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a b s t r a c t
At present, the mutual restriction between the spectral resolution and the dynamic range limits the further improvement of the spectral property of Talbot spectrometer. This mutual restriction is caused by the matching
problem of grating and detector. Here, a method, which focuses on eliminating the relationship between grating
and detector in the design of Talbot spectrometer, for masking detector to cover the (phase-inverted) self-imaging
is introduced. Both theoretical simulation and experimental analysis validate the method, which maintains the
contrast of pattern while changing the size of pixels and thus the matching problem no longer exists. Overall, this
method breaking the bottleneck of spectral property for current talbot spectrometers, which makes the system
design more ﬂexible and enhances the universality of Talbot spectrometer, and the spectral resolution of the
spectrometer under this method can be superior to 0.3nm while keeping the contrast of pattern, better than the
previously reported best spectral resolution 1nm of current talbot spectrometer.

Introduction
A periodic pattern of “Talbot self-imaging” can be observable behind
the grating immediately when a periodic structure such as a grating is
illuminated with spatially coherent light [1]. This phenomenon is called
“Talbot eﬀect”, which has been widely used for interferometer [2-4], integrated optics [5-7], nonlinear optics [8, 9], quantum optics [10-12],
lithography [13,14], and calibrate microscopy [15]. Besides, Talbot effect has been previously proposed as the building component for realizing spectrometers because of its interferometric nature with an invertible spatio-spectral response [16-19]. It should be noted that the period
of Talbot pattern is identical with the grating, and halfway between the
self-imaging planes are the phase-inverted imaging planes, whose light
and dark regions are contrary to self-imaging planes [19]. Thus, to obtain all information of the Talbot pattern, a sampling frequency that
reached the Nyquist Sampling Theorem requested should be used, and
a higher density of grating is also required to reach a higher spectral
resolution. However, smaller pixel pitch means a smaller and more unstable imager, which limits the OPD (Optical Path Diﬀerence) and other
properties. In addition, the smallest commercially available imager pixel
size is on the order of a micron, which means the sampling frequency is
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much lower than the Nyquist Sampling Theorem requested. Therefore,
the detector and grating need to be matched strictly. Current Talbot
spectrometers have reached 1nm spectral resolution by strictly matching
detector and grating, where are three lines imaged onto the same pixel
of the imager [19, 20]. The further promotion of Talbot spectrometer
required technological progress of detector or a method to eliminate the
matching problem. There has been an eﬀort to break through this limitation. For example, there have been reports of using signal processing
to achieve a blinding spectrum resolution of 10pm [21]. However, this
method just can be used as a wavemeter rather than a general-purpose
spectrometer.
We investigate a method that to break through the limitation of spectral property of current Talbot spectrometer and to eliminate the inﬂuence of matching of sensor and grating in the spectral property. Two
sinusoidal gratings with the same period have been used in this spectrometer, one is used to generate Talbot pattern and another one is
used as a mask to cover the (phase-inverted) self-imaging. Ideally, all
(phase-inverted) self-imaging would be covered by the second grating.
This method makes Talbot spectrometer with both high-density gratings
and large pixel imager possible, the potential application of the Talbot
spectrometer has been enhanced greatly.
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Fig. 1. Illustration of Talbot eﬀect. There are only -1, 0, and +1 diﬀract orders
after sinusoidal grating. The area inside the yellow lines on the left is Talbot
zone. And on the right is Talbot pattern, where the solid red lines represent the
self-imaging planes, the dotted line represents the phase-inverted self-imaging
plane, the distance zT between adjacent self-imaging planes can be calculated
by equation (1), and the period d along the y-axis is the same as the period of
the diﬀraction grating.

Fig. 2. (a) Illustration of Talbot spectrometer with detector mask. (b) The Talbot
pattern before the mask of detector, where shows the self-imaging planes (solid
red lines and spaced by zT /sin𝜑) and the phase-inverted self-imaging planes
(dashed red line). (c) The Talbot pattern after the mask of detector.

Method
the Talbot pattern before the mask of detector, and Fig. 2(c) shows the
Talbot pattern after the mask of detector. It is apparent that there is
only self-imaging in the Talbot pattern after detector mask, which means
the phase-inverted self-imaging planes of Talbot pattern have been covered after masking of detector. In this situation, the sampling along ydirection (periodical dimension) no longer aﬀects the sampling along
x-direction (spectral dimension).
It should be noted that the zero-path length would be the ﬁrst grating
and imager touching. Since this cannot be zero, there is a limit on the
optical bandwidth that can be practically measured. For Talbot spectrometer, we should integrate the grating and imager to address this
limitation. This paper lays stress on the factors of the limit of spectral
property in current Talbot spectrometer and proposes a solution to improve the spectral resolution. Therefore, we use a laser interferometer
(ZYGO VeriﬁreTM ) as the source.
For the speciﬁc wavelength 𝜆, the number of planes can be calculated
by the following equation:
√
2
𝐷(1 − 1 − 𝑑𝜆2 ) sin 𝜑
𝐷 sin 𝜑
𝑁 =𝑘⋅𝐷 =
=
(2)
𝑧𝑇
𝜆

Talbot eﬀect was ﬁrst observed by H. F. Talbot in 1836 [1], and
studied by Lord Rayleigh subsequently, who ﬁrst gives the universal
expression of the distance zT between adjacent self-imaging planes [22]:
𝑧𝑇 =
1−

𝜆
√
1−

𝜆2
𝑑2

(1)

Here 𝜆 is the wavelength, d is the grating period. The Talbot effect can only be observed up to a distance W / tan 𝜑, behind the grating, where W is the width of the grating and the 𝜑 is the angle of the
diﬀracted beam [16]. Since there is a one-to-one correspondence between the distance zT and the wavelength 𝜆, the Talbot pattern can be
used to perform the spectral reconstruction. One requirement for the reconstruction of the spectrum of incident light: the diﬀerence between reversal and image planes can be recognized. Which can be seen in Fig. 1,
where the solid red lines represent the self-imaging planes, the dotted
line represents the phase-inverted self-imaging plane, the distance zT between adjacent self-imaging planes can be calculated by equation (1).
The smallest commercially available imager pixel size is on the order of
a micron, which restricts the minimum period of the grating. This factor
must not neglect in the design of Talbot spectrometer, or more than one
line would be imaged onto the imager, which would reduce the ability
of the system to resolve the Talbot eﬀect.
When the self-imaging or inverse self-imaging has been covered by
the second grating, which clings to the surface of the detector and the
same as the ﬁrst grating, only the inverse self-imaging or self-imaging
can reach the surface of the detector. This means the diﬀerence between
reversal and image planes can be recognized easily, and the limitation
of pixel pitch is changed from the grating density to the sampling of
interference fringe.
We expand on the basic design presented in [19]. A 1-D Sinusoidal
amplitude transmission grating is normalized to incident spatially coherent light, and the grooves are aligned with the x-axis. Overlap another grating and an imager carefully so there are no gaps. It should
be noted that despite this conﬁguration have resemblances with moire
deﬂectometry, they are diﬀerent in principle. The second grating in our
conﬁguration is used as a mask of detector.
In Fig. 2, deﬁne x-direction of the detector as spectral dimension, and
y-direction of the detector as periodical dimension. We tilt the detector
with mask along the y-axis as shown in ﬁg. 2, the maximum magnitude
of inclination depends on the CRA (Chief Ray Angle) of imager. Those
gratings have the same grating period d [Fig. 2(a)]. The incident light
of this kind of spectrometer is spatially coherent light. Fig. 2(b) shows

where k is the spaced frequency along the spectral dimension of imager,
D is the length of the spectral dimension of imager, 𝜑 is the tilt of the
imager. Two nearby wavelengths can be distinguished if ΔN=1. In this
regime the resolution criterion implies that
2𝑑 2 𝐷 sin 𝜑
Δ𝜆=||𝜆1 − 𝜆2 ||=
𝑑 2 + 𝐷2 sin2 𝜑

(3)

Similarly, the resolution in the condition of paraxial can be implied
as:
2𝑑 2
Δ𝜆=||𝜆1 − 𝜆2 ||=
𝐷 sin 𝜑

(4)

which is similar to [16] (magniﬁcation=1). The constraining factors for
spectral resolution of the Talbot spectrometer are 1) the period of the
grating, 2) the spectral dimension length of the imager, 3) the angle
of rotation of the imager. Enhancing spectral resolution is equal to increasing the number of planes seen by the imager. The spectral dimension length of the imager depends on the pixel pitch and the number
of pixels. The smallest commercially available imager pixel size is on
the order of a micron, which restricts the smallest period of the optional
gratings. For imager in current Talbot spectrometer, the requirements of
pixel pitch are diﬀerent between spectral dimension and period dimension: 1) the spectral dimension requires the pixel pitch in a range rather
than limits to a deﬁnite value; 2) the period dimension needs smaller
2
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Results and discussions
For the method presented in this paper, the key to enhancing spectral resolution is to eliminate the matching problem between the grating and the detector, making the design of Talbot spectrometer with
both high-density gratings and large pixel imager is possible. To verify
our method, we contrast spectrometers in two diﬀerent setups, one is a
setup with detector mask and another one is a setup without detector
mask and observed their performance at various pixel pitch. The pixel
pitch of imager is changed by binning, in this case, the equivalent pixel
pitch be 1.67 microns [Fig. 5 (a), Fig. 6 (a)], 3.33 microns [Fig. 5 (b),
Fig. 6 (b)], 5 microns [Fig. 5 (c), Fig. 6 (c)] and 6.67 microns [Fig. 5 (d),
Fig. 6 (d)]. Fig. 5 and Fig. 6 show the theoretical signal, original signal
and frequency domain (reconstructed spectrum) generated under setup
without detector mask and setup with detector mask, respectively. All
theoretical images and original images are shown a 641𝜇m × 460𝜇m
subsection of the entire image.
Since there are machining errors of both imagers and gratings, the
Talbot pattern received of imager is modulated by moire fringe [Fig. 5
(a2~d2), Fig. 6 (a2~d2)]. As shown in the raw images, there is an oscillation in the intensity across the row of the CMOS imager. This oscillation period is proportional to that of the Talbot period and can be used
to reconstruct the spectrum of the incident light. It can be seen from
Fig. 5 (a3~d3) that the dynamic range of the spectrum decreases along
with the decrease of contrast of the raw image. The dynamic range of
the reconstructed spectrums in Fig. 6 (a3~d3), by contrast, are similar
to each other.
The OPDs are same in the diﬀerent cases. As mentioned before, “m”
is the ratio of the pixel pitch of detector and the half of grating period.
Current Talbot spectrometers with diﬀerent “m” are quite diﬀerent in
the signals. Speciﬁcally, eﬀective information in Talbot pattern would
be covered by noise when “m” is an even number, the manifestations of
this case are a blur in original images, falling contrast of Talbot pattern,
and spectral resolution decline; on the other hand, though the eﬀective information of incident light could be extracted from raw signals
directly when “m” is an odd number, the spectral resolution and contrast of Talbot patterns are both declined as “m” increasing. It should be
noted that for self-imaging (or phase-inverted self-imaging), the phaseinverted self-imaging (or self-imaging) would be deemed to the main
noise in the process of Talbot signal acquisition. In contrast, for the setup
with detector mask proposed in this paper, there seems to be little difference of signals whether the “m” is an odd number or even number
[Fig. 7]. This means Talbot spectrometer with both high-density grating
and large pixel detector possible. In addition, there have fewer slight
peaks as “m” equal to 1, while the intensity of those peaks tends to
damp or vanish when “m” is larger than 1, which means the detector
with large pixel pitch used in the Talbot spectrometers not only maintains the good contrast but also reduce the noise. The interference fringe
contrast in Fig. 7 is calculated by the following equation:

Fig. 3. This ﬁgure is drawn based on 𝜑=20° and 𝜆<0.7𝜇m. The blue area is
shown the range, along the Spectrum dimension of detector, of pixel pitch under
diﬀerent grating constant with detector mask. The dotted lines are shown the
value of pixel pitch under diﬀerent grating constant without detector mask. For
Talbot spectrometer with detector mask, when the pixel pitch of detector falls
in the blue area, the oscillation along the Spectrum dimension can be received.
For current Talbot spectrometer, when “m” and grating constant are determined
to be a certain value, pixel pitch is a deﬁnite value. Here “m” is the ratio of the
pixel pitch of detector and the half of grating period.

pixel pitch than spectral dimension [Fig. 3]. The blue area in Fig. 3 is
calculated by the following equation:
𝑃 ≤

1
=
2𝑘

1
⋅𝜆
2
√
2
(1 − 1 − 𝑑𝜆2 ) sin 𝜑

(5)

Where P is the range of pixel pitch with detector mask, k is the spaced
frequency along the spectral dimension of imager, d is the grating constant, 𝜑 is the tilt of the imager. And the dotted lines in Fig. 3 can be
calculated by the following equation:
𝑃𝑚 = 𝑚 ⋅

𝑑
2

(𝑚 = 1, 3, 5, 7...)

(6)

For the Talbot spectrometer without detector mask, the pixel pitch
must satisfy the sampling in both dimensions of detector. For the Talbot
spectrometer proposed in this paper, by contrast, the pixel pitch only
needs to satisfy the Nyquist sampling in spectral dimension. This means
the design of Talbot spectrometer with both high-density gratings and
large pixel imager is possible, and the resolution of imager is ﬁnite,
hence, the length of the imager is proportional to the pixel pitch under
the same resolution of imager. It can be seen from equation (4) that
the bigger detector size is, or the smaller grating constant is, the higher
spectral resolution is, thereby enhancing the spectral resolution of Talbot spectrometer while maintaining the high dynamic range.
To outstanding the advantage of Talbot spectrometer with detector
mask compared to current Talbot spectrometer, we need to ensure that
all factors are all the same apart from the mask of detector. We used
two transmission grating (Tripolar Optoelectronics 300lines/mm) with
a grating period of d=3.33 microns and a monochrome CMOS imager
(Aptina MT9J003) with pixel pitch p=1.67 microns, and 3840 × 2748
pixels (active imager size 6.413 mm (H) × 4.589 mm (V)) in size. The
ﬁrst grating is used to generated Talbot pattern, and the second grating,
which plane of grooves of the grating is glued to the imager [Fig. 4(a)], is
used as a mask of detector. To receive an accurate angle between the ﬁrst
grating and imager, the camera has been ﬁxed on a turntable [Fig. 4(b)].
The optical setup is shown in Fig. 4(c). When the second grating is removed the Talbot spectrometer with detector mask had changed to the
current Talbot spectrometer. The camera rotated at an angle of 𝜑=13.4°
(CRA of MT9J003 is 13.4°) was used to generate the Talbot self-images.
Talbot patterns of both cases can be received, respectively.

𝑉=

𝑛
1 ∑ 𝐼𝑖𝑀 −𝐼𝑖𝑚
⋅
𝑛 𝑖=1 𝐼𝑖𝑀 + 𝐼𝑖𝑚

(7)

Where V is the interference fringe contrast, n is the number of lines
along the periodical dimension, IiM is the average value of all the peaks
in the interference fringe on row i, Iim is the average value of all the
valleys in the interference fringe on row i.
Our experimental results are largely consistent with our theoretical
model. However, there are a few issues with the results.
The ﬁrst is the original images of the setup with detector mask, which
are diﬀerent from the theoretical images. This can be explained by the
machining error of gratings and detectors.
Second, we had used a grating as a mask of detector. Although a
grating has been added, which do not increase complexity of aligning
because the aligning of grating and detector is equivalent to the aligning
of grating and mask.
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Fig. 4. (a) Illustration showing the instruction of the experimental setup. The self-images are formed in the mid-ﬁeld
where the ±1 and 0 diﬀracted beams interfere. The detector mask, which was ﬁxed between the optical windows and
the imager, is used to cover the self-images or inverse selfimages. (b) Overhand view of the experimental setup. On the
two insets (𝜑=0° and 𝜑=1°), the intensity distribution along
the Y-axis is independent of the imager tilt, which proved
that there is a machining error between the grating and the
mask of detector. (c) Photograph of the experimental setup.
The camera is mounted on the turntable, and the diﬀraction
grating is inverted mounting on a ﬁxed mount, which is not
touched the turntable.

Fig. 5. Part of the simulated image, raw
image, and frequency domain curve (corresponding spectrum with an equivalent
pixel pitch of (a)1.67 microns, (b)3.33 microns, (c)5 microns, and (d)6.67 microns)
generated under setup without detector
mask. The contrasts of raw images are
(a2) 50.79%, (b2) 2.71%, (c2) 24.25%, and
(d2) 2.41%. The operating wavelength was
632.8nm. The FWHM of the peak in reconstructing spectrums are (a3) 25.21nm, (b3)
30.17nm, (c3) 26.18nm, and (d3) 29.18nm.
In the images, the x-axis and y-axis are
along the spectral dimension and the periodical dimension, respectively.

with detector mask is more robust than a setup without detector mask.
It should be noticed that the multiple of downsampling and stretching
is 2.
Lastly, the FWHM of the FT peak in the setup with detector mask
is about 14.4 nm, slightly greater than the best resolution of 14.92nm
calculated by equation (4). This could be due to inaccuracy of the grating
density, size of the image sensor, and rotate angle, which makes a tiny
error in theoretical spectral resolution.
The experiment shows that the inﬂuence of pixels size in the process
of reconstructing spectrum can be declined in our setup with detector
mask. For the setup without detector mask, the “m” is an accurate odd
number, which is an essential precondition for the detector to receive

Third, the contrast of Talbot pattern in Fig. 5 (a2) is below the image
received under setup with detector mask in Fig. 6 (a2). This, in part, is
due to the accuracy of grating is greatly better than the accuracy of the
pixel pitch of detector, but also because of the crosstalk between neighboring pixels. For the setup with detector mask, there is no crosstalk to
the pixels in dark areas since the dark areas are covered by the mask.
Fourth, the FWHM of the FT peak under the setup without detector
mask is far worse than the theoretical resolution. This is both due to
the lower accuracy of pixel pitch of detector and the crosstalk between
neighbor pixels. As shown in the processed image of Fig. 8, which is the
raw image in Fig. 5 (a2) after downsampling and stretching, there is a
tiny spot between neighboring hot spots. Which also proved that a setup
4
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Fig. 6. Part of the simulated image, raw
image and frequency domain curve (corresponding spectrum with an equivalent
pixel pitch of (a)1.67 microns, (b)3.33 microns, (c)5 microns, and (d)6.67 microns)
generated under the setup with detector
mask. The contrasts of raw images are (a2)
57.78%, (b2) 62.40%, (c2) 58.54%, and
(d2) 53.06%. The operating wavelength
was 632.8nm. The FWHM of the peak in reconstructing spectrums are (a3) 14.41nm,
(b3) 14.37nm, (c3) 14.36nm, and (d3)
14.35nm. In the images, the x-axis and yaxis are along the spectral dimension and
the periodical dimension, respectively.

Fig. 7. The contrasts of the raw images generated under the setup with detector mask are 57.78% (m=1, d=3.33𝜇m), 62.40% (m=2, d=3.33𝜇m), 58.54% (m=3,
d=3.33𝜇m), and 53.06% (m=4, d=3.33𝜇m). For comparison, the contrasts of the raw images generated under setup without detector mask are 50.79% (m=1), 2.71%
(m=2), 24.25% (m=3), and 2.41% (m=4).

a clear Talbot pattern. Especially, to get a better spectral resolution,
“m” always bigger than 1, which results in a decrease in the contrast of
the interference fringe. For the setup with detector mask, in contrast,
the pixel pitch of detector just needs to be satisﬁed with the limitation
from the range of under test spectrum. The method provided in this

paper makes Talbot spectrometer with both high-density gratings and
large pixel imager possible, which means the spectral resolution and
the dynamic range of spectrum reconstructed from Talbot spectrometer
improvements have been enormous. When the grating constant and rotate angle of camera are 1.035𝜇m and 20° respectively, the theoretical
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Fig. 8. (a) is the processed image (downsampling and stretching) of the setup without detector mask. (b) is a part of the processed image. In the images, the x-axis
and y-axis are along the spectral dimension and the periodical dimension, respectively.
Table 1
Comparison of the Proposed Spectrometer and the latest previous Talbot spectrometer
Name

Dimensions

Wavelength Range

Resolution (FWHM)

Talbot with detector mask (CRA=20°)
Talbot without detector mask (CRA=20°)

<25mm × 25mm × 10mm
10mm × 10mm × 6mm

350nm~700nm
520nm~1000nm

<0.3nm
~1nm

Conclusion
Our data demonstrate a design with detector mask of Talbot spectrometer which could reconstruct spectrum unimpeded by the matching
of detector and grating. It makes Talbot spectrometer breaking the bottleneck of the spectral property. Contrast with the current Talbot spectrometer, the Talbot spectrometer with detector mask could achieve a
higher spectral resolution while maintaining the big dynamic range. Towards comparison with current methods under the same condition, here
we used low-density gratings and a small image sensor, which cause a
low spectral resolution. In theory, the spectral resolution can be superior
to 0.3nm in the spectral range of 350nm~700nm while maintaining the
contrast of pattern. We expect that the spectrometer proposed in this
paper can be used for some situations where is a high requirement for
dynamic range, compact and spectral resolution. To achieve the full potential of the proposed Talbot spectrometer with detector mask, then
there are plans to build a spectrometer with high-density grating and
large imager, and integrating the mask into an image sensor.
Funding

Fig. 9. This ﬁgure shows that in the case of the spectral range is 350nm~700nm
and the grating constant and rotate angle of camera are 1.035𝜇m and 20° respectively, the theoretical spectral resolution of Talbot spectrometer with different pixel pitch and number. The black line shows the maximum pixel pitch,
in this case, is 3.88𝜇m, which is calculated by equation (5). The numbers of pixels along spectral dimension of detector, from top to bottom, are 2048 (orange
curve), 4096 (blue curve), and 6144 (green curve), respectively.
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