
Label-free super-resolution with coherent
nonlinear structured-illumination
microscopy

Mikko J Huttunen1, Aazad Abbas1, Jeremy Upham1 and Robert W Boyd1,2

1Department of Physics, University of Ottawa, Ottawa, Ontario K1N 6N5, Canada
2 The Institute of Optics and Department of Physics and Astronomy, University of Rochester, Rochester,
NY14627, United States of America

E-mail: mikkojhuttunen@gmail.com

Received 1 March 2017, revised 25 April 2017
Accepted for publication 13 June 2017
Published 18 July 2017

Abstract
Structured-illumination microscopy enables up to a two-fold lateral resolution improvement by
spatially modulating the intensity profile of the illumination beam. We propose a novel way to
generalize the concept of structured illumination to nonlinear widefield modalities by spatially
modulating, instead of field intensities, the phase of the incident field while interferometrically
measuring the complex-valued scattered field. We numerically demonstrate that for second-order
and third-order processes an almost four- and six-fold increase in lateral resolution is achievable,
respectively. This procedure overcomes the conventional Abbe diffraction limit and provides
new possibilities for label-free super-resolution microscopy.

Keywords: super-resolution, microscopy, optical transfer functions, harmonic generation,
second-harmonic generation, third-harmonic generation

(Some figures may appear in colour only in the online journal)

1. Introduction

All conventional optical microscopy modalities are restricted
by the Abbe diffraction limit [1], which dictates the achiev-
able spatial resolution. Within far-field microscopy, a range of
super-resolution techniques based on fluorescent molecules
has been developed to overcome the diffraction limit [2].
Such techniques include stimulated emission depletion
microscopy [3, 4], photoactivated localization microscopy
[5], stochastic optical resolution microscopy [6] and the many
variants of conventional confocal microscopy [7, 8]. Of
particular interest to this work is structured-illumination
microscopy (SIM) [9, 10]. In SIM the spatial intensity mod-
ulation of the illumination beam is used to extend the range of
collected spatial frequencies from the object and to conse-
quently improve the spatial resolution of the formed image.
Regular linear SIM can double the achievable lateral resolu-
tion, while the saturable behavior of fluorophores can almost
quadruple the resolution [11–13].

Despite being based on different working principles, all of
these super-resolution techniques require the use of staining and
fluorescent labels. But since the use of labels can complicate and
limit the possibilities in some applications [14–17], label-free
super-resolution techniques could be beneficial. A few optical
label-free techniques have been recently proposed [19–21], but
they produce only up to two-fold resolution increase. The need
persists for new techniques that provide better resolution, good
contrast and impose fewer restrictions on the object.

In nonlinear optical processes several fields interact with
matter, typically creating new frequency components [22, 23].
In the process of second-harmonic generation (SHG), two
fields at the fundamental frequency ω are converted into a
new field with a doubled frequency w2 . Similarly, in the
process of third-harmonic generation (THG), three incident
fields at the fundamental frequency ω are converted to a new
field with a tripled frequency w3 . These and other nonlinear
processes make use of the intrinsic nonlinear response of the
object under investigation and can thus be used for label-free
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imaging [24–31]. Since the release of these pioneering works,
SHG and THG microscopy modalities have evolved into
useful tools to study biological samples in label-free manner.
In particular, SHG microscopy can provide useful information
of tissue morphology for diagnostic applications [14, 15],
while THG microscopy can be used, for example, to study
organization of lipid molecules [16–18]. A few nonlinear
super-resolution techniques have been proposed, but the
demonstrated lateral resolution has been no better than of the
order of three times the diffraction limit [32–38].

In this paper, we propose and numerically analyze a new
scheme for achieving super-resolution based on the intrinsic
coherent nonlinear processes, such as SHG or THG, occurring
in the object. The approach is based on the SIM scheme
where, instead of light intensities, the phase of the incident
field is modulated and the complex-valued emitted field is
interferometrically measured. We lay out the mathematical
framework and perform simulations to show that an almost
four-fold (six-fold) resolution increase is achievable for sec-
ond-order (third-order) processes. Also when compared to
conventional laser-scanning SHG or THG microscopies, the
achievable lateral resolution is shown to be considerably
improved. Our results therefore open new possibilities for
label-free imaging.

2. Theory

In regular incoherent SIM, the intensity modulation of the
illumination beam can be used to extend the range of spatial
frequencies collected from the object [9, 10]. This is based on
the fact that an incoherent imaging system is approximately a
linear translation-invariant system in terms of the emitted and
detected intensity distributions. Our scheme is based on
coherent nonlinear processes. The relevant imaging system is
then approximately a linear translation-invariant system in
terms of the emitted and detected fields. The advantage of
nonlinear coherent SIM is that by phase-modulating the
incident field and imaging the complex-valued emitted field,
even higher spatial frequencies can be collected by utilizing
nonlinear optical processes. Therefore, the lateral resolution
can be improved by a larger factor compared to previous
coherent SIM schemes [19–21]. For SHG-SIM the lateral
resolution can be increased almost four-fold, whereas an
almost six-fold increase is possible for THG-SIM. We
believe, that similar increase of resolution could be achievable
also for the process of coherent anti-Stokes Raman scattering
(CARS) [39, 40].

In a coherent widefield imaging system, the incident field
w( )E r,inc oscillating at a carrier frequency ω illuminates the

object, interacts with it and is emitted given by

w w w=( ) ( ) ( ) ( )E s Er r r, , , , 1em inc

where w( )E r,em is the emitted field and w( )s r, is the
response function of the object. By imaging the emitted field

w( )E r,em spatial information of the object response w( )s r,
can then be acquired. Assuming that the imaging system in
question is free from aberrations, is linear and is translation-

invariant, the image formation process can be described as a
linear translation-invariant system. The detected image field

w( )E r,det is then a convolution of the emitted field w( )E r,em

and the coherent point-spread function w( )rPSF , of the
system given as
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We next switch to the spatial-frequency domain by defining
the Fourier transform (FT) and the inverse FT as
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where ( )E r is the optical field and ( )E k is the FT of the field.
In the spatial-frequency domain the detected image field

w( )E k,det becomes a point-wise multiplication of the
respective FTs

w w w=( ) ( ) ( ) ( )E Ek k k, , CTF , , 5det em

where w( )E k,em is the FT of the emitted field and the
coherent transfer function w( )kCTF , is the FT of the PSF. It
is the CTF that dictates the achievable resolution by limiting
the highest detectable transverse spatial-frequency component
kmax passing the system [1, 9]. The minimum resolvable
feature size d using the system is determined by

l
= = ( )d

k2NA

1

2
, 6

max

where λ is the wavelength of the light traveling through the
objective in vacuum and NA is the numerical aperture of the
imaging lens.

Next we consider what happens if w( )E r,inc is not spa-
tially uniform but instead has some modulation applied to the
phase of the field given as

w w= - ¢( ) ( ) ( · ) ( )E Er r k r, , exp i , 7inc 0

where w( )E r,0 is a spatially uniform illumination pattern and
¢k is the modulation wave vector. The modulation will con-

sequently affect Eem. Specifically, a shift by ¢k is seen in the
spatial-frequency representation of the emitted field given by

w = ¢ + ¢( ) ( ) ( )E Ek k k, , 8em em

where ¢Eem is the emitted field due to the illumination
w( )E r,0 . Looking at (5) and (8), we see that higher spatial

frequencies in the direction along ¢k can be detected. By
setting ¢ =  kk max and modulating in multiple directions, all
the higher components < k2 max can be collected to effec-
tively double the extent of the CTF and thus the lateral
resolution. The resulting resolution improvement is similar to
that of incoherent SIM. Next we show how the nonlinear
optical response of the object can improve things further.

For the same modulated incident field Einc as in (7), the
SHG and THG response of the object can be described by
nonlinear source polarization terms as [22]

åw c w=( ) ( ) ( ) ( ) ( )( )P E Er r r r2 , 2 , , 9i
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where c w( )( ) r2 ,ijk
2 and c w( )( ) r3 ,ijkl

3 are the second- and third-
order nonlinear susceptibility tensors, respectively, and

( )E rjinc, is the jth component of the incident field at the
fundamental frequency ω. For simplicity, we next assume that
the incident field is linearly polarized and that the nonlinear
material responses are dominated by the tensor components
related to the direction along the oscillating field (i.e. for an
incident field polarized along the î the components c( )

iii
2 and

c( )
iiii
3 dominate). The incident field and the susceptibilities then

become scalars and by noting that w c w w¢ = ¢ ¢-( ) ( ) ( )E Pem
1 ,

where w w¢ = 2 (w w¢ = 3 ) for SHG (THG), we can write the
emitted field components at frequencies w2 and w3 as
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where c w- ( )21 and c w- ( )31 are the inverses of the linear
susceptibilities at the given frequencies. If we once again
consider these field components in the spatial-frequency
domain given by

w w= ¢ + ¢( ) ( ) ( )E Ek k 2k2 , 2 , , 13em em

w w= ¢ + ¢( ) ( ) ( )E Ek k 3k3 , 3 , , 14em em

where the ¢Eem is the emitted field due to w( )E r,0 , we see that
the the total effective CTF can be extended even further by
phase modulation. Note that the collected SHG and THG
signals have shorter wavelengths and thus, according to (6),
proportionally larger kmax. The final step is to develop means
to measure Edet, which can be achieved for example inter-
ferometrically [41]. The detected field ( )E rdet at the back
aperture of the collection objective corresponds to the FT of
the image field ( )E kdet . Therefore, if this field is imaged into a
plane of interest where it interferes with a reference field

f= - ( ) ( ) ( )E Er r exp iref ref ref with a known transverse field
profile, an intensity pattern Idet is created as

f
= + = +

+ D
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2
det

2
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2

det ref

Then by changing the relative phase f f fD = -det ref
between the reference and the detected fields and measuring
the respective interference patterns the complex-valued

( )E kdet can be reconstructed. We use four relative reference
phases fref and the respective interference patterns to recon-
struct ( )E kdet . After reconstruction, the field can be used to
effectively extend the total CTF as explained next.

For simplicity, we assume that the CTF of the imaging
system is a uniform disk with the radius limited by the highest
detectable transverse spatial frequency component kmax, as is
illustrated in figure 1(a). Note that for actual experimental
work, characterization of the CTF might be needed to correct
for aberrations. For simplicity, the procedure is explained
only for SHG-SIM, but the approach is readily generalized to

other processes and modalities such as THG-SIM resulting in
more extended total CTFs and thus better lateral resolution.

The detected second-harmonic image field w( )E k2 ,det,0

due to an unmodulated incident fundamental field w =( )E r,inc,0

( )E r0 is first measured as explained above. Then the phase of the
incident field is modulated as = - ¢( ) ( ) ( · )E Er r k rexp iinc,1 0 1
such that w¢ =  ( )kk max and the respective detected image
field w( )E k2 ,det,1 is measured and superimposed in the reci-
procal space with the initial detected image field (magenta dotted
circle in figure 1(b)). The correct shift is found by calculating the
correlation between w( )E k2 ,det,0 and the shifted w( )E k2 ,det,1

at the intersection of the distributions (marked as darker gray
region in figure 1(b)). The correlation between the common
pixels is maximized at the correct position of the shifted

w( )E k2 ,det,1 , and the relative complement of w( )E k2 ,det,1 in
w( )E k2 ,det,0 can then be added to w( )E k2 ,det,1 to extend the

support of the total CTF as shown in figure 1(b).
The procedure is repeated for other modulation of the

incident field as = - ¢( ) ( ) ( · )E Er r k rexp ij jinc, 0 and con-
sequent detected image field w( )E k2 ,jdet, . Again, the correct
position for the field in the reciprocal space is found by cal-
culating the correlation for the pixels in the intersection of the

w- ( )E k2 ,jdet, 1 (magenta solid line) and the shifted
w( )E k2 ,jdet, (magenta dotted circle), shown as darker area in

figure 1(c). Once the correct location has been found, the
relative complement of w( )E k2 ,jdet, in w- ( )E k2 ,jdet, 1 can
then be added to w( )E k2 ,jdet, to further extend the total CTF.

This recursive procedure is continued until no further
extension of the w( )E k2 ,det can be achieved. The maximum
spatial frequency of the modulation wave vector is restricted
by the CTF of the excitation lens ¢ <  kk max at the funda-
mental frequency. But since the emitted field depends on the
higher powers of the incident field (see (11) and (12)), the
total CTF can be extended further than with traditional
coherent SIM. For SHG-SIM the total CTF can be extended
almost by a factor of four, as is shown in figure 1(d).
Therefore, the lateral resolution of the system is increased by
a similar factor. There are two aspects that extend the total
CTF. Firstly, the extent of the physical CTF is doubled
because the wavelength of the detected field is halved for
SHG as shown in figure 1(a). Secondly, the proposed SIM
scheme can be used to further double the extent the physical
CTF resulting in four-fold extended total CTF.

The data analysis procedure is similar for higher-order
nonlinear processes, such as for THG. The main difference is
that since the emitted field is more strongly modulated, it is
extended further in reciprocal space. Therefore, the total CTF
can be extended further than using SHG-SIM. For THG-SIM
the total CTF can be extended almost by a factor of six (see
figure 1(d)) with a similar increase in the lateral resolution.

3. Results

We perform numerical simulations of the following exper-
imental set-up (see figure 2) that can be used to measure the
interference patterns Idet as given by (15), which are then used
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to reconstruct ( )E kdet . We assume that incident light with
wavelengthl = 1064 nm and an objective with NA = 1.4 are
used. The field is phase-modulated using a spatial light
modulator and only the first positive diffraction order of the
modulated beam is focused to the back focal plane of the
focusing objective to ensure that ( )E rinc evenly illuminates
and interacts with the object. Then we assume that an iden-
tical objective is used to collect the emitted harmonic field
components which are imaged using a lens and a camera. To
measure ( )E kdet , we split the original fundamental beam with
a beam splitter and pass it through a nonlinear crystal to
generate a reference beam ( )E rref . In the case of the coherent
SIM no nonlinear crystal is used and the reference beam used
for the field reconstruction is the original split beam. To
simplify reconstruction of ( )E kdet , we focus the reference
beam into the back focal plane of the imaging lens before the
camera, to ensure it is collimated when entering the camera.
The delay line (gray area in figure 2) can temporally overlap

the two fields and control their relative phase fD . We
reconstruct ( )E kdet from the measured interference patterns
Idet as given by (15), where the phase of the reference field
fref ranges from 0 to almost π. We assume that the inter-
ference patterns are measured with a signal-to-noise ratio
(SNR) of 300, where the noise was assumed to be normally
distributed with the variance proportional to the signal level.
This assumption has been found to be a good approximation
for relatively weak light levels approaching photon counting
regime [42].

The increase in the lateral resolution is seen after the
assembled image field ( )E kdet is inverse FT into a real image.
Simulations of the results are shown in figure 3, where we
plot the moduli of the assembled ( )E kdet and their inverse
FTs. For simplicity, we assume the object is thin, essentially
two-dimensional, as shown in figure 3(a), and has feature
sizes below 50 nm being clearly smaller than six times the
diffraction limit. This is also clear from the modulus of the FT
of the object, which contains spatial frequencies with con-
siderably higher magnitude than kmax (see figure 3(b)).

First, we show that the object is poorly resolved using
coherent widefield microscopy. Without the use of structured
illumination, the features of the image are obviously blurred,
due to the Abbe diffraction limit of ∼380 nm (see figure 3(c)).
Next we simulate how the lateral resolution is increased
through use of linear coherent SIM by phase-modulating Einc.
We see an almost two-fold resolution improvement (see
figure 3(d)), just as we would in regular, incoherent SIM. This
improvement occurs because the field extraction and data
analysis procedure described above stitches the resulting
reciprocal space images together to effectively double the
extent of the total CTF (red solid line in figure 3(e)), com-
pared to the physical CTF (dotted red circle in figure 3(e)).

A similar two-fold increase in lateral resolution can be
seen when we image the object using widefield SHG
(figure 3(f)), and switch to using the SHG-SIM results in a
significantly sharper image (figure 3(g)). This improvement is
due to an almost four-fold extended total CTF (see
figure 3(h)). First, the extent of the physical CTF for widefield

Figure 1. (a) Fourier transform of a sample object. The extent of the physical CTF for fundamental (blue circle), SHG (magenta circle) and
THG (green circle) signals are shown. (b) By spatially modulating the incident field, the area of the detected spatial-frequency components is
shifted (magenta dotted circle). If the shifted reciprocal image is properly superimposed with the previously detected spatial-frequency
components (area inside magenta solid line), a total extended CTF for the system can be formed. The correct location for the shifted
reciprocal images can be determined by finding the maximum correlation between the current total CTF (area inside magenta solid line) and
the shifted reciprocal image inside the intersection of the distributions (highlighted darker region). (c) The total CTF can be further extended
by superimposing shifted reciprocal images of the detected field for different modulations of the incident field. (d) The physical CTF (blue
circle) of the system is thus extended by SIM. While linear optical processes can double the extent of the total CTF (red solid line), second
(third) -order nonlinear processes can extend the total CTF almost four-fold (six-fold), highlighted with a magenta (green) line.

Figure 2. Schematic of the proposed set-up. The incident laser beam
is split at the first beam splitter (BS). The object arm beam is
spatially phase modulated using a spatial light modulator (SLM) and
only the first diffraction order of the modulated beam is imaged by
lens L1 onto the back focal plane of the focusing objective to ensure
the object is uniformly illuminated. The generated nonlinear emitted
field at the back aperture of the collection objective is imaged using
lens (L2) to the camera. A reference beam is created in the reference
arm using a nonlinear crystal (C) and passed onto the camera. Filter
(F) is used to block the fundamental beams. Changing the relative
phase ( fD ) between the beams and measuring the corresponding
interference patterns permits reconstruction of Edet.
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SHG is doubled by the increase in the highest detectable
transverse spatial-frequency component w( )k 2max (see
magenta dotted circle in figure 3(h)). Second, the proposed
SHG-SIM scheme is used to further double the extent of the
CTF (see magenta solid line in figure 3(h)). Finally, if the
widefield THG response of the object can be collected in a
similar manner, an already a relatively well resolved image
can be formed (figure 3(i)), and by switching to THG-SIM the
resolution is further doubled (see figure 3(j)) in total resulting
almost to a six-fold extended CTF when compared to the
physical CTF at the fundamental wavelength. This is because

w( )k 3max is tripled for THG (green dotted circle in
figure 3(k)), while the extent of the total CTF is further
doubled using the proposed SIM scheme up to a six-fold
increase when compared to the extent of the fundamental CTF
(see green solid line in figure 3(k)).

Next we quantify the achievable resolution and the
resolution improvement by the proposed nonlinear coherent
SIM scheme. We note that several approaches to quantify
resolution exist and fall into two main categories [44, 45]. In
the first, the width of the coherent PSF is used as the metric
for lateral resolution [45]. The benefit of this metric is that
because the PSF and the CTF are Fourier pairs, this definition
is related to the cutoff frequency of the CTF and is thus

closely related to the Rayleigh limit. In addition, this metric is
independent of the possible phase-relation of the scattering
objects. In order to quantify our results this way, consider the
PSF of the system in each case, as shown in figure 4. We
adopt the Rayleigh criterion to define the lateral resolution as
the distance from the peak of the PSF to the first minimum.

Figure 3. Simulated lateral resolution improvement using coherent SIM schemes. The simulations were performed assuming SNR = 300. (a)
Original object with feature sizes below 50 nm and (b) the FT of the object. The object is poorly resolved using only (c) conventional
coherent widefield microscopy, but (d) coherent SIM does provide somewhat better resolution because (e) the extent of the total CTF is
doubled. The image features become also sharper with (f) widefield SHG or (i) widefield THG, but are significantly better resolved by the (g)
SHG-SIM and (j) THG-SIM. The improvement using the SIM schemes occurs because each SIM extends the total CTF by almost a factor of
(e) two, (h) four and (k) six, respectively (solid lines). Note that kmax is doubled (tripled) for SHG (THG) (see dotted circles).

Figure 4. The calculated PSFs for coherent widefield (dotted black),
coherent SIM (solid black), widefield SHG (dotted magenta), SHG-
SIM (solid magenta), widefield THG (dotted green) and THG-SIM
(solid green). The incident wavelength is l = 1064 nm and
NA = 1.4. The lateral resolutions calculated using the Rayleigh
criterion are 464 nm, 235 nm, 152 nm, 118 nm and 77 nm,
respectively.
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Whereas the coherent widefield PSF has a lateral resolution
of 464 nm, linear coherent SIM doubles the upper bound on
the captured reciprocal space information, almost halving
the resolution to 235 nm. Widefield SHG has an identical
lateral resolution of 235 nm, which is again almost doubled
by SHG-SIM to 118 nm. Widefield THG provides a lateral
resolution of 152 nm, with THG-SIM cutting the resolution
down to 77 nm. Note that our nonlinear SIM scheme also
surpasses the Abbe limit calculated for the harmonic
wavelengths, where a lateral resolution of 190 nm (127 nm)
is expected if incident light with wavelength of 532 nm
(355 nm) is used.

In the second category, two objects separated by a short
distance are imaged, and the resolution is defined as the
minimum distance d when the dip in the signal between
the objects is at 81% of either maxima, commonly called the
Rayleigh criterion [45]. In order use this approach to quantify
the achievable resolution, we simulate imaging of two such
closely spaced objects by using the mentioned coherent illu-
mination modalities while varying the distance d. From this
data, the achievable resolutions for conventional coherent
widefield, coherent SIM and widefield SHG, widefield THG,
SHG-SIM and THG-SIM modalities are calculated to be
650 nm, 332 nm, 223 nm, 166 nm and 110 nm, respectively
(see figure 5). We note that this approach depends on the
possible phase-difference between the objects. Our results
consider two objects scattering in-phase. If the objects would
scatter in phase quadrature, the achievable resolution would
coincide with what is achievable using incoherent illumina-
tion, while out-of-phase scattering objects could be even
better resolved [45].

Next we discuss the potential of the proposed SIM
scheme for label-free imaging of biological samples. Since we
propose to measure the relatively weak SHG and THG signals
using a widefield configuration [29–31], one might assume

that the required high peak intensities at the sample would
restrict the applicability of the technique to inorganic samples.
But as a recent experimental SHG holographic widefield
experiment shows, realistic SNRs and imaging speeds can be
achieved already with peak intensities on the order of
300MW cm−2 if sensitive electron multiplying charge cou-
pled device (EMCCD) cameras are used [46]. We note that
this peak intensity level is approximately three orders of
magnitude smaller than what is conventionally used in non-
linear laser-scanning microscopy [15–17], and as such is not
expected to harm biological samples. Therefore we believe
that even living samples could be imaged. We were not able
to find experimental studies using widefield THG micro-
scopy. But since several widefield CARS schemes exist uti-
lizing thus a nonlinear process of same order for contrast [40],
we believe that also THG-SIM is feasible.

We also estimate how quickly a SIM image could be
formed. Based on our simulations, a SNR of about 300 seems
more than adequate to provide high-quality images. Accord-
ing to [46], such a SNR could be achieved with an EMCCD
camera using integration times of about 50 ms per widefield
SHG image. We record four images for the detected field
reconstruction, and estimate that similar to conventional
incoherent SIM, seven reconstructed fields extend sufficiently
the effective CTF and increase the resolution [10]. Therefore,
in total 28 images need to be recorded, resulting in imaging
speed of about 1.4 s per SHG-SIM image, which is similar to
the imaging speeds of conventional nonlinear laser-scanning
microscopes. In addition, we believe that the imaging speed
could be further improved by using holographic techniques in
the reconstruction of the detected field [46], or by using
amplified fs-laser systems for excitation [30, 31].

Next, we consider the robustness of the technique in
terms of other sources of noise, artifacts and imaging aber-
rations. In general due to its nonlinear origin, the detected

Figure 5. Simulations of two closely spaced objects, separated by distance d = 110 nm, 166 nm, 223 nm, 332 nm and 650 nm. Scale bars are
500 nm. Red solid rectangles highlight the shortest distance d when the objects are still resolved for the given imaging modality.
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image field will be relatively weak, which might complicate
the field reconstruction [47]. In addition, the coherent imaging
system is susceptible to speckle noise. Therefore, additional
measures to improve the SNR, the measurement accuracy and
consequent image quality might prove to be beneficial,
including off-axis holography or averaging over multiple
reconstructed fields [48]. Here, we also assume that the CTF
of the imaging system is ideal and entirely known. In practise,
the imaging system can have aberrations which will change
the CTF accordingly, and the precise CTF may not be entirely
known. Therefore, additional calibration of the imaging sys-
tem may prove useful.

Most importantly we note that the proposed SIM scheme
is based on the intrinsic nonlinear optical response of the
object, and thus does not require labeling that can compro-
mise studies of sensitive or live objects. For simplicity, we
assume in the simulations that the object scatters similarly for
linear, SHG and THG light meaning that in practice each
modality provides identical imaging contrast. In practice that
is not the case. It is well known that SHG from biological
tissues is mostly due to collagen fibers [15], and therefore
SHG microscopy has been found to be a useful tool to study
collagen organization and changes in tissue morphology due
to many diseases/disorders [14, 15, 28]. On the other hand,
THG microscopy has been found to be a useful tool for
visualizing and studying lipid molecules [16–18]. As long as
the widefield SHG or THG response from the object is
observed [29–31], this technique can be used to significantly
improve the lateral resolution. Even though widefield mod-
alities in general have slightly worse lateral resolution com-
pared to laser-scanning microscopy, the achievable resolution
is still significantly improved by our technique. The proposed
SIM schemes provide clearly improved lateral resolution than
laser-scanning SHG (THG) microscopy, beating these tech-
niques roughly by a factor of 3.2 (3.9) [43]. In addition, the
proposed scheme could be generalized to other nonlinear
processes such as widefield CARS with similar lateral reso-
lution well beyond the diffraction limit.

It is also worth noting that during our mathematical
derivation we assumed that the second- and third-order non-
linear susceptibility tensors can be approximated as scalars.
Clearly that assumption may not always hold as many bio-
logical materials are birefringent, leading to polarization
dependent nonlinear response. Interestingly, these effects can
provide valuable microscopic information of the studied
system, as has been shown in many laser-scanning SHG
studies [15, 28, 49, 50]. Therefore, it would be intriguing to
investigate further how the proposed widefield nonlinear SIM
schemes could be combined with polarization-sensitive
techniques.

While our proposed scheme improves the lateral resolu-
tion, the axial resolution is not affected. But we note that the
traditional SIM can be extended to provide also axial super-
resolution [51]. Therefore, we are confident that our proposed
nonlinear coherent SIM scheme could be similarly extended
to provide both lateral and axial super-resolution. But as the
sample thickness increases, propagation effects may compli-
cate the technique and consequent data analysis. For example,

speckle noise may play a stronger role and should therefore
be accounted for [48]. In addition, phase-matching effects
become more important complicating the data analy-
sis [22, 52].

4. Conclusion

In conclusion, we propose a widefield coherent nonlinear SIM
scheme based on spatially modulating the phase of the incident
field and consequent interferometric detection of the emitted
complex-valued field. We have numerically shown that the
lateral resolution can be drastically improved by taking
advantage of the nonlinear optical response of the object. In
particular we have shown that if the second-harmonic (third-
harmonic) emission from the object can be collected, the
achievable resolution can be increased four-fold (six-fold).
Since the nonlinear response of the object is intrinsic, the
proposed technique can be used for label-free imaging. Our
proposed method promises to open up new avenues for bio-
logical imaging and for biomedical diagnostics.
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