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A B S T R A C T

We propose a method for designing the multilayer diffractive optical elements (MLDOEs) to improve the
polychromatic integral diffraction efficiency (PIDE) in wide angle of incidence. By comparing and analyzing the
characteristic angle weighted PIDE (CAW-PIDE) in the whole angles of incidence, the optimal microstructure
height combination of the MLDOE can be obtained. The optimization process and simulation examples for the
single-band and multi-band MLDOE are given. Compared to the conventional method, the PIDE is obviously
improved in wide angle of incidence by our method. This optimization method can be applied to different
working wavebands, and the image quality of the hybrid optical system with the MLDOE can be improved in
wide angle of incidence.
. Introduction

Current imaging instruments require broadband or multi-band
enses to meet the increasing demand for target detection capabil-
ties. As the spectral range increases, it becomes more difficult to
chieve high image quality, due to the limitation of optical mate-
ials that can be used to achieve achromatic aberration. Diffractive
ptical elements (DOE) are widely used in various optical systems
ue to their special negative dispersion characteristics. Therefore, it
s a effective way to correct chromatic aberrations by using DOE in
roadband or multi-band imaging systems. In addition, the hybrid
iffractive–refractive optical system has the advantages of simplified
ptical structure, miniaturized weight and volume [1–4].

The polychromatic integral diffraction efficiency (PIDE) is the key
arameter in determining the working waveband for the DOEs. Multi-
ayer diffractive optical elements (MLDOEs) made of different disper-
ive materials can achieve high PIDE in broadband or multi-band [5,6].
n Refs. [7–11], the design method of the imaging MLDOE is dis-
ussed, but the microstructure height is obtained without considering
he incident angle. Compared with the normal incidence, the oblique
ncidence is the general working situation for imaging MLDOE. In
efs. [12–14], the effects of incident angle on the diffraction efficiency
nder different conditions are studied, but the method to improve
he diffraction efficiency is not discussed in oblique incident situation.
n Refs. [15,16], the diffraction efficiency of MLDOEs is improved
hrough the optimized selection of the substrate materials, such as
anocomposite material. However, some of the substrate materials are

∗ Corresponding author.
E-mail addresses: zhangboyiran@163.com (B. Zhang), dongkeyan@cust.edu.cn (K. Dong).

special, or the limited types of optional multi-band substrate materials,
the above method cannot solve the influence of the incident angle on
the diffraction efficiency of the MLDOEs.

This paper proposes an optimal design method of MLDOE consider-
ing the influence of incident angle. According to the comparison of the
characteristic angle weighted PIDEs (CAW-PIDE) at different incident
angles, the optimal microstructure heights can be obtained. Compared
with the conventional design method of the MLDOE, the PIDE can be
improved in wide angle of incidence. This is a general method that can
be applied to different wavebands (single-band and multi-band) and
different types of MLDOE (double-layer DOE and three-layer DOE).

2. Microstructure heights design method of MLDOEs considering
incident angle

The current theories used to describe the optical characteristics
of DOEs generally include scalar diffraction theory (SDT) and vector
diffraction theory (VDT). When the microstructure period size of the
DOE is larger than 14 times the wavelength of the incident light, the
SDT can be used to analyze and design the DOE, and accurate results
can be obtained [17,18]. Compared with the VDT, the SDT has the
advantages of clear theory and simple calculation for designing and an-
alyzing DOEs. The microstructure period width of the MLDOE studied
in this paper is generally much larger than the working wavelength in
imaging system [19,20], so the accuracy design results can be obtained
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Fig. 1. The structure of the multi-band MLDOE.

by the SDT. The expression of diffraction efficiency for the MLDOE can
be written as

𝜂𝑚(𝜆, 𝜃) = sinc2 [𝑚 − 𝜙(𝜆, 𝜃)] , (1)

where sinc(𝑥) = sin(𝜋𝑥)∕(𝜋𝑥), 𝑚 is the diffraction order. 𝜙(𝜆, 𝜃) is the
phase retardation of the MLDOE with consideration of incident angle
at given period structure, which can be written as

𝜙(𝜆, 𝜃)

=

∑𝑁
𝑘=1(−1)

𝑘+1
[

𝐻𝑘

(

√

𝑛2𝑘𝑖(𝜆) − 𝑛21𝑖(𝜆) sin
2 𝜃 −

√

𝑛2𝑘𝑡(𝜆) − 𝑛21𝑖(𝜆) sin
2 𝜃

)]

𝜆
,

(2)

here 𝜃 is the incident angle of the MLDOE, 𝐻𝑘 is the microstructure
eight of the 𝑘th layer, 𝑛𝑘𝑖(𝜆) and 𝑛𝑘𝑡(𝜆) are the refractive indices of
he incident and transmit medium of the 𝑘th layer, respectively. 𝑁 is
he total number of layers of the MLDOE. The typical structures of the
LDOE is the double-layer DOE or the three-layer DOE. The multi-layer

iffractive optical element in the infrared band is a double-layer DOE,
s shown in Fig. 1.

No matter which kind of the MLDOE, there are two microstructure
eights need to be designed, so 𝑁 is usually 2. In order to achieve 100%
iffraction efficiency in Eq. (1), both 𝜙(𝜆, 𝜃) and 𝑚 are equal to 1. The
icrostructure heights of the MLDOE can be expressed as follows in

ur previous study [15]

𝐻1 =
𝑚𝜆2𝐴(𝜆1) − 𝑚𝜆1𝐴(𝜆2)

𝐵(𝜆2)𝐴(𝜆1) − 𝐵(𝜆1)𝐴(𝜆2)

𝐻2 =
𝑚𝜆1𝐵(𝜆2) − 𝑚𝜆2𝐴(𝜆1)

𝐵(𝜆2)𝐴(𝜆1) − 𝐵(𝜆1)𝐴(𝜆2)

, (3)

here

𝐴(𝜆) =
√

𝑛22𝑡(𝜆) − 𝑛21𝑖(𝜆) sin
2 𝜃 −

√

𝑛22𝑖 − 𝑛21𝑖(𝜆) sin
2 𝜃

𝐵(𝜆) =
√

𝑛21𝑖(𝜆) − 𝑛21𝑖(𝜆) sin
2 𝜃 −

√

𝑛21𝑡 − 𝑛21𝑖(𝜆) sin
2 𝜃

, (4)

where 𝜆1 and 𝜆2 are two design wavelengths. If the MLDOE is used for
the dual-band system, 𝜆1 is selected in the first waveband, and 𝜆2 is
elected in the second waveband. In Refs. [21,22], the actual optical
ransfer function (OTF) of hybrid optical system can be approximated
s the product between the PIDE for DOEs and the theoretical OTF.
herefore, improvement of the PIDE over the entire range of incident
ngles will be the key to the design of the MLDOE. According to Eqs. (1)
2

nd (2), the PIDE of each single waveband for the MLDOE can be
ritten as

𝜂𝐵1𝑚 (𝜆, 𝜃) = 1
𝜆1max − 𝜆1min ∫

𝜆1max

𝜆1min

sin 𝑐2 [𝑚 − 𝜙(𝜆, 𝜃)] d𝜆

∶ ∶

𝜂𝐵𝑖𝑚 (𝜆, 𝜃) = 1
𝜆𝑖max − 𝜆𝑖min ∫

𝜆𝑖max

𝜆𝑖min

sin 𝑐2[𝑚 − 𝜙(𝜆, 𝜃)]𝑑𝜆

∶ ∶

𝜂𝐵𝑆𝑚 (𝜆, 𝜃) = 1
𝜆𝑆 max − 𝜆𝑆 min ∫

𝜆𝑆 max

𝜆𝑆 min

sin 𝑐2[𝑚 − 𝜙(𝜆, 𝜃)]𝑑𝜆

, (5)

here 𝜂𝐵𝑖𝑚 is the PIDE for the 𝑖th waveband. 𝜆𝑖min and 𝜆𝑖max are
he minimum and maximum wavelengths for the 𝑖th waveband. 𝑆 is
otal number of wavebands. The comprehensive PIDE 𝜂𝐶𝑚(𝜆, 𝜃) for all

wavebands can be written as

𝜂𝐶𝑚(𝜆, 𝜃) =
𝑆
∑

𝑖=1
𝑊𝑖 ⋅

1
𝜆i max − 𝜆𝑖min ∫

𝜆𝑖max

𝜆𝑖min

sin 𝑐2[𝑚 − 𝜙(𝜆, 𝜃)]𝑑𝜆, (6)

here 𝑊𝑖 is the weight of the PIDE for the 𝑖th waveband, and the sum
f all weights is 1. When the incident angle 𝜃 is one of 0◦ to 𝜃max,
he microstructure heights at different design wavelength combinations
an be calculated by Eqs. (3) and (4), and further, the comprehensive
IDE 𝜂𝐶𝑚(𝜆, 𝜃) can also be obtained by Eqs. (5) and (6). If the design
avelength combination is different, the microstructure heights and

omprehensive PIDE are also different. Therefore, it is possible to find
he maximum one among the calculated comprehensive PIDEs to de-
ermine the optimal microstructure height combination at the incident
ngle 𝜃. Based on the obtained optimal microstructure height combi-
ation, the comprehensive PIDE values at some characteristic angles
an also be calculated, and these calculated values are weighted and
ummed to obtain the characteristic angle weighted PIDE (CAW-PIDE),
hich can be expressed as

𝜂𝐶𝐴𝑊
𝑚 (𝜆) = 𝑊𝐶𝐴𝑊 −1 × 𝜂𝐶_0

𝑚 (𝜆) +⋯ +𝑊𝐶𝐴𝑊 −𝑖 × 𝜂
𝐶_ 𝜃max

2
𝑚 (𝜆) +⋯

+𝑊𝐶𝐴𝑊 −𝑗×𝜂
𝐶_𝜃max
𝑚 (𝜆), (7)

here 𝑊𝐶𝐴𝑊 −1, 𝑊𝐶𝐴𝑊 −𝑖 and 𝑊𝐶𝐴𝑊 −𝑗 are the weight factors of the
IDE for different characteristic angles. It should be noted that the
umber of characteristic angles is selected according to the practical ap-
lication, not as expressed in Eq. (7). The sum of above weight factors is
lso 1. For a certain incident angle 𝜃, the unique optimal microstructure
eight combination can be obtained, and further, the unique CAW-PIDE

𝜂𝐶𝐴𝑊
𝑚 (𝜆) can be calculated by given weight factors. When the incident
ngle 𝜃 changes to 𝜃+𝛥𝜃, other optimal microstructure height combina-
ion and CAW-PIDE 𝜂𝐶𝐴𝑊

𝑚 (𝜆) can be obtained. If the CAW-PIDE 𝜂𝐶𝐴𝑊
𝑚 (𝜆)

for incident angle 𝜃 is larger than the CAW-PIDE 𝜂𝐶𝐴𝑊
𝑚 (𝜆) for incident

ngle 𝜃+𝛥𝜃, it indicates that the microstructure heights corresponding
to 𝜃 is more suitable for the wide angle of incidence. Repeating above
process, the various CAW-PIDE 𝜂𝐶𝐴𝑊

𝑚 (𝜆) can be obtained at different
incident angles. The goal is to find the maximum CAW-PIDE 𝜂𝐶𝐴𝑊

𝑚 (𝜆),
and the corresponding microstructure height combination is the final
result. The flow diagram of the optimization process is shown in Fig. 2.

3. Examples and analysis

In order to illustrate the universality of the design method of ML-
DOE in this paper, the single-band MLDOE and the dual-band MLDOE
are analyzed as follows.

3.1. Single-band MLDOEs

For the single-band, the double-layer MLDOE which made of poly
(methyl methacrylate) (PMMA) and polycarbonate (PC) [23] is ana-
lyzed in the visible waveband (0.4–0.7 μm), and the incident angle
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Fig. 3. PIDE versus Incident Angle for Different Design Methods of MLDOE.

Table 1
Comparison of parameters corresponding to different design method of single-band
MLDOE.

Parameters Conventional design method Optimized design method

𝐻1 (μm) 16.5526 16.2221

𝐻2 (μm) −12.8892 −12.6725

PIDE at 0 ◦ (%) 99.2514 97.9284

PIDE at 20 ◦ (%) 86.3675 93.7716

range is −20o ≤ 𝜃 ≤ 20𝑜. Since there is only one working waveband,
the Eqs. (5) and (6) are simplified to the same expression, and 𝜆1min
and 𝜆1max are 0.4 μm and 0.7 μm, respectively. The incident angles 0◦,
10◦ and 20◦ are selected as the characteristic angles, and corresponding
weight factors are 𝑊𝐶𝐴𝑊 −1 = 0.45, 𝑊𝐶𝐴𝑊 −2 = 0.3 and 𝑊𝐶𝐴𝑊 −3 =
0.25. According to the above optimization process of the MLDOE, a
mass of PIDEs for characteristic angles 𝜂𝐶_0

𝑚 (𝜆), 𝜂𝐶_10
𝑚 (𝜆) and 𝜂𝐶_20

𝑚 (𝜆) are
calculated, and then, a mass of CAW-PIDE 𝜂𝐶𝐴𝑊

𝑚 (𝜆) are also obtained
when the incident angle 𝜃 gradually increases from 0◦ to 20◦. By
epeatedly comparing the obtained 𝜂𝐶𝐴𝑊

𝑚 (𝜆), the maximum one can
be finally found, that is 𝜂𝐶𝐴𝑊

𝑚 (𝜆) = 97.24%, and the corresponding
icrostructure heights are the optimal result. The relationship between

ncident angle and the PIDE is shown in Fig. 3. The PIDE at different
ncident angles are listed in Table 1.

In Fig. 3, the blue line and red line represent the analysis results of
he conventional design method [9–11] and our design method, respec-
ively. Because the influence of the incident angle on the PIDE is not
onsidered in the conventional design method, the PIDE decreased from
 f

3

99.2514% at 0◦ to 86.3675% at 20◦, and the reduction is 12.8839%,
as listed in Table 1. Finally, the imaging quality of the maximum field
of view will be seriously affected by the MLDOE. Compared to the blue
line, the PIDE is obviously improved when the incident angle is 20◦,
and the PIDE increases from 86.3675% to 93.7716% (an increase of
7.4041%) in red line. When the incident angle is 0◦, the PIDE decreases
from 99.2514% to 97.9284% (a reduction of 1.323%). This reduction
of the PIDE is almost 1%, and the image quality influence at the axial
field is acceptable in practical applications. The relationship among
diffraction efficiency, wavelength and incident angle is shown in Fig. 4.

In Fig. 4, the two abscissas represent the wavelength and incident
angle, respectively, and the vertical coordinate represents the diffrac-
tion efficiency. From Fig. 4, we can see that the most of diffraction effi-
ciency is obviously improved after microstructure heights optimization,
especially at the edge of the incident angle range.

3.2. Dual-band MLDOEs

For the dual-band MLDOE, the working wavebands are the mid-
wave infrared (MWIR, 3–5 μm) and long-wave infrared (LWIR, 8–
12 μm). The substrate materials of dual-band MLDOE are Zinc Sulfide
(ZNS) and Zinc Selenide (ZNSE) [24]. The ZNSE is the incident sub-
strate and ZNS is the emergent substrate. The incident angle range
is −10o ≤ 𝜃 ≤ 10𝑜. Because the MLDOE is applied to infrared dual-
band, 𝜆1 is selected in the MWIR, and 𝜆2 is selected in the LWIR in
Eq. (3). According to the design wavelengths, the microstructure height
combination can be calculated, and the PIDE 𝜂𝐵1𝑚 and 𝜂𝐵2𝑚 for the MWIR
nd LWIR can also be obtained by Eq. (5). The wavelength 𝜆1min is

3 μm, 𝜆1max is 5 μm, 𝜆2min is 8 μm and 𝜆2max is 12 μm. Further, the
comprehensive PIDE 𝜂𝐶𝑚(𝜆, 𝜃) can be calculated by Eq. (6), and weight

1 = 0.7 for the MWIR and 𝑊2 = 0.3 for the LWIR. The incident
angles 0◦, 5◦ and 10◦ are selected as the characteristic angles, and
orresponding weight factors are 𝑊𝐶𝐴𝑊 −1 = 0.4, 𝑊𝐶𝐴𝑊 −2 = 0.3 and
𝐶𝐴𝑊 −3 = 0.3. According to given weight factors and calculated com-

rehensive PIDEs for characteristic angles, the CAW-PIDE 𝜂𝐶𝐴𝑊
𝑚 (𝜆) can

e calculated by Eq. (7). When the incident angle 𝜃 is increased from
◦ to 10◦, a mass of 𝜂𝐶𝐴𝑊

𝑚 (𝜆) can be calculated, and the maximum one
𝜂𝐶𝐴𝑊
𝑚 (𝜆) = 96.53%) can be found by repeating comparison, as shown in

Fig. 2. Finally, the optimal microstructure heights can be obtained for
the dual-band MLDOE, as listed in Table 2. The relationship between
incident angle and comprehensive PIDE is shown in Fig. 5.

In Fig. 5, the blue line and red line represent the analysis results of
the conventional design method and our design method, respectively.
Similar to the single-band MLDOE, the comprehensive PIDE is reduced
obviously for the blue line when the incident angle increases. By
optimizing the microstructure heights, the comprehensive PIDE at 10◦

is increased from 90.3543% to 93.8805% (an increase of 3.5262%).
When the incident angle is 0◦, the comprehensive PIDE is decreased
rom 97.9717% to 97.4522% (a reduction of 0.5195%) for the red
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Fig. 4. Diffraction Efficiency versus Wavelength and Incident Angle for MLDOE using Different Design Methods. (a) Conventional Method. (b) Our Method.
Fig. 5. Comprehensive PIDE versus Incident Angle for Different Design Methods of
Dual-band MLDOE.

line. Because the comprehensive PIDE is changed for different design
methods, the PIDE for MWIR and LWIR are also changed, as shown in
Fig. 6. The PIDE for each waveband are listed in Table 2.

In the MWIR, the PIDE increases from 87.5405% to 92.3218% (an
increase of 4.7813%) after optimizing microstructure heights when the
incident angle is 10◦. Compared with conventional method, the image
quality at maximum field of view is improved after microstructure
height optimization. When the incident angle is 0◦, the PIDE decreases
from 97.8190% to 97.0733% (a reduction of 0.7457%) for the red
line. Because of the PIDE reduction is less than 1%, the decline of
image quality at axial field can be ignored. In the LWIR, the PIDE
increases from 96.9197% to 97.5174% (an increase of 0.5977%) when
the incident angle is 10◦. When the incident angle is 0◦, the PIDE
increases from 98.3282% to 98.3363% (an increase of 0.0081%) for the
red line. Different from the MWIR, the PIDE of the LWIR is improved
for entire incident angle range, so the image quality of the LWIR can be
improved at all field of view after microstructure height optimization.
4

Table 2
Comparison of parameters corresponding to different design method of multi-band
MLDOE.

Parameters Conventional design method Optimized design method

𝐻1 (μm) 187.3395 186.4175

𝐻2 (μm) −211.2708 −210.0697

𝜂𝐶𝑚 (𝜆, 𝜃) at 0◦ (%) 97.9717 97.4522

𝜂𝐶𝑚 (𝜆, 𝜃) at 10◦ (%) 90.3543 93.8805

MWIR PIDE at 0 ◦ (%) 97.8190 97.0733

MWIR PIDE at 10 ◦ (%) 87.5405 92.3218

LWIR PIDE at 0 ◦ (%) 98.3282 98.3363

LWIR PIDE at 10 ◦ (%) 96.9197 97.5174

The relationship among diffraction efficiency, wavelength and incident
angle is shown in Fig. 7.

From Fig. 7, the diffraction efficiency is obviously improved at the
edge of the incident angle range after microstructure height optimiza-
tion in MWIR. At the same time, the diffraction efficiency is improved
throughout the incident range in LWIR.

4. Conclusions

In conclusion, we put forward an optimal design method of the
imaging MLDOE to improve the PIDE in wide angle of incidence
for the first time. The relationship between the PIDE and incident
angle is theoretically analyzed, and the characteristic angle weighted
PIDE (CAW-PIDE) is presented to determine the optimal microstructure
height combination. The detailed optimization process of the MLDOE is
given, and the simulation examples for the visible broadband MLDOE
and infrared dual-band MLDOE are analyzed. Compared to the conven-
tional methods, the PIDE is obviously improved throughout the incident
range. The presented results are of great significance for practical
Fig. 6. PIDE versus Incident Angle for Different Design Methods of Dual-band MLDOE. (a) MWIR. (b) LWIR.
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Fig. 7. Diffraction Efficiency versus Wavelength and Incident Angle for Dual-band MLDOE using Different Design Methods. (a) Conventional Method. (b) Our Method.
esign of the hybrid optical imaging system with the different kinds
f MLDOEs in wide angle of incidence.
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