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HIGHLIGHTS

® We review the optical design principle of large aperture diffractive telescopes.
® DOE fabrication techniques are discussed and different DOEs are presented.

® Subaperture DOE stitching principle is presented and thoroughly discussed.

® 5 categories of representative diffractive telescopes are reviewed and compared.

ARTICLE INFO ABSTRACT

Keywords:

Telescope

Diffractive optical element
Optical design

Aperture

Imaging system

Thanks to the recent development in diffractive optical element (DOE) fabrication technique, large aperture
diffractive telescope systems have been tremendously studied to achieve high-resolution imaging. In this review,
the universal optical design mechanism of a diffractive telescope system is initially elucidated, and the state-of-
art progresses of large aperture diffractive optical telescopes are overviewed. Then, we analyze DOE lithography
technique, from which we can fabricate DOEs on different substrates. Moreover, we also present subaperture
stitching, so that we can obtain large aperture DOEs. Afterwards, different experimentally implemented ground-

based diffractive telescope systems are reviewed by emphasizing their advantages. Finally, we propose the
prospects with respect to the arising challenges in large aperture diffractive telescope systems.

1. Introduction

With the recent developments in large aperture freeform optical
element design [1,2], high precision optical fabrication and testing
[3-8], large aperture telescope systems are proposed to perform high-
resolution imaging. For instance, they demonstrate great ability to
perform astronomy observation, from which we can explore sophisti-
cated physical phenomenon [9-11]. In particular, most large aperture
telescope systems use an aspherical mirror as the primary aperture
[12,13]. Unfortunately, great challenges are encountered in both mirror
fabrication and testing accompanied by enlarging the aspherical mirror
diameter. Under this scenario, large aperture diffractive optical element
(DOE) based telescope systems [14], which use a DOE as the primary
aperture, are proposed. The advantage of diffractive telescopes com-
pared to traditional reflective telescopes are mainly manifested in two
aspects. On the one hand, the telescope system weight can be drama-
tically reduced by fabricating DOE pattern on a low-weight substrate
[15]. On the other hand, the transmissive DOE provides a loose surface

shape tolerance [16,17], and this will alleviate the difficulties during
surface fabrication and testing.

The concept of diffractive telescopes was firstly proposed by de-
signing a monochromatic afocal Keplerian diffractive telescope using
Seidel aberration correction [18]. Unfortunately, as the primary lens is
a wavelength-dependent diffractive optical element, this telescope is
not able to perform achromatic imaging, and thus, such scheme is not
widely utilized. Under this scenario, Hyde et al. proposed a broadband
spectral diffractive telescope system [14] by introducing Schupmann
chromatic dispersion correction theory [19]. Their telescope contains
two separate sections as a primary diffractive optical element and an
eyepiece system. Here, the transparent large diameter diffractive ele-
ment is implemented as the magnifying aperture, and the eyepiece is
introduced as both the image receiver and the chromatic aberration
corrector. Once the basic diffractive telescope scheme has been de-
termined, different diffractive telescope systems were proposed to sa-
tisfy extensive applications. For instance, “Gen II” and “Gen III” pro-
totypes designed by Koechlin et al. were used to achieve infrared
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imaging (i.e., at 800 nm) [20,21] and UV imaging (i.e., at 260 nm)
[22,23]. In the infrared imaging diffractive telescope, the DOE has a
diameter of 200 mm and a focal length of 18 m. In the UV imaging
diffractive telescope, the diameter of the DOE is 65 mm, and its focal
length is 12.7 m. Nevertheless, both prototypes cannot guarantee a
large field of view imaging. Hence, a compound diffractive telescope
system, which combines compound eyes with diffractive optical ele-
ments, was presented by Liu et al. [24] to provide large field of view
(FOV) imaging as 4.2°. However, these above-mentioned telescopes still
cannot guarantee ultra-short wavelength imaging (i.e., ultra UV or X-
ray imaging). Therefore, photon sieve based diffractive telescopes,
which is feasible to both suppress higher order diffraction and focus
super short wavelength, was illustrated by Anderson et al. by im-
plementing a 0.1 m diameter, 1 m focal length antihole photon sieve
[25,26]. Moreover, to achieve super high-resolution imaging, Atcheson
et al. also proposed a large aperture MOIRE diffractive telescope [27-
29]. In particular, the primary aperture in MOIRE system is a 5-meter
diameter fragmentary DOE which consists of several stitched mem-
brane subapertures. Here, MOIRE telescope demonstrated an imaging
ability of NIIRS as 2.3 by selecting National Imagery Interpretability
Rating Scale (NIIRS) as criteria [30]. However, subaperture stitching
error of the primary aperture has not been considered. Therefore,
Zhang et al. thoroughly investigated three-dimensional stitching error
of a subaperture stitching diffractive lens by using a 300 mm diameter,
three-belt deployed subaperture Fresnel lens [31]. What is more, they
also assembled a 2 m focal length diffractive telescope by using that
same subaperture stitching diffractive lens as the primary lens. Next,
they also studied the influence of any stitching error to the imaging
quality [32]. Finally, the image contrast deterioration of a diffractive
telescope system, which is introduced by the long system length, was
resolved by implementing a Cassegrain scheme in the diffractive tele-
scope [32].

This paper is devoted to systematically review the techniques to
implement a large aperture diffractive optical telescope system for
high-resolution imaging. First of all, the designing principle of a dif-
fractive telescope system is discussed by introducing chromatic aber-
ration correction, from which we can broad the imaging spectral cov-
erage. Secondly, we present optical lithography fabrication, from which
we can obtain thin membrane or silicon substrate DOEs (i.e., Fresnel
zone plates or photon sieves). Thirdly, we describe the feasibility of
using subaperture stitching to obtain large aperture DOEs for high-re-
solution imaging. Finally, we review some representative diffractive
telescope systems which have already been implemented. What is more,
we also discuss and emphasize their system schemes and their corre-
sponding advantages.

The outline of this review is listed as follows. In Section 2, the
universal optical design principle of a diffractive telescope is thor-
oughly elucidated by applying Schupmann chromatic aberration cor-
rection theory. We also demonstrate that the undesired long optical
length of a diffractive telescope system can be compacted by introdu-
cing a relay lens located between the primary diffractive lens and the
chromatic dispersion correction lens. In Section 3, we mainly discuss
different techniques to obtain large aperture DOEs. At the beginning,
we explicate optical lithography and laser direct writing techniques to
fabricate different DOEs acting as the primary apertures in diffractive
telescope systems. To be more specific, we present the fabrication of
both Fresnel zone plates and photon sieves. Afterwards, we introduce
thin membrane DOEs, and we highlight the superiority of utilizing
membranes to replace regular silicon substrates as DOEs. Finally, we
demonstrate subaperture stitching principle. In principle, by im-
plementing subaperture DOE stitching, we can obtain large aperture
DOEs, so that we can achieve high-resolution imaging. In Section 4,
different ground-based diffractive telescopes are reviewed. Note that
any proposed telescope system is specialized for certain applications
(i.e., high-resolution imaging, wide FOV imaging or turbulence-free
imaging, etc.). The main conclusion and the potential prospects are
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provided in Section 5.
2. Optical design principle of a diffractive telescope system
2.1. Schupmann achromatic diffractive telescope system

In this section, we present the designing principle of a diffractive
telescope. Moreover, we also demonstrate that by using Schupmann
theory, we can eliminate the chromatic dispersion of a diffractive
telescope system.

The Fresnel lens used as the primary lens in a diffractive telescope
system has a focal length of f represented as Eq. (1) by ignoring the
material dispersion [31],

DZ
I=an o)

where D is the diameter of the Fresnel lens, A is the central wavelength
of the incident light and N represents the numbers of the zone. From Eq.
(1), we find that the focal length of a Fresnel lens varies within different
input wavelengths, hence a Fresnel lens is only feasible to focus a
narrow spectral bandwidth to the designed focal plane, but it will dis-
perse the rest input wavelengths. Thus, we will see a diffusion spot on
the designed focal plane if the incident light has a wide spectrum. On
the other hand, to obtain an optical precision as n/4 (i.e., Rayleigh
Criterion [33]), the spectral bandwidth range is restricted by Eq. (2)
[14],
‘M‘ <f A

1 = numberD’ )
where f,umper is the f-number of the Fresnel lens.

In this case, we can say that a DOE can only focus a limited band-
width. For instance, a DOE with its f,;mper Of 100 and a central wave-
length of 632 nm only provides a bandwidth limitation of 2.1 x 107°
(i.e., the DOE diameter is 300 mm and the focal length as 30,000 mm).
Note that such narrow bandwidth is not applicable because a wide
spectrum is required in a telescope system to guarantee wide spectral
imaging. Under this scenario, the chromatic dispersion aberration in-
troduced by the Fresnel lens must be eliminated. Considering the lim-
itation of the proposed compensation methods such as implementing
sequential holographic diffractive elements [34-36], Schupmann
chromatic aberration correction principle is proposed to compensate
the diffractive telescope chromatic dispersion. Schupmann theory is
demonstrated as below: any chromatic dispersion originated from an
imperfect optical element can be compensated by introducing another
optical element with a same optical scheme but inversed dispersion
characteristic at the image plane of the original element. By using this
principle, we can obtain achromatic imaging within the whole spec-
trum.

To implement a Schupmann compensation diffractive telescope, we
use a large aperture DOE as the primary lens and its inversed diffractive
lens as the chromatic compensator. Moreover, a convergent field lens is
inserted between the two DOEs to image the first diffractive lens to
coincide with the front surface of the compensator DOE. Note that only
in this way the Schupmann condition can be satisfied. Finally, an eye-
piece optical system is introduced behind the compensator DOE. This
eyepiece system is used to collect the achromatic image corrected by
the Schupmann scheme. The whole Schupmann compensation dif-
fractive telescope system is presented in Fig. 1.

Note that the telescope system in Fig. 1 is fully illuminated by a
multi-wavelength light (i.e., labelled red) covering the whole aperture.
After passing through the primary DOE, the incident light is spread both
physically and spectrally into different directions because of the chro-
matic aberration. Afterwards, the dispersed light is focused into a cer-
tain plane by a field lens introduced between the two DOEs. Here, the
primary DOE and the secondary DOE are spatially conjugate with re-
spect to this field lens. Moreover, the central wavelength light of the
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Primary diffractive lens

Secondary diffractive lens

Fig. 1. Optical scheme of the Schupmann compensation diffractive telescope
system.

telescope system (i.e., green line in Fig. 1) passes through the field lens
center. At the front surface of the secondary DOE, all light is converged
into a same image point corresponding to its object point on the pri-
mary diffractive lens, and the physical dispersion is corrected. On the
other hand, the secondary DOE is feasible to eliminate the spectral
dispersion generated by the primary DOE. At last, the spectrally cor-
rected light is focused to the CCD by the eyepiece optical system. To
more accurately study the imaging process, light propagation is nu-
merically studied by using the optical transfer matrix as depicted by
Hyde et al. [14]. The input light and the output light (light received by
the CCD) are represented by two parameters (x,0) with x represents the
spatial position and 6 represents the spatial direction in the meridional
plane. The light is sequentially passing through the primary diffractive
lens, the field lens, the secondary diffractive lens and the eyepiece
system, so the corresponding optical transfer matrix equation is defined
as Eq. (3) [14],

Xout _ [ 1 L ] . Ell Eu . 1 0 . Fll F12 . 1 0 . Xin
Out) 10 1| |En En||-CQA) 1||Fn Fn||-D@) 1[\6n)
3

On the right side of Eq. (3), the first matrix represents the light
propagation from the eyepiece to the CCD with a propagation distance
of L; the second and the fourth matrices E and F represent the optical
modification introduced by the eyepiece system and the field lens.
Here, these two elements are regarded as achromatic. The third and the
fifth matrices, which contain the components dependent on the input
light wavelength (i.e., D(A) and C(A)), imply the spectral modulation
ability of the primary diffractive lens (i.e., D(A)) and the secondary
diffractive lens (i.e., C(A)), respectively.

The first and the second matrices in Eq. (3) are spectral in-
dependent. Hence, only the product from the third matrix to the fifth
matrix will determine the spectral dispersion. The product of these
three matrices M is shown in Eq. (4),

[Mn Mlz]
My My,
F; — D(/l)Fu B,

N [Fn — D()Fp — CAF1 + DAOC()F, Fpn— CAF, | 4)

To achieve spectral dispersion correction, each component in M
should be wavelength independent, so all four contents in matrix M
should be constants. This leads to a conclusion that F;, should be 0, and
a further relation can be obtained as Eq. (5),

Fu =My _ o Fo
Fy Fyy ®)

The chromatic independent term in Eq. (5) (i.e., (Fo; — M21)/F11) is
directly incorporated into the further matrix calculation, and it will not
cause any chromatic dispersion because the first and the second terms
in Eq. (3) are also achromatic. Moreover, term Fj; is the magnification
(here we use a to demonstrate the magnification) of the primary dif-
fractive lens with respect to the secondary DOE. At last, as F is an op-
tical transfer matrix, it is commonly presented as a unit determinant.

c@) =
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Therefore, as F;, is already 0, the product of F;; and F,, should equal to
1. At this moment, the relation between D(A,) and C(A) in Eq. (5) can be
further presented by Eq. (6) without considering the achromatic com-
ponent as,

D)

C@)=—- e ®)

Once we obtain Eq. (6), the spectral dispersion factors D(A) and
C(A), which represent the light convergence ability of different wave-
lengths, are analogue to the optical power of the DOEs. Therefore, the
focal length relation between two DOEs is described by Eq. (7),

fp = —O(ZfS @

where Eq. (7) is one sufficient condition to implement an achromatic
diffractive telescope system. Here, f, is the focal length of the primary
DOE and f; is the focal length of the secondary DOE. Moreover, both
focal lengths are defined to the central wavelength. On the other hand,
Schupmann theory demands the secondary DOE to provide a magnifi-
cation of a. What is more, the secondary DOE should share a same
amount of Fresnel ring as the primary DOE (i.e., both DOEs should have
a same pattern). Hence, by using fuumper of both DOEs as criteria, we
obtain a secondary sufficient condition to perform the diffractive tele-
scope system design as Eq. (8),

p — fS
fnumber = Y umber - ®

We want to emphasize that Egs. (7) and (8) are the ultimate tele-
scope system design indications. Now, to achieve high-resolution ima-
ging with a large fuumper, as well to alleviate the secondary DOE fabri-
cation difficulty, the magnification factor a should be selected as a
small integer.

To implement a complete diffractive telescope system, the para-
meters of the field lens and the eyepiece optical system should also be
obtained. Now, we select diameter D, and focal length f,, of the primary
DOE as the initial parameters. Hence, the diameter of the secondary
DOE D; and its focal length f; can be determined with the help of Egs.
(7) and (8). Note that as the field lens is used to obtain the conjugate
imaging of the two DOEs, the field lens has to be located at both the
back focal plane of the primary DOE and the front focal plane of the
secondary DOE with respect to the designed central wavelength. The
focal length of the field lens f; then can be determined as Eq. (9),

b
ff_1+oc‘ ©)

The eyepiece system, which is used to focus the light from the
secondary DOE corrector to the CCD, is considered as a thin lens. To
ease the system calibration and to avoid the light loss, the primary
surface of the eyepiece system is normally located close to the back
surface of the secondary DOE corrector, or even these two elements are
consolidated together to obtain a hybrid diffractive-refractive element
[37].

2.2. Compact diffractive telescope by inserting a relay lens system

Even though a diffractive telescope can be designed achromatically
by introducing Schupmann principle, the whole optical system sketch is
long because we use a large f,umper DOE as the primary lens. For in-
stance, a DOE with a diameter of 300 mm and a f,;;;mper Of 100 implies a
whole telescope system length greater than 35 m. In this case, air tur-
bulence will deteriorate the image quality dramatically. Under this
scenario, a telescope compact method is proposed. Specifically, we
implement a relay lens of great optical power between the primary
diffractive lens and the field lens. By this mean, the imaging quality of
the telescope system is not deteriorated and on the other hand, the
system sketch is effectively compacted so that the air turbulence effect
is eliminated.

The compact diffractive telescope has a similar scheme as the
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Fig. 2. Optical scheme of the compact Schupmann diffractive telescope system
by inserting a relay lens.

original four-elements-contained diffractive telescope (i.e., the dif-
fractive telescope scheme in Section 2.1), but a relay lens is added
between the primary DOE and the field lens. The multi-wavelength
incident light entering the primary DOE is firstly converged to different
directions corresponding to each wavelength. Then, rather than being
directly collected by the field lens, the light rays propagating through
the primary DOE are converged by the relay lens so that a greater light
convergence is obtained. Under this scenario, we acquire a better
converged light at the front surface of the field lens. Therefore, the
spatial length of the whole system sketch is compacted. The optical
scheme of the compact diffractive telescope system is presented in
Fig. 2. By locating this relay lens close to the backward surface of the
primary diffractive lens, an effective system sketch compression is
achieved, but the relay lens should have a great aperture. On the other
hand, by locating the relay lens close to the field lens, we only need a
relay lens of small aperture, which in fact is easy to be fabricated.
However, by utilizing this second scheme, we cannot effectively com-
pact the telescope system, because we can only compress the short
distance from the relay lens to the DOE corrector.

To obtain chromatic aberration correction in this compacted dif-
fractive telescope system, the parameters of the primary DOE and the
secondary DOE should still satisfy Schupmann correction condition
(i.e., Egs. (7) and (8)). So, the image of the primary DOE via both the
field lens and the relay lens should coincide with the front surface of the
secondary corrector DOE. What is more, the central wavelength light
ray should pass through the geometric center of the field lens. By
considering the above restrictions, we can calculate the relay lens
parameters. In particular, the focal length of the relay lens f, and its
distance to the field lens d,rshould be determined. Note that as the relay
lens is inserted between the primary DOE and the field lens, we can
calculate the focal length of the relay lens as Eq. (10) with two given
distances as: (i) the distance from the primary DOE to the relay lens d,,,
and (i) the distance from the field lens to the secondary DOE dg.
Moreover, a is the magnification of the primary DOE compared to the
secondary DOE, and f, is the focal length of the primary DOE with re-
spect to the central wavelength,

_ o{'dfs'(fp - dpr)
T fmeds 10

Once the focal length of the relay lens is determined, the distance
from the relay lens to the field lens can be consequently calculated as
Eq. (11),

(fp - dpr)'f;

drf = 4_.
5+f —dy an

Finally, we want to emphasize that the above-discussed designing
indications could be used to instruct the initial structure design of a
diffractive optical telescope. Nevertheless, to perform a final telescope
design with considering the optical aberration correction, ray-tracing
software such as Zemax or CODE-V should be used to accomplish the
system optimization.
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3. Implementation of large aperture diffractive optical lens (DOE)

In Section 2, we have proved that a large diameter primary DOE and
its inversed correction DOE are the fundamentals to implement a large
aperture diffractive telescope. Therefore, in this section, we mainly
discuss the techniques to obtain diffractive optical elements. Specifi-
cally, we firstly elucidate the usage of optical lithography technique to
fabricate both phase-modulated and amplitude-modulated DOEs. In
particular, we discuss two types of DOE as Fresnel zone plate (FZP) and
photon sieve. Afterwards, we present thin membrane DOEs as such
elements are more flexible. Finally, we demonstrate subaperture DOE
stitching technique, which is mandatory to implement a large aperture
diffractive telescope.

Diffractive optical element (DOE) is an optical element with peri-
odically distributed microstructures (i.e., ring structures) fabricated on
its surface. To fabricate certain microstructures on its surface, two
major techniques are utilized as: (i) single-point diamond turning [38-
40] and (ii) optical lithography [41,42]. Single-point diamond turning
can fabricate DOE patterns with a high precision three-dimensional
displacement platform. Unfortunately, this technique is not advisable
for some materials such as fused silica, because surface damage is ex-
tensively responsive to the diamond grit size [43]. What is more, single-
point diamond turning technique is precision limited for an insignif-
icant linewidth [44]. Under this scenario, optical lithography techni-
ques [45] are commonly applied such as laser direct writing [46-48],
UV lithography [49-51], electron beam lithography [52,53] and ion
beam lithography [54-56]. Laser direct writing uses a spatial con-
trollable laser focal spot to form the shape of the desired microstructure
outline. This method can provide ultra-high precision, but its efficiency
is low. Deep UV lithography use an ultra-violet beam as the light source
to illuminate the photolithography masks to transfer the patterns to the
wafer. This technique can efficiently fabricate the whole structure with
just one exposure, but its precision is greatly influenced by the aber-
ration of the projection objective lens. Ion beam lithography and elec-
tron beam lithography share the same principle configuration with only
the light sources divided as ion beam or electron beam. In fact, ion
beam lithography is more widely used because of their stable perfor-
mance. By using electron beam or ion particle beam, the resolution can
be enormously enhanced at the price of low efficiency and high cost.

3.1. Phase-modulated DOE fabrication

Phase-modulated DOEs are able to modulate the phase of the pro-
pagated light with its surface microstructures, and thus, we can obtain
the desired wavefront. The most commonly used phase-modulated
DOEs in a diffractive telescope system are Fresnel zone plates (FZPs) or
photon sieves. Specifically, they act as the primary diffractive lens and
the secondary corrector lens.

3.1.1. Phase-modulated FZP fabrication

A phase-modulated FZP has periodically distributed rings, and the
rings have different heights. To be more specific, the height distribution
in any ring contains L-level from which a “stair” structure is formed.
Moreover, a whole L-level “stair” provides a phase modulation as 2. In
our case, the focal length of the FZP can be calculated by Eq. (1), and
the width of each ring can be obtained by Eq. (12),

"= b (12)
where fis the focal length of the FZP, A is the wavelength of the incident
light and Dy is the diameter of any ring. The height of each level in one
particular ring contributes a phase modulation of 25/L, so the height of
each level is represented by Eq. (13),

@ -12
T Ln-1)’ (13)
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where n is the substrate refractive index.

As a DOE generally has a great focal length, we can tell from Eq.
(12) that the width of any ring in a regular FZP is greater than the input
wavelength, and this makes UV lithography a suitable method to fab-
ricate FZPs. Here, in order to fabricate a multi-level FZP, we can in-
troduce a consecutive lithography process which only requires one
photolithography mask [57].

Apart from optical lithography, maskless laser direct writing is an-
other useful tool to fabricate multi-level DOE. In laser direct writing, we
initially coat the substrate with photoresist material before laser ex-
posure. Then, we use a high numerical aperture (NA) objective lens to
focus the laser into a focal spot, and we control the spatial position
between this laser spot and the substrate to form the FZP pattern by
optical exposure [58,59]. Finally, FZP patterns can be transferred to the
substrate by performing the development to the exposed photoresist
material [45]. In the real implementation, large aperture FZPs had been
fabricated by rotating the substrate and by radially moving the objec-
tive [60,61].

3.1.2. Phase-modulated photon sieve fabrication

In the above section, we have presented the fabrication of a phase-
modulated FZP. Nevertheless, high order diffraction and scattering will
deteriorate the FZP imaging performance. Therefore, photon sieves are
introduced into diffractive telescope systems, because they are suitable
to both eliminate high order diffraction and suppress scattering
[62,63]. Moreover, by implementing wavefront coding, the chromatic
aberration of the photon sieve can be corrected, so that we can achieve
broadband imaging [64-66].

Photon sieve is one particular kind of Fresnel zone plate that any
FZP rings are filled with circular pinholes. One example of a photon
sieve is shown in Fig. 3. Here, light passing through the small pinholes
in the photon sieve is converged into its focal point by diffraction.
Hence, the focal length and the ring width of a photon sieve can be
calculated by Egs. (1) and (12), respectively. Moreover, the contribu-
tion of any pinhole to the total intensity on the focal point can be de-
termined by Eq. (14) as an oscillating function,

F ifl (ﬂ—d),
w

2w 14

where J; refers to Bessel function, w and d are the FZP zone width and
the pinhole diameter, respectively [26]. If F is positive, we have the
intensity enhanced at the focal point, and vice versa, a negative F
contributes to a decreased focal intensity. Here, we want to emphasize
that in the real design, the pinhole diameter can be enlarged beyond its
corresponding ring width. In fact, to ensure a best focalization, the ratio
d/w in Eq. (14) is set at 1.53 (or 3.53, 5.53 et al.) which provides an
optimal condition for Bessel function. Moreover, the enlargement of the
pinhole diameter can ease the fabrication difficulty because a large

Fig. 3. Pinhole distribution of a photon sieve [75].
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diameter pinhole is easy to be fabricated. Furthermore, the pinholes can
be distributed either randomly or regularly only if they are not over-
lapped. In fact, pinhole distribution mainly determines the optical
throughput which will influence the final photon sieve efficiency.

For phase-modulated photon sieve, pinholes are fabricated on a
transparent substrate with each pinhole has a certain depth. Later, the
wavefront is modulated by these pinholes, so the incident light is
converged to the focal plane. In order to fabricate phase-modulated
photon sieves, we still introduce either UV lithography or laser direct
writing. These two fabrication processes are similar to those used in FZP
fabrication.

On the other hand, recent study about photon sieves demonstrates
that laser ablation technique is also available for photon sieve fabri-
cation [67,68]. To be more specific, Julian et al. had fabricated holes of
a photon sieve by directly ablating the polyimide substrate with a laser
spot. In their scheme, the diameter of the laser spot is around 15 pum. As
a result, a 19-ring distributed binary photon sieve with its focal length
as 400 mm is obtained, and it demonstrates a diffraction efficiency of
11% [67,68].

3.2. Amplitude-modulated DOE fabrication

In Section 3.1, we mainly discuss phase-modulated DOEs. Never-
theless, amplitude-modulated DOEs are also widely used in diffractive
telescope systems especially for ultra-short wavelength imaging.
Therefore, it is mandatory to study amplitude-modulated DOE fabri-
cation. In fact, amplitude-modulated DOEs share a same ring pattern or
pinhole pattern as phase-modulated DOEs, but they modulate the wa-
vefront by blocking a certain portion of the incident light with the non-
transparent sections but transmitting the remaining light. Under this
scenario, any ring width for an amplitude-modulated DOE is equal to a
phase-determined DOE if these two DOEs have the same diameter and
focal length.

3.2.1. Amplitude-modulated FZP fabrication

Differ from a phase-determined FZP, an amplitude-modulated FZP
contains both opaque and transmissive rings consecutively distributed
on the substrate. Moreover, the indispensable “stair” structures in a
phase-modulated FZP do not exist in an amplitude FZP. On the con-
trary, all rings are located in the same plane (i.e., the substrate plane).
Under this scenario, we can fabricate the amplitude-modulated FZP by
using the same UV lithography or laser direct writing technique. In
general, three steps should be performed. First of all, we coat the sub-
strate (i.e., glass or silica) with a thin layer of opaque material which is
etching friendly. Next, we use either UV lithography or laser direct
writing to transfer the ring pattern to the substrate. Finally, by per-
forming photolithography development and then ion beam etching with
precisely controlled etching time, we can get the consecutive opaque-
transmissive ring pattern.

It should be noted that amplitude-modulated FZPs provide a weaker
diffraction efficiency compared to phase-modulated FZPs with the same
aperture and focal length. Therefore, amplitude-modulated FZP is more
widely applied in ultra-short wavelength imaging diffractive telescope
system.

3.2.2. Amplitude-modulated photon sieve fabrication

The basic scheme of a photon sieve is previously depicted in Section
3.1.2 (see Fig. 3). It is one kind of FZP with homogenously distributed
holes on each ring. While the phase-modulated photon sieve modulates
the wavefront by transmitting all the light, the amplitude-modulated
photon sieve, on the other hand, only allows the light to go through the
transmissive pinholes. Compared to phase-modulated photon sieves,
amplitude-modulated photon sieves have a weaker diffraction effi-
ciency. For instance, the electroformed nickel photon sieve or the diazo
polymer photon sieve fabricated by Anderson [26] only provides a
diffraction efficiency of 0.4% and 0.34%, respectively. Even though
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they present weak diffraction efficiency, the amplitude-modulated
photon sieves are those being most commonly investigated in dif-
fractive telescope systems at present. This is because amplitude-
modulated photon sieves are flexible to be fabricated on a thin poly-
imide membrane, which shows its benefit to be used as the primary lens
in a light-weight telescope (see Section 3.3).

To obtain the amplitude-determined photon sieve, the same UV li-
thography or laser direct writing method above discussed can be di-
rectly applied. However, photon sieves contain a great number of holes,
this means the photolithography mask fabrication is complicated. Thus,
laser direct writing is more suitable to fabricate amplitude-modulated
photon sieves, because we can avoid preparing the complicated pho-
tolithography mask and therefore the fabrication efficiency can be en-
hanced.

3.3. Membrane diffractive optical element

The above-discussed two sections present the methods to obtain
either amplitude or phase-modulated diffractive optical elements (i.e.,
Fresnel zone plates or photon sieves). Unfortunately, all above-men-
tioned DOEs are fabricate on either silica or glass. Note that these
materials are bulky to be implemented in space diffractive telescopes.
Therefore, we demonstrate in this section the superiority of utilizing a
thin membrane to replace a regular thick substrate for DOE fabrication,
and we also present the challenges in utilizing such membrane DOEs.

Note that large aperture diffractive telescopes are investigated to be
eventually applied for space mission. Therefore, the telescope weight as
well its structure has to be carefully considered to satisfy the launching
requirement. For silica based FZPs, even though they can be used to
perform high quality imaging, they have a relatively large weight (~4
kg/m?) compare to the thin film membrane (~0.5 kg/m?), and this
makes silica FZPs more costive for space mission [69]. Moreover,
membrane is more flexible than thick silica, so we can also use mem-
brane DOE to ease the launching difficulty [70-72]. Under this sce-
nario, thin film membrane DOEs were investigated and then tested by
using different membrane material. For instance, Novastrat thin film
membrane (Nexolve Corp.) demonstrates great advantage compared to
other thin films for its great non-zero thermal expansion coefficient
(50 ppm/°C to —10 ppm/°C) [69]. Once the membrane is determined,
any DOE pattern (i.e., FZP rings or photon sieve pinholes) can be
printed on the membrane by using either lithography or laser direct
writing we discussed in Sections 3.1 or 3.2. However, due to the phy-
sical fragile characteristic of the thin membrane, several challenges are
inevitable during the membrane DOE fabrication, such as: (i) the
membrane dimensional instability and (ii) the manufacturing load [73].
For the first issue, membrane dimensional instability introduces surface
wrinkle, and this leads to DOE pattern fabrication error. Therefore, a
membrane holding frame is mandatory to conjoin the whole membrane
to the frame boundary so that we can ensure a surface free of wrinkle.
Specifically, among numerous holding frames, the circular, the square
and the trapezoidal schemes present great performance and they are
shown in Fig. 4. Next, for the manufacturing load issue, we want to note
that the already conjoined membrane has to be cut into expected shapes
in most cases to satisfy different applications. Therefore, the residual
force introduced during the cut will be again inevitably added into the
new membrane, thus the membrane surface will be wrinkled. To solve
this surface wrinkle introduced by the manufacturing load, we have to
study the internal force distribution at the boundary of the whole newly
cut membrane, and we should guarantee the joint force of any node in
the new membrane to be balanced (the joint force should be zero).
However, we limit our discussion on membrane manufacturing load in
this review, and we only give one example in Fig. 5. Here, we show in
Fig. 5 the force distributions on the original membrane (i.e., yellow
section) and the cut membrane (i.e., blue section).

Apart from the two above-mentioned fabrication challenges, one
major difficulty in using the membrane DOEs especially for space
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Fig. 4. Membrane conjoining schemes by using different holding frames.
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Fig. 5. The boundary loads of the original membrane (yellow section) and the
cut membrane (blue section). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

mission is the membrane acoustic load [73]. We want to emphasize that
for the membrane, its stiffness matrix is not a constant, but it is varying
as a result of different pressure levels. Now, let us consider that the
pressure is randomly generated by the acoustic energy introduced by
random blasts during the launch. As a consequence, such acoustic en-
ergy will deform the membrane DOE surface shape. Hence, to maintain
the performance of the membrane DOE, the surface deformation im-
plemented by the acoustic pressure has to be compensated. One pos-
sible method to accomplish the surface compensation is to acquire the
real launching data to engage numerous simulations for the membrane
surface deformation as a function of different pressures. Afterwards, we
can inversely compensate the deformed membrane DOE.

3.4. Subaperture stitching Fresnel diffractive elements

A large diameter primary lens is mandatory to realize high-resolu-
tion imaging in a diffractive telescope. Nevertheless, either optical li-
thography or laser direct writing technique is not feasible to directly
fabricate an ultra-large aperture DOE. For lithography, a large-scale
photolithography mask is very difficult to obtain, and a uniform UV
illumination fully covering the fabricated substrate to perform litho-
graphy exposure is practically unachievable. For laser direct writing, it
is difficult to accurately control the laser writing precision at a large
scale. Under this scenario, it is of great interest to study subaperture
stitching DOE. Even though subaperture stitching principle is en-
ormously studied for reflective mirrors [9,10], subaperture stitching
DOEs are rarely reported. Domber et al. firstly proposed a 6 sub-
apertures stitched membrane DOE applied in a diffractive telescope
system [28,29]. In their system, the designed diameter of the primary
FZP is 5 m, and the whole piece is a 45° segmented fragmentary
aperture. Afterwards, Yan et al. studied the subaperture stitching
principle by implementing a fully covered four-squares-sectored photon
sieve of 100 mm diameter [74]. Nevertheless, they only qualitatively
analysed the stitching error in one dimension. Until recently, Zhang
et al. [31] proposed a universal subaperture stitching error study by



H. Zhang, et al.
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Golay distribution

Fig. 6. Suabaperture layouts: (a) Cornwell distribution and (b) Golay dis-
tribution.

completely considering the DOE stitching error in five degrees of
freedom.

Like the subaperture stitching reflective mirrors, the subaperture
layout of a DOE also shares the general layout such as Cornwell layout
[75] or Golay layout [76] (see Fig. 6). Note that even though the
subapertures presented in Fig. 6 are circle pieces, they can be arranged
to other shapes such as square or trapezoid. Here, Cornwell distribution
guarantees that the same diameter subapertures can be uniformly dis-
tributed in the same ring. On the other hand, Golay distribution re-
quires the number of the subapertures in each ring being an integer
multiple of 3. In fact, Golay distribution can provide a higher filling
factor by taking benefit of different subaperture sizes. Even though
different layouts influence the imaging quality diversely, the sub-
aperture stitching principle can always be elucidated within any sub-
aperture shape by the means of optical path difference [31]. For in-
stance, we present a certain piece B’ in a Cornwell distributed
subaperture DOE in Fig. 7, and this piece contains three types of error
as radial offset error, axial offset error and radial rotating error.

Note that the DOE in Fig. 7 consists four subapertures where only B’
piece (yellow circle) is deviated from its ideal position (shadow gray
circle at B) while the other three are suited in the correct positions.
Here, B’ piece is situated away from the DOE plane and it demonstrates
the axial offset error in X axis direction. Moreover, the projection of B’
piece on the DOE plane does not coincide with its ideal position, but it
is displaced for a certain distance in either Y or Z axis direction, this is
regarded as the radial offset error. Finally, it is obvious that B’ is rotated
for a certain angle from the DOE plane from which we can tell the radial
rotating error. The subaperture stitching error tolerances of the three
above-mentioned errors can be studied by calculating the optical path
differences, respectively.

At this moment, we consider this circle subaperture and analyse its
stitching error tolerance. We initially study the radial offset error and
we assume the subaperture is displaced for a distance Ar. This is re-
presented in Fig. 8, where the blue piece means the subaperture is at its
ideal position, and the red piece means the subaperture is displaced.

Fig. 7. Cornwell distributed subaperture DOE with B’ piece showing radial
offset error, axial offset error and radial rotating error.
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Fig. 8. Subaperture radial offset error configuration.

The focal length of the subaperture is f; and its radius is r. Then, we
calculate the optical paths from the subaperture outermost position to
the focal length, we obtain two optical paths as L; and L. Finally, by
considering that these two optical path differences should follow the
Rayleigh criteria as A/10, we obtain the subaperture stitching radial
error tolerance as [31],

- M

ar=2b
"= Tor (15)

where A is the wavelength of the input illumination.

The axial displacement case is also investigated using the same
circle subaperture, but it presents an axial offset of Ay. The axial offset
configuration is given in Fig. 9 with a supplementary angle 6(r) de-
termined by both the original optical path L; and the modified optical
path L.

Then, by again calculating the optical path difference between L;
and L,, we obtain the axial offset error tolerance by using Rayleigh
criteria as [31],

A,
Ay = —,
V=5 (16)

Finally, the radial rotating error scheme is shown in Fig. 10 by ro-
tating the subaperture of an angle 6 around the circle geometric center.
Again, by calculating the optical path difference and introduce Rayleigh
criteria, we obtain the radial rotating error tolerance as [31],

B V64 (frymper )’ + 17 — T

4f;1umber Jr (1 7)

AB

where fuumper is the f-number of the subaperture piece.

To verify the above-proposed stitching error tolerance theory, a
three-belt subaperture stitching FZP is implemented. This amplitude-
modulated FZP has 529 rings and its diameter is 300 mm. The inner belt
subaperture A is a circle with the radius of 39.96 mm, the second ring B
has a width of 28.70 mm while its ring center coincides with the circle
center of A piece, and the outermost subaperture ring C has a width of
37.88 mm. What is more, the distance from the outermost edge of A
piece to the inner edge of B piece is reserved as 20.10 mm to install the
displacement adjusting device for subaperture shifting, and the outer-
most edge of B subaperture is designed 23.35 mm away from the inner

Ady

Fig. 9. Subaperture axial offset error configuration.
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Fig. 10. Subaperture radial offset error configuration.
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Fig. 11. Configuration of a 300 mm diameter three-ring distributed subaperture
stitching FZP.

edge of C piece. The configuration of the three-belt subaperture
stitching FZP is given in Fig. 11.

The theoretical error tolerances of the subaperture FZP described in
Fig. 11 can be calculated with the above-provided equations (i.e., Egs.
(15)-(17)). Here, we only select C belt to analyse the error tolerance. By
theoretically calculating the error tolerance of C belt, its corresponding
radial error tolerance is 12.656 pum, the axial error tolerance is
5.062 mm and the rotation error tolerance is 0.08°. Afterwards, we also
implement the Zemax simulation, it is clearly demonstrated that the
simulation results agree with the theoretical calculation results. The
comparison of the simulation results and the theoretical calculated re-
sults are given in Table. 1. What is more, to demonstrate the imaging
quality of the FZP presented in Fig. 11, we also simulate the point
spread function (PSF) of this subaperture stitching DOE, and its PSF
pattern is given in Fig. 12. The simulated SFP pattern agrees with the
experimental measurement result presented in Ref. [31].

Finally, we also experimentally verify the stitching error tolerance
theory by measuring the resolution board of this subaperture DOE.
Specifically, we spatially displace C belt along the axial direction for
5 mm, and the maximum signal frequency was measured as 3.57 cy/
mm. Moreover, the maximum signal frequency was measured as 3.79
cy/mm without any DOE stitching error. The above demonstrated re-
solution testing results agree with the theoretical stitching error ana-
lysis, and thus, it demonstrates the correctness of the optical path dif-
ference-based stitching error theory proposed by Zhang et al. [31].

Table 1
The theoretical error tolerances and the simulation results of the C belt sub-
aperture.

Error type Radial offset Axial offset Rotation
Theoretical results 12.656 pm 5.062 mm 0.08°
Simulation results 12.66 pm 5.06 mm 0.08°
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Fig. 12. Simulated point spread function (PSF) pattern of the three-belt sub-
aperture stitching DOE.

4. Experimentally implemented large aperture diffractive
telescope systems

So far, the optical design principle for large aperture diffractive
telescopes is thoroughly discussed (see Section 2), and the DOE fabri-
cation methods as well as the subaperture stitching theory are depicted
(see Section 3). Therefore, to investigate the imaging ability of dif-
fractive telescope systems, the telescopes must be experimentally im-
plemented and tested. In this section, we illustrate different diffractive
telescopes specialized for different applications. In particular, we re-
view five kinds of large aperture diffractive telescopes from different
perspectives.

4.1. FZP based large aperture diffractive telescope

The concept of FZP based Schupmann correction diffractive tele-
scopes was firstly proposed by Hyde et al. as Eyeglass [14,16]. Such
system later became the prototype scheme for any broadband dif-
fractive telescope which consists two separated sections as: (i) a large
aperture diffractive lens as the primary lens and (ii) a chromatic cor-
rector contained eyepiece. By applying this scheme, Hyde et al. im-
plemented two diffractive telescope systems with the diameters as
20 cm and 50 cm, respectively. The 20 cm diameter DOE employed in
the first telescope was a 4-level phase-modulated element with a f,;mper
of 100, while the chromatic corrector has a diameter of 2.2 cm and its
Sfrumper Of 11. We want to note that these parameters satisfy the system
design indications depicted by Egs. (7) and (8). Finally, both the ima-
ging quality and the chromatic aberration correction ability of this
telescope were validated by testing the diffraction limited images with
broad-band light (470-700 nm) and by imaging the real astronomy
object. On the other hand, the second 50 cm diameter telescope was
implemented by using a silica binary DOE with its fymper as 100.
However, this larger diameter diffractive telescope requires a great
system sketch, and thus both a robust system calibration and a so-
phisticated eyepiece system design are mandatory.

Apart from the Hyde systems which are validate in the visible light
range, Koechlin et al. also studied the Fresnel lens based diffractive
telescopes which mainly focus on either the near infrared or the ul-
traviolet light domain [20-23,77-84]. First, they implemented a
200 mm aperture diffractive telescope by using square FZP (i.e., “Gen
11”). Specifically, Gen II works at two spectral bands as visible light
range (630-745 nm) and near IR range (750-790 nm). The sketch of
Gen II diffractive telescope is shown in Fig. 13 where the primary DOE
and the eyepiece are implemented on a 19 m long tube [21].

Gen II telescope can provide a dynamic range greater than 10~ > and
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Primary DOE

Fig. 13. Scheme of the “Gen II” diffractive telescope [21].

a resolution of 0.8” at 800 nm, but the field of view (FOV) is limited to
about 500” because of the finite size of the field lens optics [20]. In fact,
the telescope FOV must be compromised if a wide spectral bandpass is
desired. This can be demonstrated by Eq. (18) [78],

D,
A _ 2Dy - 1.22-n-7
i D, ’ 18)

where the left term is the spectral bandpass in the zero unvignetted
field. On the right side, n is the FOV diameter in the number of re-
solution elements (i.e., the resolution element has an angular extension
of 1.41A/D,, for a square pupil of diagonal D,, and 1.22A/D,, for a cir-
cular pupil of diameter D,,), N is the FZP zone number, Dy and D,, are the
diameters of the field optics and the FZP, respectively. Indeed, even
though a large FOV guarantees a wide spectral bandpass implied by Eq.
(18), the intensity entering the telescope will be dramatically reduced
because of the optical vignetting. Hence, the imaging quality of the
wide spectral bandpass telescope is decreased by a large FOV and
therefore a compromise between the FOV and the spectral bandpass
must be considered before the system design.

Soon after, Koechlin et al. also proposed a second diffractive tele-
scope (Fresnel Imager) dedicated to UV astronomy observation at the
wavelength around 260 nm [22]. The 65 mm aperture primary FZP is
fabricated on a fused silica plate with the focal length designed as
12.7 m at the central wavelength, the chromatic aberration correction
ability of this telescope was validated by imaging the USAF targets
[22]. We want to highlight that such diffractive telescope has one major
advantage compared to the regular reflective telescopes in UV wave-
length domain because the UV light can be easily focused by the
transmissive FZP without losing the high image contrast, and thus, the
high imaging quality can be maintained. In fact, such characteristic
makes FZP based large aperture diffractive telescopes an ideal optical
instrument to fulfil space observation especially in the UV domain.
Later, Koechlin also proposed the idea of a 15 cm aperture UV Fresnel
Imager prototype (wavelength range from 120 nm to 200 nm) to be
calibrated to the International Space Station with a total system length
about 45 m in the future [23].

Finally, we want to note that such two-section based diffractive
telescopes are still being broadly studied nowadays to achieve image
quality enhancement [85,86]. In particular, the image quality can be
improved either by suppress the system stray light [87] or by correct
the optical aberration [88].

4.2. Photon sieve based diffractive telescope

We can deduce from the above section that the primary apertures of
the wide spectrum imaging diffractive telescopes are mainly fabricated
on silica substrate. Nevertheless, silica DOE based telescopes cannot
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meet some requirements such as extremely light weight for space
mission or ultra UV imaging. This is because the silica is heavy, and its
UV transmission is low. Under this scenario, the concept of using
photon sieves in diffractive telescopes was proposed and membrane
photon sieve telescopes were implemented.

As it is discussed in Section 3, photon sieve is one kind of FZP that
its rings are replaced by the appropriately distributed circular pinholes.
Under this scenario, Anderson et al. discussed the feasibility to manu-
facture the photon sieve pattern on the polymer membrane [26]. In
fact, the membrane photon sieve can be fabricated by using lithography
technology, which is similar to the regular silica-based DOE fabrication.
Hence, the membrane thickness uniformity, the thermal property and
the deployed flatness are the three major elements influencing the
membrane photon sieves fabrication. Fortunately, it is possible to ob-
tain proper membrane thickness uniformity and great thermal char-
acteristic even though they are challenging, and more important, the
surface flatness requirement of a membrane is much looser comparing
to a traditional reflective mirror [16].

The first photon sieve telescope was proposed by Anderson et al.
Specifically, this telescope uses a 0.1 m diameter, quartz plate based
antihole photon sieve as the primary aperture, and the telescope ima-
ging bandwidth is 40 nm (522-562 nm) [25]. Differ from a regular
photon sieve, this antihole telescope allows the pinholes in the photon
sieve to occupy the opaque Fresnel zone if any hole is not overlapped.
Moreover, to fulfil the broadband imaging, the telescope system was
designed by following the Schupmann chromatic aberration correction
principle. Here, the primary aperture was the antihole photon sieve,
and the chromatic corrector eyepiece was designed by introducing a
reflection-refraction system. Finally, the system was tested by using an
interferogram at two wavelengths (514.5 nm and 532.1 nm), and the
testing results show closely similar Strehl ratios as 0.88 and 0.83, re-
spectively. We can then deduce from these testing results that this
photon sieve telescope is able to perform wide broadband imaging.

To further investigate the characteristic of a photon sieve telescope
for space mission, Anderson et al. also proposed a similar structure
diffractive telescope (i.e., FALCONSAT-7) by using a membrane photon
sieve (Novastrat, provided by Nexolve) as the primary aperture [84,85].
For this zero-CTE polyimide membrane, it has a diameter of 20 cm and
a thickness of 25 um. The photon sieve partially presented in Fig. 14 has
2.45 million holes and its focal length operating at 654.45 nm is 40 m.
Specifically, to obtain the photon sieve pattern, a contact printing
technique was applied, and the pattern was finally etched on the
membrane. Once the membrane photon sieve is obtained, the FALCO-
NSAT-7 telescope system structure is subsequently implemented. Here
the membrane photon sieve can be rolled inside a three-side spring-
loaded pantograph which will be deployed once the telescope is laun-
ched into the space. On the other hand, the eyepiece optics is calibrated
in a telescope optical platform shown in Fig. 15 [89]. Finally, we want
to note that FALCONSAT-7 was designed for space mission with the
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Fig. 14. Scheme of the photon sieve central section [25].
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Fig. 15. Scheme of FALCONSAT-7 diffractive telescope system [89].

central wavelength at 654.45 nm and the FOV as 0.01° with an angular
resolution of 4 prad [15,90,91].

4.3. Subaperture stitching diffractive telescope

Note that both FZP based diffractive telescopes and photon sieve
telescopes can satisfy a broad bandwidth imaging in a narrow field of
view. Moreover, to achieve high-resolution imaging, a meter size class
primary diffractive lens is compulsory. Unfortunately, it is extremely
difficult to fabricate a meter scale DOE by optical lithography or laser
direct writing. This fabrication restriction is mainly attributed to two
aspects as: (i) the DOE surface defect such as DOE surface unflatness
[92-94] and (ii) the imperfect fabrication process such as illumination
nonuniformity [95,96] and optical distortion [97] during lithography
exposure, or ion beam etching inhomogeneity [98]. Therefore, the
concept depicted as fabricating small size subaperture DOEs and later
stitch them together to forge a complete large-scale DOE is proposed.
The subaperture stitching DOE process is explained as below. First, we
design a complete large aperture DOE and determine its basic scheme.
Afterwards, this complete DOE is separated into small, easy to build
sections by using specific subaperture layout such as Cornwell layout or
Golay layout. Here, it should be noted that circular, square and trape-
zoidal schemes are preferred to build any subaperture. Finally, each
subaperture is separately fabricated and stitched together by locating
them into the designed position. The above-mentioned subaperture
stitching process is available for both subaperture stitching FZPs and
photon sieves.

The first subaperture stitching DOE was proposed by Early et al. that
they fully assembled a 75 cm diameter glass FZP with six circular sec-
tors [29]. In this way, the focal spot of the precisely stitched DOE was
measured as its diameter is nearly 50 pm, and this coincides with the
theoretical result of 60 um. The measurement result demonstrates that
subaperture stitching is valid to obtain a meter size class DOE. More-
over, they also assembled a 5 m diameter, 250 m focal length foldable
Fresnel lens with triangle and rectangular subapertures [70]. However,
this subaperture DOE was not implemented in a diffractive telescope.
On the other hand, Jin et al. suggested a four-piece, square shape
subaperture stitching photon sieve [74]. The stitching process was si-
mulated by only considering a two-dimensional error, and they proved
that it is more critical to stitch the outer photon sieve subapertures
rather than the inner ones.

The above-mentioned studies only focus on subaperture DOE char-
acteristics, but these subaperture stitching DOEs have not been im-
plemented into any telescope system. The first subaperture stitching
DOE based diffractive telescope was proposed by Atcheson et al. as
MOIRE telescope. The primary aperture of MOIRE is a 45° segmented
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Fig. 16. 45° segmented trapezoidal subaperture stitching membrane DOE [29].

trapezoidal membrane subaperture DOE of an aperture of 5 m. The
subaperture stitching membrane DOE is shown in Fig. 16 [29]. Here,
these subapertures are fabricated as trapezoidal, but in fact circle
subapertures can promise a better uniform stress to reduce the mem-
brane wrinkle [99]. To implement the diffractive telescope, the sub-
apertures based primary lens (see Fig. 16) is installed to an aluminium
frame and the eyepiece optics are located 27 m from this primary lens.
The telescope system was implemented on a vibration free stage and it
was later tested. First, this diffractive telescope was tested by simulta-
neously illuminating multiple subapertures in the primary DOE and the
result demonstrates a NIIRS value below 3.5, which cannot meet the
desired criterion (NIIRS of 3.5). Later, to better study the system per-
formance, the telescope was tested by only illuminating one single
subaperture, the NIIRS value at this moment is 2.3, which is weaker
than the theoretically expected NIIRS value of 2.8 [29]. Note that the
image quality decrease is mainly attributed to either the imperfect
temperature condition or the air turbulence introduced by the long
telescope sketch.

The above presented subaperture diffractive telescope proposed by
Atcheson et al. does not have a full aperture. The primary lens is in fact
a sectorial subaperture and it is not fully covering the whole aperture.
Hence, Zhang et al. proposed a full aperture, three-belt distributed
subaperture stitching diffractive telescope in which the primary lens is
above depicted in Fig. 11 [31]. Moreover, the subaperture stitching
error theory demonstrated in Section 3.3 was also applied to char-
acterize the subaperture diffractive telescope performance. In this case,
the telescope has a primary aperture of 300 mm and a total optical
length of 35.49 m. The working wavelength is from 582 nm to 682 nm,
the telescope focal length is 2000 mm, and the FOV is 0.15°. The
photograph of this diffractive telescope is given in Fig. 17, and it is
given from two perspectives for the sake of clarity. Here, we need to

r ating optics
He-Ne laser
& (

Fig. 17. The subaperture stitching diffractive telescope from: (a) the front
perspective, and (b) the backward perspective. The whole telescope system
contains a He-Ne laser, the collimating system, the primary DOE, the field lens,
the chromatic aberration corrector and a CCD [31].
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clarify that the primary DOE presented in Fig. 17 is in fact not presented
as a stitching DOE, but in the real implementation, we used the sub-
aperture stitching DOE which is already presented in Fig. 11 to perform
the imaging tests.

The imaging performance was primarily tested by introducing zero
stitching error, and the ideal telescope system provides a uniform star
point with a diameter of nearly 150 um using a He-Ne laser (632.8 nm).
Next, the subaperture telescope was tested by introducing stitching
errors to the outermost belt (i.e., C belt in Fig. 11). To be more specific,
two axial offset errors of 5 mm and 7 mm were introduced in C belt.
Here, an axial stitching error of 5 mm is minor to the error tolerance
(i.e., the axial offset error tolerance is 5.06 mm), and an axial stitching
error of 7 mm is greater than the error tolerance. Then, the subaperture
stitching diffractive telescope with a 5 mm axial stitching error pre-
sented a uniform star point like the stitching-error-free case. However,
the subaperture stitching diffractive telescope with a 7 mm axial
stitching error gives a distorted star point which means the imaging
quality is deteriorated [31]. Apart from the star point test, we also
performed the resolution bar test by using an LED with its wavelength
ranging from 620 nm to 640 nm. A 75 cy/mm resolution was obtained
if the telescope has no stitching error or the stitching error is smaller
than the error tolerance. On the other hand, the resolution is decreased
to 71 cy/mm once the stitching error is 7 mm in C belt [31]. At this
moment, the star points and the resolution bar tests prove the cor-
rectness of the stitching theory in a subaperture stitching diffractive
telescope.

4.4. Compound diffractive telescope

Even though the subaperture stitching DOE is feasible to provide
high-resolution imaging in a diffractive telescope, a large aperture will
limit a wide FOV according to Eq. (18). Therefore, inspired by the
compound eye structure [100-102], compound DOEs are investigated
[103-106] and the compound diffractive telescope is proposed to broad
the telescope FOV [24,107]. The principle of compound optics is that an
optical element can be separated into numbers of small uniform sec-
tions and each section is tilted a certain angle to the optical axis. Then,
the final image is the combination of all images received by all tilted
sections and the FOV is enlarged. By applying compound optics, Liu
et al. designed a 50 mm diameter compound diffractive telescope [24].
They first demonstrated that the error tolerance for the eyepiece tilting
within their 50 mm diameter telescope system is relative loose
(i.e., = 2°), so a reasonable eyepiece tilting is acceptable. Under this
scenario, the full aperture eyepiece in this telescope was replaced by 21
small eyepieces with each eyepiece being tilted 0.2° to its adjacent piece
with respect to the optical axis. In this case, the outermost piece is tilted
by 2° and it still satisfies the tilting error tolerance. Therefore, the full
FOV of the compound diffractive telescope could reach 4.2°. On the
other hand, a same diffractive telescope without using compound
eyepiece architecture only has a narrow FOV of 0.2°. In fact, the com-
pound telescope FOV is restricted by the eyepiece tilting tolerance.
After the optical design, the system was experimentally implemented.
Instead of using the whole 21 eyepieces, they applied four compound
eyepieces by putting two eyepieces at 0° and 0.2° to the optical axis, and
the remaining two eyepieces were located at the edge of the compound
optics at 1.8° and 2°. Later, by using a 632.8 nm He-Ne laser, the star
points and the resolution bar images were measured at both: (i) the 0°
compound eyepiece channel and (ii) the 2° compound eyepiece
channel. The star point images in both channels present uniform dis-
tributions. However, the star point in the 0° channel is more homo-
geneous than the 2° channel because of the system astigmatism.
Moreover, the resolution bar test was implemented and both channels
can perform clear imaging at the 200 cy/mm spatial frequency. The
resolution bar test results of both channels are given in Fig. 18 for the
sake of clarity.
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Fig. 18. The resolution bar test results of (a) 0° channel and (b) 2° channel [24].

4.5. Compact diffractive telescope

Note that most large aperture diffractive telescopes are finally in-
vestigated to be used for space mission, so they always need a large
aperture and therefore lead to a practically long optical scheme. For
instance, “Gen II” has a total optical track of 19 m, MOIRE prototype is
27 m long and the 300 mm diameter subaperture telescope proposed by
Zhang et al. has a total length of even more than 35 m. Such long op-
tical tracks will inevitably introduce air turbulence to the ground-based
tests [108,109]. Moreover, the long telescope sketch requires an ex-
tremely precise system calibration which is costly and complicated
[110,111]. Under this scenario, a compact diffractive telescope system
was proposed by Zhang et al. to compact the whole system length [32].
Consequently, the air turbulence in the ground-based test can be
eliminated and a better optical performance, especially an enhanced
image contrast can be obtained.

The compacted diffractive telescope contains two major sections as
a large diameter primary DOE and a chromatic dispersion corrector.
Differ from the traditional diffractive telescope, a relay optics of posi-
tive power is inserted between the two sections to offer a strong con-
vergence (see Section 2.2). To be more specific, Zhang et al. used as-
pherical mirrors as the relay optics, and they sketched a Cassegrain
diffractive telescope. The telescope sketch is presented in Fig. 19 [32].

In Fig. 19, the light will first pass through the primary DOE and then
it is reflected by both mirrors (i.e., the aspherical mirror and the second
spherical mirror in Fig. 19) and finally entering the chromatic disper-
sion corrector. The second mirror is confined in the primary DOE which
has a hole in its center. Here, the aspherical mirror and the second
mirror demonstrate a Cassegrain scheme. Thus, these two reflections
provided by the two mirrors can dramatically reduce the telescope
length without introducing any chromatic aberration. Afterwards, the
dispersed light is corrected by the corrector DOE and finally it is con-
verged into the CCD by the convergence lens. Under this scenario, a
compact telescope was experimentally implemented, and the diameter
is designed as 300 mm with the total length as 1.276 m. Later, in order
to compare the image quality of the compact telescope with a tradi-
tional diffractive telescope (i.e., telescopes without the Cassegrain
system), a same 300 mm diameter diffractive telescope was also

Aspherical mirror

Primary DOE

Fig. 19. System sketch of the Cassegrain compact diffractive telescope [32].
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Uncompacted telescope

Uncompacted telescope

Compacted telescope

Fig. 20. Star point and resolution bar tests of the compacted Cassegrain dif-
fractive telescope and the uncompacted diffractive telescope [32].

implemented (see Fig. 17), but the total system track at this time is
longer than 35 m. We can easily deduce from the two systems that the
length of the compacted telescope system is dramatically reduced. What
is more, the star points and the resolution bars are tested by both the
Cassegrain compacted diffractive telescope and the uncompacted tele-
scope. The star points are obtained by using a 632. 8 nm He-Ne laser
and the resolution bars are tested by implementing a LED with its
wavelength ranges from 620 nm to 640 nm. From the testing results, we
find that the star point image of the Cassegrain compacted diffractive
telescope has a better uniformity than that of the normal telescope.
Moreover, the resolution bar tests reveal that the Cassegrain telescope
could provide a better visualization than the normal telescope. The
results of the star point and the resolution bar test are given in Fig. 20.
The star points have the diameters of ~135 um and ~150 pum for the
Cassegrain diffractive telescope and the normal diffractive telescope,
respectively. Moreover, the resolution bar tests present two resolutions
as 75 cy/mm and 81 cy/mm. Based on the testing results, the advantage
of the compacted diffractive telescope is clearly proved. Specifically, a
Cassegrain scheme based diffractive telescope not only provides a more
compact architecture to eliminate the air turbulence, but also its ima-
ging quality is enhanced compared to the normal uncompacted dif-
fractive telescope.

At this moment, we have reviewed five different types of diffractive
telescope systems in the above sections. In particular, the system
parameters and the imaging ability of each diffractive telescope are
presented. Hence, it is mandatory to reveal both the advantages and the
shortcomings of each system, so that we can select the proper telescope
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system for particular applications. To do so, we compare all five above-
mentioned telescope systems in Table 2 and give their advantages and
the shortcomings.

Table 2 presents the advantages and the shortcomings of any tele-
scope system. By considering the characteristic of any diffractive tele-
scope, we can select the proper system for particular application. For
instance, if a space diffractive telescope is required, we should imple-
ment a photon sieve into the telescope so that we can decrease the
launching weight. Moreover, subaperture stitching technique is also
desired because they can guarantee a large aperture, which is crucial in
astronomy imaging. Next, if a wide FOV imaging is necessary, we can
always introduce compound eye structure into the telescope, and fi-
nally, we should compact the whole telescope system to ease the
launching difficulty. Nowadays, such techniques have been proven
feasible for ground-based tests in the laboratory, the potential appli-
cation in space telescope still requires further explore.

5. Conclusion

In this paper, we thoroughly overview the techniques to implement
a large aperture diffractive telescope. Preliminarily, we prove that the
chromatic aberration is the most critical challenge in any diffractive
telescope and therefore the Schupmann chromatic aberration correc-
tion theory is proposed to guide the telescope system design. Under this
scenario, the well-known four optical elements based diffractive tele-
scope is introduced and two system design conditions are demonstrated
as Egs. (7) and (8). To be more specific, these four elements include a
large aperture primary diffractive lens, a field lens, a second DOE
chromatic aberration corrector and an eyepiece. Afterwards, we also
verify that by inserting a relay optical system between the primary
diffractive lens and the field lens, the whole telescope sketch could be
dramatically compacted without deteriorating the image quality. Once
the telescope system scheme is determined, we introduce the techni-
ques to fabricate DOEs used in diffractive telescope systems. We de-
monstrate that the most suitable method to obtain the DOE:s is optical
lithography or laser direct writing. Once the DOE fabrication technique
is determined, we describe the fabrication of either Fresnel zone plates
(FZP) or photon sieves on silica or membrane substrate. At last, to
perform high-resolution imaging, we propose subaperture stitching to
enlarge the primary DOE aperture, so that the imaging resolution could
be further improved.

Once we present the design principle of a diffractive telescope and
the practical methods to fabricate the DOE, we then review different
types of diffractive telescopes by focusing on their particular applica-
tions. In this paper, five different kinds of diffractive telescopes are
reviewed. FZP diffractive telescopes demonstrate their ability to be
utilized in different wavelength ranges and this is especially favored in
ultra UV imaging. Membrane diffractive telescopes and subaperture
telescopes prove the potential possibility for space mission because they
not only can guarantee extremely lightweight launching, but also, they
can provide meter size class aperture which is crucial in astronomical

Table 2
The advantages and shortcomings of each reviewed diffractive telescope systems. Here, symbol “+” means the advantages, and symbol “~” is used to present the
shortcomings.
FZP based telescope + We can perform achromatic imaging in different spectral ranges (i.e., UV, IR, visible light).
— The telescope has a great optical length and thus the imaging quality could be deteriorated.
Photon sieve telescope + The system weight could be decreased by using membrane photon sieves.
— The diffraction efficiency of a photon sieve is low.
Subaperture stitching telescope + We can obtain a large aperture primary DOE, so the imaging resolution is improved.
— The subaperture stitching error will deteriorate the imaging quality.
Compound telescope + Large FOV imaging can be performed.
— Compound eye calibration is complex.
Compact telescope + The system length can be compacted and thus the air fluctuation effect is avoided.

— We need to introduce relay optics between the primary DOE and the corrector, so the system calibration is complicated.
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observation. Finally, the concept of the compound diffractive telescope
offers the feasibility to perform large FOV imaging and the compacted
telescope example explicitly demonstrates a solution to overcome the
inevitable air turbulence generated in the regular long optical track
diffractive telescope.

In the end, we want to note that even though the existing large
aperture diffractive telescopes have already proved their great abilities
to perform high-resolution imaging, further investigations are still re-
quired in several aspects. For instance, the large FOV of the diffractive
telescope is in fact restricted by the wide spectral bandwidth. Therefore,
it is mandatory to study how to obtain large FOV imaging with a wide
imaging bandwidth. Moreover, as the diffractive telescopes normally
has a long optical track greater than several meters, the system cali-
bration, especially the spatial calibration between the primary DOE and
the eyepiece, must be studied. Afterwards, the high precision fabrica-
tion of the large aperture DOE, especially the pattern transformation to
the flexible membrane, has to be further investigated. This is because
the vast heat generated during the pattern transforming (i.e., the ion
beam etching) will introduce membrane deformation and deteriorate
the DOE patterns even though the membrane has a great non-zero
thermal expansion coefficient. Finally, as stitching errors are inevitable
during subaperture DOE stitching and it will deteriorate the imaging
quality, the surface shape testing technique has to be developed to in-
spect the subaperture stitching quality so we can compensate the
stitching error.
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