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Abstract. We studied the use of Talbot pattern illumination in scanning
optical microscopy (SOM). Unlike conventional illumination spots used
in SOM, the focal spots in Talbot pattern are more complicated and do
not have a simple Gaussian intensity distribution. To find out the resolution
of SOM using Talbot pattern, we characterized the evolution of the full-
width-at-half-maximum spot size of the Talbot focal spots by computer
simulation. We then simulated the SOM imaging under Talbot pattern illu-
mination using the razor blade and the U.S. Air Force target as the sample
objects, and compared the results with those performed with Gaussian
spots as illumination. Using several foci searching algorithms, the optimal
focal distances were found to be shorter than the theoretical Talbot dis-
tances. The simulation results were consistent with the experiment results
published previously. We then provide a practical guidance for searching
for optimal focal distances in the SOM based on these studies.©2013Society
of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.52.9.091714]
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1 Introduction
A two-dimensional (2-D) grid of focal spots is useful
for implementing wide field-of-view (FOV) imaging with
the principle of scanning optical microscopy (SOM).1,2

Traditionally, the SOM is implemented using focal spots
generated by microscope objectives3 and these beams
can be approximated as Gaussian beams. A large-area 2-D
focal spots grid of Gaussian beams can potentially serve well
in an SOM by providing parallel scanning capability.
However, it is difficult to generate such a grid with good res-
olution (∼1 μm or less) over areas beyond 1 mm. The Talbot
effect provides a desirable approach to generate the focus
grid.1 It works by self-imaging an aperture grid without
the help of lenses or other optical elements. As the aperture
grid can be easily fabricated with microfabrication tech-
niques, the device is mass producible and can be very low
cost. Furthermore, the focal plane distance can be easily
tuned by changing wavelength of the illumination beam,1

and thus can provide microscopic images at different
depth into a sample. Notice that the transmission efficiency
will be very low if we use the aperture grid directly under
illumination of a collimated beam since the aperture size
is usually much smaller than the separation of adjacent
apertures. Fortunately, the efficiency can be significantly
improved by adding a microlens array before the aperture
grid and focusing the beams at the apertures, or directly
use the focus grid produced by the microlens array to gen-
erate Talbot spots if submicron resolution is not required.4

Previously we have developed a scanning microscope imple-
mentation to achieve wide FOV imaging with resolution of
∼1 μm using the Talbot pattern illumination.1 In the experi-
ment, it was observed that the optimal focal distance for

imaging was a little shorter than the theoretically derived
self-imaging distance. However, the Talbot focal spot is com-
plicated and it’s hard to determine the resolution and optimal
focal plane of SOM using Talbot pattern illumination quan-
titatively. In this paper, we use diffraction based computer
simulation to characterize the properties of Talbot focal
spots and how it affects the imaging quality in SOM.

Talbot effect,5 also known as self-imaging effect, repro-
duces the images of an arbitrary periodic mask at the integer
multiples of a fixed distance. The Talbot distance ZT can be
calculated as

ZT ¼ 2d2∕λ; (1)

where d is the spatial period of the mask and λ is the wave-
length of illuminating beam. At the distance of

z ¼ nZT∕2; n ¼ 1; 2; 3; : : : (2)

the Talbot images (when n is even) or phase-reversed Talbot
images (when n is odd) of the mask will be generated. Using
an aperture grid as the mask, we will be able to get the focus
grid at the distance z. To avoid confusion with the term
“Talbot distance” (ZT), we will refer nZT∕2 as “self-imaging
distances” in the rest of the paper.

The derivation of Eqs. (1) and (2) are valid under paraxial
approximation and when the aperture diameter is much
larger than the wavelength.6,7 In situations where those
approximations are not valid, Talbot effect may still be
observed. Yet, as was discovered in our previous experi-
ment,1 the best self-imaging positions would no longer be
exactly located at distances described by Eq. (2).

In this paper, we present extensive computer simulation
on the performance of Talbot-illumination-based microscopy
and provide quantitative methods to precisely locate the0091-3286/2013/$25.00 © 2013 SPIE
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optimal focal distance for Talbot illumination. In Sec. 2, we
briefly describe our simulation method and the evolving of
Talbot pattern is demonstrated. In Secs. 3 and 4, we show the
simulation of the SOM imaging of two samples: a razor
blade structure and a U.S. Air Force (USAF) resolution
target, with the same parameters as those in our previous
experiments.1 We were able to determine the optimal focal
distance and theoretical resolution that can be achieved by
looking at the simulated SOM images qualitatively. Finally
in Sec. 5, we introduce a simple approach for searching the
optimal focal distance quantitatively based on analysis of
spot intensity distribution, and compare the results with two
traditional autofocusing algorithms.

2 Evolving of Talbot Pattern
Our simulation employed the angular spectrum method,8

which does not assume paraxial approximation. The simula-
tion process is briefly explained as follows. For a mono-
chromatic wave incident on the xy-plane and travels along
z-direction, let Uðx; y; zÞ denote the optical wave disturb-
ance. The angular spectrum of the wave at z ¼ 0 is then
given by the Fourier transform of Uðx; y; 0Þ:
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where λ is the wavelength of incident wave, α ¼ λfx and β ¼
λfy can be regarded as direction cosines of the corresponding
plane wave component. Furthermore, the propagation of
angular spectrum can be described as
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where the function circ is defined as circðrÞ ¼ 1 (for r ≤ 1)
and 0 (for r > 1). By taking the inverse Fourier transform
of Aðα∕λ; β∕λ; zÞ, we can then get the field distribution
Uðx; y; zÞ.

We used the above method to simulate the generated
Talbot spots with an aperture grid as the mask. Here, we
assume that the size of the aperture grid is infinite. In the
simulation, the aperture grid had a spatial periodicity of
30 μm, and the transmission through each aperture was
assumed to have a Gaussian distribution with the full
width at half maximum (FWHM) of 0.8 μm. The wavelength
of the illuminating beam was set as 700 nm. These param-
eters are consistent with the experiment described in Ref. 1.
Figure 1 shows the evolving of the Talbot spots around
z ¼ 0.5ZT , 1.0ZT , and 1.5ZT away from an aperture grid.
The FWHM of the center spot of each diffraction pattern,
calculated by Gaussian fitting, is listed below each spot pat-
tern in Fig. 1 and plotted against the offset position (distance
away from z ¼ 0.5ZT , 1.0ZT , and 1.5ZT , respectively) in
Fig. 2 explicitly.

According to Figs. 1 and 2, the evolving Talbot spot
patterns have the following characteristics:

1. In general, the spot size increases as z approaches
to the self-imaging distances, starting from z ¼
nZT∕2 − 120 μm. This increase is not a monotonic
one, and it is possible for the spot to attain a small
compact size if z is chosen carefully. On the other

Fig. 1 Evolving of Talbot spot pattern around 0.5ZT , 1.0ZT , and 1.5ZT . The z-position and the FWHM are indicated under each spot pattern.
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hand, being far in front of self-imaging distances does
not always guarantee small spot, either. More briefly,
the evolving is not exactly a monotonic variation in
terms of spot size versus z. This is more obvious
for the larger self-imaging distances.

2. In many cases, the spots are surrounded by intense
rings.

3. As z moves positively beyond self-imaging distances,
Talbot pattern become significantly distorted. The
center spot might not even be observable.

In scanning microscopy, smaller spot provides potential
capability to resolve finer details, while a reduced presence
of surrounding rings can promote higher contrast. The two
factors are both essential. Based on above observations, the
imaging quality under Talbot spots illumination does not
appear to evolve in a regular manner depending on either
of the two perspectives. Thus, further study is necessary
to find out the best focal distance.

3 Scanning of Razor Blade
To study the imaging quality under Talbot spots illumination,
we first used an infinitely long binary razor blade as our sam-
ple, as shown in Fig. 3(a). The study will help us inspect the
quality of the scanning microscopy on imaging boundaries in
the sample, especially in situations where the dimension of
sample details are much larger than the spot size.

In the simulation, we scanned the razor blade across a
Talbot spot pattern, and calculated the transmission power
by integrating the part of the spots, which is not blocked
by the razor blade. Notice that we were simulating a
Talbot spot grid for the scanning microscopy with a spatial
periodicity of 30 μm; thus, the integration of the spots was
calculated within a box of 30 × 30 μm. In each z-position,
the scanning will give us a line signal. We can then get a
2-D image by putting the scan lines of different z-positions
together, as shown in Fig. 3(b)–3(d), where the patterns
around 0.5ZT , 1.0ZT , and 1.5ZT are plotted versus the

z-position. In the simulation, the scanning step was set as
0.06 μm, which was less than 1∕10 of normal spot sizes.

By looking at the sharpness of the boundaries versus the
z-position, we can see that the best quality of microscopy
image occurs at tens of microns shorter than the self-imaging
distances. We can also observe that there is a region of
z-position that provides the sharpest edge, and the region
is larger for larger self-imaging distances, with the trade-off
of less sharpness in the boundary. This observation is further
supported by the simulation in the following sections.

4 Scanning of U.S. Air Force Resolution Target
The USAF target is a well-accepted standard target for deter-
mining resolution of microscopic imaging. The target is nor-
mally composed of nine groups with line width ranging from
250 to ∼0.8 μm. In the simulation, we used group 8 and 9 as
our target, as shown in Fig. 4(a). The line widths of the target
are listed in Fig. 4(b).

The simulation scheme of the SOM is shown in Fig. 4(c),
where the USAF target is scanned under the illumination of
the 2-D focus grid. The transmission of each focal spot is
collected by a lens and imaged onto an imaging sensor.
The transmission power of each focal spots is calculated
by integration of the spot, partially blocked by the target,
within a box of 30 × 30 μm according to the period of the
focus grid. The line scans from each focal spots can then
be combined to produce an image of the target. The simu-
lation parameters were consistent with our previous experi-
ment,1 where the Talbot focal spots grid was tilted at an angle
of 0.0167 rad with respect to the scanning direction of the
USAF target. The sampling distance in both horizontal
and vertical direction was 0.5 μm. In the simulation, the
scanning z-position was ranging from 1.5ZT − 120 μm to
1.5ZT . Figure 5 shows the simulated scanning images. We
can clearly see that the best focused image, with the best con-
trast, was obtained at 1.5ZT − 30 μm. In the following sec-
tion, we quantitatively determine that 1.5ZT − 29 μm is in
fact the optimal position. It agrees well with the simulation

Fig. 2 FWHM spot size versus z offset position around (a) 0.5ZT , (b) 1.0ZT , and (c) 1.5ZT .
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Fig. 3 Simulation of scanning of a single Talbot spot pattern across a razor blade. (a) the razor blade target; (b) the scanning pattern of razor blade
around 0.5ZT ; (c) the scanning pattern of around 1.0ZT ; (d) the scanning pattern of the razor blade around 1.5ZT .

Fig. 4 (a) Group 8 and 9 of the U.S. Air Force (USAF) target; (b) line width of group 8 and 9 in the USAF target; (c) simulation scheme.

Fig. 5 Scanning images of the USAF target at z-positions ranging from 1.5ZT − 120 μm to 1.5ZT .
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in Fig. 1, where the spot at 1.5ZT − 30 μm is relatively clean
with very few surrounding rings and the size of spot is still
rather small.

Interestingly, we also note that there are possibly multiple
foci within a short spatial interval in Talbot pattern illumina-
tion. In this case, images around 1.5ZT − 90 μm has accept-
able resolution, despite the relatively poor contrast compared
with the best focused one at around 1.5ZT − 30 μm. This
effect could be again explained by the spot patterns (Fig. 1)
at 1.5ZT − 90 μm, which has a distinct and relatively small
center spot, similar to the case at 1.5ZT − 30 μm. Yet, the
rings are evidently more considerable, which accounts for
the lower contrast. Also, because of the irregular variation
of spot between 1.5ZT − 90 μm and 1.5ZT − 30 μm, we
observe a short defocus region rather than a gradual improve-
ment in image quality with respect to increasing z-position.

At 1.5ZT − 29 μm, we conducted a further simulation
with smaller scanning step of 0.12 μm to examine the poten-
tially highest resolution given by Talbot illumination, as
shown in Fig. 6(a) and 6(b). We can see that the element
5 in group 9 can be well resolved and the last element is
nearly resolved. Thus, we conclude that the SOM based
on Talbot spot illumination with above parameters is capable
to resolve details as good as ∼0.6 μm.

For comparison, we simulated the scanning optical image
of the USAF target by a focus grid of Gaussian beams at the
waist, as shown in Fig. 6(c) and 6(d). The FWHM of the
Gaussian was set as 0.8 μm according the original aperture
size in the mask that producing the Talbot pattern. We can
see that the scanning image of Gaussian beam have higher
resolution and better contrast, which contribute to the smaller
and cleaner Gaussian spot compared with the Talbot spot.
Nonetheless, the Talbot spot still provides acceptable reso-
lution and contrast.

5 Foci Searching Algorithms
In order to quantitatively determine the best z-position for
scanning microscopy using Talbot illumination, we intro-
duce three approaches to evaluate the image quality. They
fall into two categories, namely statistical methods and auto-
focusing algorithms. The former ones are based on the sim-
ple idea that spots in the optimal focus grid are of minimum
size and without surrounding rings. By direct analysis of
intensity distribution, it is possible to achieve reasonable
expectation on scanning quality. Approaches in the second
category are self-explanatory—the images of best quality
are benchmarked by edge sharpness. In such sense, even
though the focusing process of Talbot-illumination-based

microscopy is different from that in conventional optical
microscopy, autofocusing algorithms should still be useful.

The first approach we propose belongs to statistical meth-
ods. It computes the focus measure Fintfrac, termed as inten-
sity fraction, as the ratio of the intensity integral within a
centered circle of certain radius R in the spot pattern to
the intensity integral of the whole pattern. It intuitively indi-
cates how well the intensity distribution is centralized in the
Talbot pattern, which is directly related to scanning quality.
With properly chosen R, it takes both contrast and resolution
into consideration—a high Fintfrac implies both small spot
size and insignificant existence of surrounding rings. We
tried several R values, ranging from the original aperture
radius (0.4 μm) to five times of that (2 μm). The simulation
results show that three times (1.2 μm) is a proper choice and
consistent with the observation of the scanning images
qualitatively.

Figure 7(a) shows the focus curve, i.e., the intensity frac-
tion Fintfrac versus the offset distance from 1.5ZT . We can see
that approximately four peaks appear in the curve, occurring
at around −115, −90, −49 and −30 μm away from 1.5ZT ,
respectively. These peaks match very well with the scanning
results of both razor blade (Fig. 3) and USAF target (Fig. 5),
in which the images of locally highest quality can be found at
those positions. It is interesting and valuable to note that the
infinitely long razor blade and USAF target with rather fine
details are focused at very close positions. Such observation
indicates that though the dimensions of details in samples
may differ to a considerable extent, it should not affect
our choice of optimal focal positions. This phenomenon is
naturally true when using Gaussian spots for scanning,
but not obvious for Talbot spots with complicated intensity
distribution.

The next two approaches are both based on existing auto-
focusing algorithms, namely autocorrelation and Tenenbaum
gradient. Autocorrelation has been proved to be the optimal
algorithm for fluorescence microscopy by Santos et al.9 And
in a systematic comparison done by Sun et al.,10 these two
algorithms both have almost top performance among many
other algorithms in terms of accuracy and noise immunity.
There are comprehensive discussions on selecting optimal
autofocusing algorithms for all types of microscopy other
than the scanning microscopy. Here, we evaluate the two
approaches for scanning microscopy with Talbot illumina-
tion by analyzing the simulation results.

Autocorrelation is based on the assumption that a detail
is only visible if it contrasts with a neighboring detail.11,12

It computes the focus measure as follows:

Fig. 6 (a) Scanning image of the USAF target at z-positions at 1.5ZT − 29 μm with a step-size of 0.12 μm; (b) the scan lines of element 5 and 6 of
group 9 in (a); (c) scanning image of the USAF target by a Gaussian spot grid at the waist; (d) the scan lines of element 5 and 6 of group 9 in (c).
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Fauto corr ¼
X
ði;jÞ

Iði; jÞIðiþ 1; jÞ −
X
ði;jÞ

Iði; jÞIðiþ 2; jÞ;

(5)

Employing a similar idea as autocorrelation, yet imple-
mented differently as derivative-based, Tenenbaum gra-
dient13,14 is given by

FTenen grad ¼
X
ði;jÞ

Sxði; jÞ2 þ Syði; jÞ2; (6)

where Sx and Sy are the convolution of the image I with the
Sobel operators as follows:

Sx ¼

2
64
−1 0 1

−2 0 2

−1 0 1

3
75 � I and Sy ¼

2
64
−1 −2 −1
0 0 0

1 2 1

3
75 � I:

(7)

The focus curves obtained by the autocorrelation and the
Tenenbaum gradient methods are shown in Fig. 7(b) and
7(c), respectively. The two curves match each other very
well. In addition, they also agree well with the intensity
fraction method.

According to the results, we can see that autofocusing
methods provide very reliable performance to locate foci
positions accurately. Also the width of a peak is usually nar-
rower and the global maximum is higher than those yielded
via intensity fraction method. These are desirable advantages
because it will be easier to determine the global optimal illu-
mination position without getting trapped into local maxima.
The disadvantage of autofocusing algorithms is that they
are available only after the scanning is done for a range of
z-positions, which usually takes a considerable amount of
time. From this point of view, the intensity fraction method
makes evaluation beforehand as long as one has the access
to the intensity distribution profile of Talbot spot pattern,
though may not provide result as good as the autofocusing

algorithms. It is significantly more efficient. Based on the
discussion above, in order to find foci positions quickly
and accurately, it is preferable to make a compromise
between the two types of approaches. In practice, we can
first apply the intensity fraction method to obtain an accept-
able spatial interval and then find the optimal focal position
by performing scanning within this range and applying auto-
focusing algorithms.

6 Conclusions
We report extensive simulation on the performance of SOM
using Talbot pattern illumination, with informative instruc-
tions for practical application. The resolution provided by
Talbot-illumination-based scanning microscopy can be
better than 1 μm and may possibly reach ∼0.6 μm. The fact
that the most effective Talbot spot pattern may not occur
at self-imaging distances is further verified and studied.
We find that dimension of details in the sample does not
significantly affect the choice of focal distance. We also
introduce several effective approaches to precisely deter-
mine the optimal focal distance, based on either directly
analyzing the intensity distribution of spot pattern or tradi-
tional autofocusing algorithms. The studies in this paper
are helpful for deeper understanding of SOM with non-
Gaussian beams and also provide practical guidance for
experimental alignment.
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