
or related microscopies with focused excitation spots15,16) rest on
this principle.

However, although these approaches demonstrate resolutions up
to two times better than that of the wide-field microscope1,7, they are
still rarely used in the microscopy community, largely because they

all rely on reconstruction algorithms that require a precise knowl-
edge of the illumination patterns, with small errors in the latter
yielding artefacts in the final high-resolution image. This important
constraint can be overcome only if the illumination distortion
induced by the sample or the objective aberrations is negligible
and if the set-ups are carefully calibrated and stabilized to control
the illumination. This limits the application domain to weakly
scattering samples and makes the experimental implementation
very technical. Hence, a major step forward to extend the potential
of SIM techniques is to develop a method, hereafter named blind-
SIM, that is able to retrieve the sample fluorescence density
without a priori information on the illumination patterns.

To address the blind-SIM issue, we consider an experimental
configuration in which a fluorescent sample is successively illumi-
nated by L different light patterns Il¼1,. . .,L. The fluorescence
density r is linked to the L images Ml¼1,. . .,L by

M = Ilr
( )

∗ h (2)

Given the L images, we seek to reconstruct both the fluorescence
density and the L incident intensities, that is, Lþ 1 unknowns.
The system is thus highly underdetermined. To avoid this
problem, we introduce the constraint that the sum of all the incident
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Figure 1 | Illustration of the different steps of a simulated speckle blind-

SIM experiment. A total of 160 different speckle patterns with NAeff¼NA

(upper right panel) are multiplied by the sample fluorophore density pattern

(upper centre) and convolved by the microscope detection point spread

function. The data are corrupted by Poisson and electronic noise to yield

160 low-resolution images (left panel). The reconstruction algorithm

simultaneously estimates the image of the fluorescence density (lower

centre panel) and the 160 speckle patterns (lower right panel). All details of

the simulation parameters are provided in the Supplementary Section II A.
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intensities be roughly homogeneous over the sample plane. This
condition assumes that the sample is uniformly illuminated, on
average. It reads,

∑L

l=1

Il ≈ LI0

where I0 is constant over the sample plane. We use this constraint to
reduce the number of unknowns. The last intensity IL is assumed to
be equal to

IL = LI0 −
∑L−1

l=1

Il

so that the Lth equation (2) can be expressed as

ML = LI0 −
∑L−1

l=1

Il

( )
r

[ ]
∗ h

where IL is now absent. The fluorescence density and the L – 1 first
illuminations are then jointly estimated in an iterative way so as to
minimize the cost functional,

F(r, Il=1,...,L−1) =
∑L−1

l=1

‖Ml − Ilr
( )

∗ h‖2

+
∥∥∥∥∥ML − LI0 −

∑L−1

l=1

Il

( )
r

[ ]
∗ h

∥∥∥∥∥
2

where ‖.‖ is an euclidian norm over the image space. A conjugate
gradient algorithm is then used to modify the estimates of r and
Il¼1,. . .,L21 in such a way that F decreases. To regularize further
the inversion problem, r, Il¼1,. . .,L21 are assumed to be positive.
Note that with this approach, the residual inhomogeneity of the
illumination average will be transferred to the reconstructed

fluorescence density. A detailed description of the blind-SIM algor-
ithm can be found in Supplementary Section I.

In the following, the improvement in resolution provided by our
method is demonstrated by comparing blind-SIM images to classi-
cal wide-field images obtained under uniform illumination. For a
fair comparison, all the wide-field images were deconvolved with
a nonlinear iterative technique that included the same regularization
terms (in particular the positivity constraint) as the blind-SIM
algorithm, and we were careful that the experiments had the same
photon budget.

We first investigated the performances of blind-SIM on simu-
lated images of a flat two-dimensional fluorescent sample placed
at the focal plane of a microscope objective with numerical aperture
NA¼ 1.49. The sample was illuminated by 160 different fully
developed speckles as illustrated in Fig. 1. The speckles were calcu-
lated as a sum of plane waves for which the wave vector transverse
projections were taken on a disk of radius 2pNAeff/lexc, where lexc
is the excitation wavelength (which is equal to the emission wave-
length). The images were obtained using equation (1) and corrupted
with Poisson and electronic noise. In Fig. 1 we observe that the
blind-SIM estimations of the fluorescence density and L – 1 speckles
are in good agreement with the actual values.
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Figure 2 | Numerical study of the resolution of the reconstructed sample

using speckle blind-SIM versus the excitation pattern spectrum.

a, Fluorescence density of the object. b, Image of the object obtained with

uniform illumination and an oil objective microscope (NA¼ 1.49).

c, Deconvolution of the wide-field image shown in b. d, Fluorescence density

reconstructed by blind-SIM from L¼ 160 images obtained with speckle

illuminations. The random speckles are generated with an effective

numerical aperture that is half that of the detection, NAeff¼0.5NA. e, As in

d, but NAeff¼NA. f, As in d, but NAeff¼ 1.5NA. The black bar corresponds

to the incident and emitted wavelength l. The colour scale represents the

normalized fluorophore density. For a fair comparison, the experiments have

the same photon budget and the deconvolution procedure includes the

same regularization terms as blind-SIM. Details of the simulation and

regularization procedure are provided in the Supplementary Section II A.
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Figure 3 | Experimental periodical SIM data processed by blind-SIM.

Fluorescent beads with diameters of 90 nm are illuminated by 24 different

standing waves with period d ≈ 230 nm through an oil objective (NA¼ 1.45)

at lexc¼ 633 nm. a, One of the 24 recorded images. b, Absolute value of

the Fourier transform of a (after subtracting the mean). The peaks of the

light grid are not visible. c, Blind-SIM reconstructed excitation pattern of the

image in a. The pattern is reconstructed only where the reconstructed

fluorescence density is non-zero. d, Absolute value of the Fourier transform

of c (after subtracting the mean). The peaks of the light grid are clearly

visible among noise-like features, which indicate the support of the pattern

reconstruction. e, Zoom of the sample image obtained under wide-field

illumination. f, Deconvolution of e, in which closely located beads are

unresolved. g, Blind-SIM reconstructed fluorescent density obtained from the

24 structured illumination measurements. Closely located beads are now

well resolved. All scale bars, 1 mm. The grey scale represents the normalized

fluorescent density. About 10,000 photons per bead are detected during the

measurement process. Details of the experimental set-up and sample are

provided in the Methods.
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To verify that frequency mixing between illumination and object
is at the root of the blind-SIM improvement in resolution, we con-
sidered a numerical experiment in which the same sample is illumi-
nated by speckles with different spectra. In Fig. 2d–f, the
reconstructed fluorescence densities obtained from L¼ 160
speckle images are displayed for NAeff¼ 0.5 NA, NAeff¼NA and
NAeff¼ 1.5 NA, respectively and compared to the true fluorescence

density of the sample, the wide-field image of the sample and the
deconvolution of the wide-field image (Fig. 2a–c, respectively). As
expected, the resolution of the blind-SIM images is always better
than that of the deconvolved image and clearly improves with
increasing NAeff.

This numerical analysis was completed by a quantitative study of
blind-SIM resolution with respect to noise. Supplementary Section
II shows that blind-SIM is always better than deconvolution. If the
average photon noise is below 1% (which is the case for most wide-
field images), the resolution of blind-SIM is comparable to that of
classical periodic SIM (with known excitation patterns) and about
half that of classical wide-field microscopy.

Blind-SIM was then validated on experimental images from a
wide-field microscope with periodic excitation patterns. In total,
24 images of a sample made of 90 nm fluorescent beads were
recorded for various positions and orientation of a periodic light
grid (details regarding the experimental set-up and sample are
given in the Methods) and processed by our algorithm. We
observe that, although the excitation peaks are not visible on the
Fourier transform of the raw images (Fig. 3a,b), blind-SIM accu-
rately retrieves the light patterns (Fig. 3c,d). In this experiment,
where the measured width of the detection point spread function
is �360 nm, the resolution of the blind-SIM image (Fig. 3g) is as
good as that provided by an up-to-date SIM algorithm assuming
the periodicity of the light pattern and reaches 160 nm. It is much
better than that of the deconvolved wide-field image (Fig. 3f ),
which is �250 nm. Moreover, we show in Supplementary Fig. S3
that blind-SIM is able to handle strongly distorted periodic patterns,
which are beyond the reach of classical SIM algorithms.

Finally, blind-SIM was applied to the experimental microscope
images of a biological sample illuminated by 150 different speckles.
The speckles were obtained by moving a diffuser through the laser
path in front of the microscope objective. The sample was an ultra-
thin (80 nm) slice of rabbit jejunum with glycoproteins marked with
Cy5 fluorescent dye. The wide-field image of the sample, the decon-
volution of the wide-field image and the blind-SIM density of fluor-
escence are shown in Fig. 4a–c, respectively. We observe a
significant improvement of the resolution with blind-SIM (see
also the insets of Fig. 4). Note that taking the standard variation
of the speckle images (as in the dynamic speckle illumination
approach17), while useful for removing out-of-focus fluorescence,
did not yield any improvement in resolution.

In conclusion, we have developed a method (blind-SIM) that cir-
cumvents the major issue of the control and a priori knowledge of
the excitation patterns in microscopy using non-uniform illumina-
tion. Using blind-SIM, images with a resolution about two times
better than that of wide-field microscopy can be obtained by
simply illuminating samples with random light speckles.
Promising applications of blind-SIM include its adaptation to
non-fluorescence microscopy, typically in the framework of
optical diffraction tomography4, and its extension to subdiffraction
imaging, with the use of high-frequency near-field speckles or non-
linear photoresponse18–20.

Methods
Details on the simulated data used for Figs 1 and 2 can be found in Supplementary
Section II.

Experimental set-up and sample used for Fig. 3. Figure 3 was obtained using a
home-built SIM in epi-illumination mode. Using a glass transmission grating
(holographic, 80 lines/mm) placed in a secondary image plane of the microscope
and illuminated with a collimated laser beam (He–Ne, 633 nm), a sinusoidal light
pattern (period, �230 nm) was formed on the sample through a high-numerical-
aperture objective (NA¼ 1.45, ×100, CFI Plan Apochromat, Nikon). The
orientation and position of the light pattern were modified by translating and
rotating the transmission grating. Only+1 grating diffracted orders were used, the
others being blocked by a diaphragm and central stop. The fluorescence light was
separated from the laser reflection by a dichroic mirror and filter, and finally imaged

a

b

c

d

1μm

10

0 0.5 1

0 0.5 1

0 0.5 1

Figure 4 | Experimental speckle data processed by blind-SIM. The sample

is an ultrathin (80 nm) Epon-embedded section of rabbit jejunum with

glycoproteins marked with Cy5 fluorescent dye. It is illuminated by 150

uncontrolled different speckles through an oil objective (NA¼ 1.45) at

lexc¼ 633 nm. a, Wide-field image of the sample. b, Deconvolution of the

wide-field image in a. c, Blind-SIM fluorescence density obtained from the

150 speckle images. d, Image of a similar sample, using a transmission

electronic microscope. Insets are plots of the image intensity along the

1 mm dashed lines. Scale bar, 3 mm. The grey scale is the normalized

fluorophore density. The total number of photons per pixel, averaged over

the marked microvilli region, is �20,000. Note that the wavy lines

observed in the centre of a–c are not an artefact. Similar lines made of

dark points are visible on the TEM image in d. These arise because the

microtome cuts the microvilli at an angle. Details on the experimental

set-up and sample are provided in the Methods.
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by an electron-multiplying charge-coupled device camera (Andor iXon 897) with a
pixel size of �100 nm (after magnification). The grating was translated eight times
for three different orientations (0, 60 and 1208), yielding a total of 24 recorded
images. The translation step, corresponding to a quarter of the pattern period, was
calibrated by analysis of the laser reflection on the coverslip surface. To ensure the
same photon budget, the wide-field image was obtained by summing the 24
structured illumination measurements. The two-dimensional detection point spread
function was estimated by averaging the images of isolated fluorophores. The sample
consisted of 90-nm-diameter fluorescent beads (Spherotech, SPHERO, Sky Blue)
spread on a coverslip and then immersed in glycerol.

Experimental set-up and sample used for Fig. 4. The set-up used for Fig. 4 was the
same as that described in the previous section except that the transmission grating
was replaced by a diffuser (a grained sheet protector). Its position did not matter, as
long as the back focal plane of the objective was filled with scattered light and as the
diffuser was not directly imaged on the sample. In total, 150 different speckle
illuminations were obtained by translating the diffuser between each image
recording. To ensure the same photon budget, the wide-field image was obtained
by summing the 150 speckle images.

The sample consisted of ultrathin (80 nm) Epon-embedded sections of rabbit
jejunum deposited on a coverslip, the glycoproteins of which were marked with Cy5
fluorescent dye. More precisely, the tissue was fixed by immersion in 2.5%
glutaraldehyde in phosphate buffer at pH 7.4 (PBS) for 1 h, followed by 2% osmium
tetroxide in PBS for 1 h. The specimens were dehydrated by passage through a
graded series of ethanol (70, 90 and 100%) and embedded in Epon 812. Ultrathin
sections (80 nm) were obtained with a microtome and labelled with Cl 3.3
monoclonal antibody (1/100) and Cy5-conjugated goat anti mouse antibodies
(1/200, Bethyl Laboratories).
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