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In this Letter, we propose a simple and effective approach for transforming a conventional Talbot array
illuminator (TAI) with multilevel phase steps into a binary-phase TAI (BP-TAI) through detour phase
encoding. The BP-TAI is a binary (0 π) phase-only diffractive optical element, which can be utilized to generate
a large-scale focal spots array with a high compression ratio. As an example, we design a square BP-TAI with the
fraction parameter β= 15 for achieving a square multifocal lattice with a high compression ratio β2.
Theoretical analysis and experimental results demonstrate that the detour phase encoding is efficient for
designing the BP-TAI, especially with the high compression ratio. Such results may be exploited in practical
large-scale optical trapping and X-ray imaging.
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The fractional Talbot effect is an interesting diffractive
phenomenon where an input object wave with a periodic
distribution generates a phase-only pattern at the frac-
tional Talbot distance and vice versa[1]. Hence, the Talbot
array illuminator (TAI) can be realized when the phase-
only distribution of the periodic object is established at the
fractional Talbot distance[2]. The TAI is a phase-only dif-
fractive element that can transform a plane wave into a
large-scale optical array of bright spots with high effi-
ciency and high compression ratio. The compression ratio
signifies the focusing capacity of the TAI, which can be
defined approximately as the ratio of the area of an inci-
dent beam to the area of the bright spots in the fractional
plane. It has been demonstrated that the TAI can be ap-
plied in constructing large-scale optical traps on a chip for
optical sorting[3–6], high-accuracy measurement, wavefront
sensing[7–10], multiple imaging[11–13], multiple duplication
lithography, and Talbot interference lithography[14–17].
To obtain a high compression ratio phase-only TAI for
enhancing the intensity of the output array spots, the con-
ventional TAI must be fabricated into a multilevel phase
element[18–20]. However, it is tough to achieve such multi-
level phase elements by using the frequently used laser
direct writing device or the ion etching equipment. Even
though the multilevel TAI can be realized using other tech-
niques, the manufacturing processes are time-consuming
and costly, and the accuracy is also not high, which
severely limits its application in practice. Thus, how to
transform the multilevel phase of a conventional TAI into
a binary (0 π) one with a high compression ratio has
become an urgently needed challenge to achieve.
In this Letter, we proposed a novel method for achiev-

ing a binary-phase (0 π) TAI (BP-TAI) with a high

compression ratio based on detour phase encoding
(DPE). In our previous work[21], we have accomplished
some simple analytical equations for calculating the
phase-only distribution at any fractional Talbot distance.
Based on these formulas, the multilevel phase-only distri-
bution of a conventional TAI with high efficiency and an
arbitrary high compression ratio can be designed. For a
square array as an example, the unit cell must be a square
with a constant amplitude distribution to satisfy the
condition of connecting the adjacent spots, which is the
necessary prerequisite for attaining the phase-only TAI
with high efficiency[22]. The phase of each unit cell at
the position of the square array point (m, n) can be estab-
lished by the following formula:

φðm; n; βÞ ¼

8>><
>>:

ð1− 1∕βÞðm2 þ n2Þπ; β ¼ 4L− 2
ð−1∕βÞðm2 þ n2Þπ; β ¼ 4L
ð−1− 1∕βÞðm2 þ n2Þπ∕2; β ¼ 4L− 1
ð1− 1∕βÞðm2 þ n2Þπ∕2; β ¼ 4Lþ 1

;

(1)

wherem and n are the position numbers of the unit cells in
the square array; β is an integer, known as the fraction
parameter, which also determines the phase levels l and
the compression ratio γ of the TAI; L is a positive integer,
which limits the values of the fraction parameter β. There
are four cases of phase distribution, depending on the
values of the fraction parameter β, as shown in Eq. (1).

According to our previous discussion[21], the phase-only
distribution of the TAI is a periodic structure. The phase
of the unit cell repeats periodically in the two directions
of the square. Thus, the whole phase distribution of the
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TAI can be obtained through the phase distribution in
only one period. Based on the phase analytical equation
shown in Eq. (1), the phase-only distribution pattern in
one period can be written as

uðx; yÞ ¼ rect
�
x
w
;
y
w

�
×
�
u0ðx; yÞ

⊗
Xβ−1

m¼0

Xβ−1

n¼0

δðx −mΔ; y − nΔÞ exp½iφðm; n; βÞ�
�
; (2)

where u0 ¼ rectðx∕Δ; y∕ΔÞ is the rectangle function with
the width Δ, giving the size of the unit cell; the rectangle
function rectðx∕w; y∕wÞ with the width of w ¼ βΔ indi-
cates the size of the periodic unit [marked in Fig. 1(c) when
β ¼ 15] of the square array. The symbol ⊗ denotes convo-
lution operation. As shown in Eq. (2), the numbers of unit
cells in one periodic unit are β × β. Then, the phase-only
distribution of the square TAI can be expressed as

Uðx; yÞ ¼ uðx; yÞ ⊗
XM
M 0¼1

XN
N 0¼1

δðx −M 0w; y − N 0wÞ; (3)

where M 0 and N 0 are the period numbers of the square
array along the x and y directions, respectively. M and
N are the maximum period numbers. Then, a square mul-
tifocal spots array with compression ratio γ ¼ β2 can be
created at the corresponding fractional distance when
the TAI is illuminated by a coherent plane wave. It should
be noted that the fractional Talbot distance with the
phase distribution of Eq. (1) is given by z ¼ βΔ2∕λ when
β is an odd number, while z ¼ 2βΔ2∕λ when β is an even
number, where λ is the wavelength of the illumina-
tion beam.
Figure 1 gives an example of a square TAI with fraction

parameter β ¼ 15 and period numbers M ¼ N ¼ 6.

The size of the unit cell is Δ ¼ 60 μm, and the wavelength
of the incident light is 532 nm. Figure 1(a) shows the phase
distribution of the TAI calculated by Eq. (1). Figure 1(b)
shows the diffractive intensity distribution at the corre-
sponding fractional Talbot distance of z ¼ 101.5 mm. It
is clear that the TAI with the phase-only distribution
shown in Fig. 1(a) can successfully transform the input
plane beam into a 6 × 6 multifocal square array with the
high compression ratio γ ¼ 225.

However, the TAI with high compression ratio is a
multilevel phase-only optical element. Figure 1(c) shows
the phase distribution within one period. Figure 1(d) is
the corresponding three-dimensional (3D) steps structure.
We can see that the phase distribution of the TAI has a
complex multilevel structure. For designing a TAI with an
arbitrary compression ratio using the phase-only analyti-
cal expression of Eq. (1), the phase level of the TAI is equal
to the fraction parameter, that is l ¼ β. Figure 2 shows the
stem plot of the phase distribution of the TAI within one
period with β ¼ 15 [as shown in Fig. 1(c)]. It is shown that
the phase level is equal to the fraction parameter β, which
means the TAI must be fabricated into fifteen relief steps
in different array positions. While the TAI has a higher
compression ratio, the phase structure of the TAI will
become more complex. Hence, it is unattainable to fabri-
cate such a high compression ratio TAI using the tradi-
tional laser direct writing device or the ion etching
equipment. However, the difficulty of achieving multilevel
phase TAI will be resolved when the multilevel phase can
be transformed into a binary (0 π) phase. That is because
the fabrication of the binary phase-only element is rela-
tively straightforward. Furthermore, the binary diffrac-
tion element can also be duplicated easily.

The DPE method has been widely utilized in the
computer-generated hologram (CGH)[23]. The hologram
generated by using the Lohmann DPE is a binary
element[24–26]. Therefore, we can transform the multilevel
phase distribution into a binary structure using Lohmann
DPE. The core technology of the Lohmann DPE is to
control the amplitude by modulating the size of an
aperture within each cell and to control the phase by
modulating the lateral positions of the aperture propor-
tioned to the transform phase at the center of its cell.

Fig. 1. (a) Example of conventional TAI for a square array de-
signed according to Eq. (1) with a fraction parameter of β ¼ 15,
and (b) its reconstructed intensity distribution at the fractional
distance. (c) Phase distribution within one period of the TAI and
(d) its corresponding 3D multilevel steps structure. Fig. 2. Stemplot of the phase levels as shown in Fig. 1(c).
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Similarly, for a conventional phase-only TAI, the invar-
iable amplitude of the TAI can be encoded through a
rectangular aperture with a half-width of the unit cell
[as shown in Fig. 3(a)], while the lateral displacement
between the center of the unit cell and the center of the
rectangular aperture is used for encoding the phase.
Hence, for designing the BP-TAI, we just need to precisely
manipulate the lateral position of each unit cell in the
TAI. Based on the theory of the DPE method, the lateral
displacement of the BP-TAI can be written as

δmn ¼ φðm; n; βÞ
2π

Δ; (4)

where δmn is the lateral displacement at the position of
the (m, n) array point, and Δ is the size of the unit cell.
Equation (4) shows that the lateral displacement is pro-
portional to the phase of the transform φðm; n; βÞ, which
is given in Eq. (1). Moreover, it should be noted that the
range of the phase values in Eq. (4) is limited to ½0; 2π �.
An essential part of the BP-TAI is to establish the lateral
displacement of each cell. Thus, once the geometrical
structure of the BP-TAI is constructed, it will be easy
to fabricate and reproduce the array elements with high
compression ratio, because the BP-TAI has only a two-
step phase [as shown in Fig. 3(b)]. In that case, the func-
tion of the converted unit cell with shifting aperture can be
expressed as

umnðx; yÞ ¼ u0ðx; yÞ− 2 × rect
�
x − δmn

Δ∕2
;
y
Δ

�
; (5)

where umn is the function of the unit cell at the position of
(m, n). Then, the function of the square array in one
period can be rewritten as

uðx;yÞ¼rect
�
x
w
;
y
w

�
×
�Xβ−1

m¼0

Xβ−1

n¼0

umnðx;yÞ⊗δðx−mΔ;y−nΔÞ
�
:

(6)

According to Eq. (6), the phase distribution in one
period of the BP-TAI can be established. Figure 3(c)
shows the phase distribution of the BP-TAI in one period
with β ¼ 15. It is shown that the BP-TAI is composed of
different rectangles of sizes and positions, but the phase
distribution has only two values, 0 and π. Figure 3(d)
shows the comparison diagram of phase distributions be-
tween the BP-TAI and the conventional TAI along the
line through the center of the two types of array illumina-
tors with β ¼ 15. It is clear that the multilevel phase-only
TAI has been transformed into a binary-phase element.
Based on the Lohmann DPE, the phase distribution of
the multilevel TAI with high compression ratio has been
changed from the original unit cell with uniform size and
different multilevel phase into a new cell with binary phase
and different lateral displacement. It should be noted that
the design parameters in Eqs. (4) and (5) are selected to
avoid the reconstructed noise and realize a high diffraction
efficiency. Generally, in order to achieve high diffraction
efficiency, the diffraction image of the detour phase is
selected at the first diffraction order. The geometrical
shape of the shifting slit shown in Fig. 3(a) is chosen to
achieve a high diffraction efficiency using a proper width
and position. In addition, phase errors caused by devia-
tions in the etching depths during the lithographic fabri-
cation will also affect the diffraction efficiency of the
element.

Based on the binary-phase distribution in one period of
the BP-TAI, we can realize a square multifocal array with
a high compression ratio. We evaluate the proposed ap-
proach using the experimental setup shown in Fig. 4(a).
In this setup, we use laser light with a wavelength of
532 nm for incident light (LWGL532, Beijing Laserwave
Optoelectronics Technology Co., Ltd., China). A CCD
(EO-5012, Edmund Optics, US) is used to record the
image of the multifocal spots array diffracted from the

Fig. 3. (a) Structure of the (m, n) cell in the BP-TAI and (b) its
phase configuration. The rectangular opening has a width Δ∕2
and a height h, and it is shifted from the center of the cell at
(mΔ, nΔ) by δmnΔ. (c) Phase distribution within one period
of the BP-TAI with β ¼ 15. (d) Comparison diagram of the
phase distributions along the line through the center of the
BP-TAI and the conventional TAI with β ¼ 15.

Fig. 4. (a) Experimental setup for evaluation. (b) Photo of the
BP-TAI fabricated using the binary-phase distribution shown in
Fig. 3(c). (c) The microscopy image of the BP-TAI. (d) Exper-
imental results of intensity distribution at the corresponding
fractional Talbot distance of the BP-TAI.
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BP-TAI. The distance between the BP-TAI and the CCD
is equal to the fractional Talbot distance z ¼ βΔ2∕λ.
Figure 4(b) shows the real photo of the BP-TAI, which
is fabricated by using the wet etching technology with
the illuminating wavelength of λ ¼ 532 nm. Figure 4(c)
shows the microscopy imaging of the BP-TAI, in which
the minimum line-width is 3 μm, the width of the unit cell
is Δ ¼ 90 μm, and the fraction parameter is β ¼ 15. This
type of BP-TAI can be used for generating a 40 × 40
square array spot with a high compression ratio of
γ ¼ 225. Figure 4(d) shows the diffractive intensity distri-
bution at the corresponding fractional Talbot distance of
z ¼ βΔ2∕λ ¼ 228.4 mm. It is clear that the BP-TAI coded
by Lohmann DPE successfully transforms the input plane
beam into a square multifocal array with a high compres-
sion ratio. Consequently, the DPE method is a highly
effective approach for transformation of the multilevel
phase-only TAI into a binary phase-only element.
In the experiment, the laser power of the square array

spots and the incident beam can be obtained. Using
the two parameters, the diffraction efficiency of the
BP-TAI can be calculated approximately. The efficiency
of the BP-TAI used in the experiment is about 40%. The
fabrication errors and other diffraction orders resulting
from DPE cause the loss of diffraction efficiency and qual-
ity of the reconstruction image. Figures 5(a) and 5(b) are
the enlarged intensity distribution of one spot diffracted
from the BP-TAI in the experimental and simulated
results, respectively. Figure 5(c) shows the ideal recon-
structed image of one unit cell within the original
array object. We can see that the intensity distribution
of the spots reconstructed by the BP-TAI is not an ideal
square-shaped structure. This is due to the diffraction
effect of a limited aperture of the array element, but this
edge diffraction effect can be diminished by increasing the
size of the diffraction element or the number of the unit
cell. Besides, the reconstructed array spots of the BP-
TAI can also be affected by other diffraction orders that
result from DPE. In order to avoid the effect caused by
the other diffraction orders, the diffraction angle of the

BP-TAI should be designed to be as large as possible.
Figure 5(d) shows a comparison of cross-sections of the
intensity distribution within one period of the spots array
(note the logarithmic scale). It is shown that the noise of
the output array reconstructed by the BP-TAI is about
1% when β ¼ 15. However, for the BP-TAI with a high
compression ratio, the noise caused by other diffraction
orders can be ignored.

Figure 6 shows the noise effect as a function of the
fraction parameter β. The noise effect is evaluated by
the mean square error (MSE) and the peak signal to noise
ratio (PSNR) of the intensity field reconstructed by the
BP-TAI in comparison with the ideal image distribution
in one period of the array spots. It is clearly seen from
Fig. 6 that the noise effect decreases faster with the
increase of the fraction parameter β. The MSE is less than
0.1%, and the PSNR can reach up to 80 dB, with the
fraction parameter of β ¼ 15. Hence, the noise caused
by DPE can be entirely ignored for designing the
BP-TAI with a high compression ratio.

In summary, based on DPE, we derived that the con-
ventional TAI with high compression ratio can be trans-
formed into a binary phase-only array illuminator. The
theoretical analysis and the simulation results have dem-
onstrated that the BP-TAI is suitable for designing a
high compression ratio TAI. The multilevel phase distri-
bution of the conventional TAI with a high compression
ratio can be changed into a binary phase-only structure,
in which the phase configurations of the unit cell are only
two values (0 and π). In comparison with conventional
TAIs, the BP-TAIs overcome the limit of the machining
difficulty resulting from the multilevel phase distribution
of the phase-only illuminators. Likewise, any other spot
arrays with various configurations (such as a hexagonal
TAI[27]) can also be realized by converting the corre-
sponding phase distribution into a binary structure with
different lateral displacements in the design of the
BP-TAIs. Therefore, the BP-TAIs could be used to
extend the applications in some fields, such as near-field
optical array micromanipulation[28], the far-field diffraction
region[29], orbital angular momentum multiplexing[30],
prime number decomposition[31], and other fields[32].

Fig. 5. Intensity distribution of the single focal spot field within
one period of the BP-TAI: (a) experiment, (b) simulation,
(c) ideal image. (d) Comparison of cross-sections through the in-
tensity fields shown in (a) and (b) (note the logarithmic scale). Fig. 6. Noise effect of the BP-TAI versus the fraction parameter.
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