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ABSTRACT

Based on the characteristics of liquid lens sparse aperture imaging, a radiative multiplet array structure is proposed,;
a simplified model of sparse aperture imaging is given, and the analytical expression of the modulation transfer function
is derived from the optical pupil function of the multiplet array structure; the specific distribution form of this multiplet
array structure is given, and the structure parameters are approximated by the dimensionless method; the two types of
radiative multiplet array structures are discussed, and the filling factor, redundancy, modulation transfer function and
other characteristic parameters are calculated. The physical phenomena exhibited by the parametric scan are discussed,
and the structural features and imaging characteristics of these two arrays are compared. The results show that the
type-I1 structure with larger actual equivalent aperture and actual cutoff frequency and lower redundancy is selected
when the average modulation transfer function and the IF characteristics of the modulation transfer function of the two
structures are close to each other; the type-Il structure has certain advantages in imaging; the conclusion is suitable for
arbitrary enclosing circle size because the liquid lens-based multiplet array structure adopts dimensionless approxima-
tion parameters; compared with the composite toroidal structure, the radiative multiplet mirror structure has a larger
actual cut-off frequency and actual equivalent aperture when the filling factor is the same.
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1. Introduction

High-resolution imaging is widely used in feature detection, urban
mapping, agricultural and forest monitoring, small target detection, etc.,
and plays an extremely important supporting role in national economic
development and national defense construction. In the diffraction limit,
the angular resolution of an optical system is the ratio of the working
wavelength to the pupil aperture, which indicates that only
large-aperture optical systems can have high spatial resolution. Howev-
er, it is difficult and costly to manufacture and inspect large-aperture
mirrors'™, and large-aperture mirrors will lead to larger size and mass of
the telescope, which makes the development of the telescope extremely
difficult. Sparse aperture® imaging system is one of the effective solu-
tions to solve the above difficulties. The so-called sparse aperture is to
form a certain form of array structure of multiple small-aperture
sub-mirrors to form a large optical aperture to overcome the trouble
caused by the large aperture of the optical system. According to Liu et
al.®! vi et al.l wu et al.®], Wu et al.®!], Harvey and Rockwell”, the
array structure of sparse aperture has Golay structure, ring structure,
three-arm structure, compound three-sub-mirror structure, and multi-
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circular structure. As the number of apertures in-
creases above 20, the maximum filling factor of
these sparse aperture structures decreases to about
15%. Fiete et al.”! showed that the filling factor
of the system should be increased as much as possi-
ble while considering the cost and volume.

Based on the research of liquid lenst®* our
group proposed a liquid lens sparse aperture array
structure. Since the size of the liquid lens cannot be
too large due to the fabrication limitation, and the
design of the sparse aperture array structure re-
quires a high filling factor, the number of
sub-mirrors of this sparse aperture array should be
large. Of course, the increase in the number of
sub-mirrors will bring a series of technical prob-
lems for future experiments, such as the preparation
of liquid lens, array mechanism, phase detection,
and IF compensation™?, so the array needs to be
optimally designed. In this paper, we propose a ra-
diation-like multiplexed mirror array structure and
theoretically analyze the structural characteristics
and imaging performance of this multiplexed mirror
array.

2 Basic theory of optical sparse ap-
erture imaging

2.1 Simplified model of imaging system

The simplified model of the optical sparse ap-
erture imaging system™ is shown in Figure 1.
Where: the quasi-monochromatic plane light source
is located on the front focal plane xyy, xoy,0f
lens Ly, which is used to simulate the light intensity
distribution of distant objects; the observation area
is located on the back focal plane x;/y; x;y;of
lens L, (i' is the location of the observation point),
which is used to simulate the light intensity distri-
bution on the image plane; f; and f, are the front
focal distance of lens L; and the back focal distance
of lens L,, respectively; The clear aperture of any
shape on the plane xy is the area P, which is used to
simulate the light pupil function of the imaging
system.

The light intensity distribution of the distant
object plane is assumed to be
Iy (x, yo)Io (X0, Vo) xoYo - In the case of qua-
si-monochromatic noncoherent illumination, the

light intensity distribution on the image plane of the
optical sparse aperture imaging system is:

object plane sparse aperture stop image pl‘m(

.f, .)‘Z_.

Figure 1. Simplified model of optical sparse aperture.

L Geyr, i) = Ig(xpr, yir) * gpse (i, yir)
1)
where: 1y is the geometric ideal image of the
imaging target; gpse iS the point spread function
(PSF) of the system. The equation (1) indicates that
the image formed by the system is equal to the
convolution of the geometric ideal image of the
imaging target and the point spread function of the
system.
In the frequency domain, we have
Ii’(fx'fy) = Ig(fx'fy) * gOTF(fxffy) @
2
where: f, and f, are the spatial frequencies
along the x and y directions respectively; gorr is the
optical transfer function (OTF) of the system. The
equation (2) indicates that the spectrum of the sys-
tem imaging is equal to the product of the spectrum
of the ideal image of the imaging target and the op-
tical transfer function of the system. The gorr of the
system is non-zero only in a finite range and de-
creases monotonically to zero after a certain fre-
quency.

2.2 Optical pupil function

According to Fourier optics theory™, the op-
tical modulation transfer function is used to de-
scribe the imaging performance of an optical sys-
tem in the frequency domain. The optical
modulation transfer function (MTF) is the ratio of
the spectrum of the actual image of the imaging
system to the spectrum of the ideal image of the
target, reflecting the ability of the imaging system
to transfer the frequency components contained in
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the target light intensity distribution to the image
plane. Pupil function only has 2 values of 1 or 0.
Optical modulation transfer function is the autocor-
relation operation and modulo of pupil function.

The specific calculation method is as follows:
for a radial multi-mirror imaging system composed
of N circular apertures with diameter d and radius a,
taking the three clusters of radial multi-mirror
structures corresponding to z = 2 in Figure 2 as an
example, the pupil function p (x,y) can be mathe-
matically expressed as the convolution of a
sub-aperture pupil function and a delta function ar-
ray, namely:

pxy) = CirC( x2d+y2> * D jk 0 (x — 1y jcosty -

y— rkjs;neki) ‘k,k=1,2,3

3)

where: circ ( *) is the circle function; * is the
convolution; j is the distance from the center of
the enclosing circle to the center of each subaper-
ture; 6y; is the orientation of each branch; i is the
number of branches; j is the number of subapertures
on each branch. When, k = 1, 2, 3, respectively, we

have
T =JjAr,j=1,2,...,n4

2T T |
9ki=?(l—1)+g.l= 1,2,3

4)

i = (g —n)Ar + jAr,j =1,2,..,n,

2T T

©)

Txj = (ny —ngz)Ar + jAr,j =1,2,..,n4

T T
Ok = §(l -1) +E'l =12,..6

(6)

where: Ar is the spacing between sub-mirrors;
n;, N, and ng are the number of sub-mirrors on
each branch of cluster 0, cluster 1 and cluster 2, re-
spectively.

2.3 Modulation transfer function expressions

The modulation transfer function ayrr
ayrris obtained by Fourier transforming equation
(3) and taking the modulus as

1

— -
AMTF = QMTF.q NTAMTF.d

N

N—1 N
) A . _\'“ — _\‘M
ZZO(/ VR RV )
(7)

where:  a yteq is the modulation transfer func-
tion for a single subaperture; m and n are the sum-
mation indices for the subapertures; A is the wave-
length; f is the distance from the optical pupil to the
image plane; N = 3n; + 3n, + 6n3; §(+) is the Dirac
function; coordinates (Xm,Ym) and (X»,yn) contain all
of the radial multiplet circle center coordinates.

The modulation transfer functions amrrg for a
single subpath are

AMTF.d —

9 - 29+
4 4] 0 0 = ) ~
— J‘ arccos — —+— |1 — (‘—) i| | 0= p = pa

" o Ld a4 L O / 4

0. P = pa
(8
where: p, is the cutoff frequency of the sub-
aperture whose diameter is d, pg; = d/(Af); p IS
the spatial frequency.

From the above calculation, it can be seen that
the modulation transfer function of multiple
sub-mirrors is combined by the modulation transfer
function of sub-mirrors. By adjusting the relative
positions  (x,, — Xy, Ym — Yn) between the sub-
mirrors to meet the requirements of the modulation
transfer function, the optimization can be achieved.

3. Radial multi-mirror array
structure

The radial multi-mirror array structure consists
of several sub-mirrors of diameter d, which can be
divided into clusters of z (z=10, 1, 2, ...). Cluster 0
has 3 branches, each with n; sub-mirrors and orien-
tation of @, =2n(i—1)/3+n/6, i = 1, 2, 3.
Cluster 1 has 3 branches; the number of sub-mirrors
on each branch is n, and the orientation of
each branchis @; =2n(i—1)/3+m/2,i=1,2,3.
Cluster 2 has 6 branches, the number of sub-mirrors
on each branch is n;, and the orientation of
each branchis @; =n(i—1)/3,i=1,2,...,6. The
z cluster has 3-2%271(z > 3) branches with N,
sub-mirrors on each branch and orientation of
each branch @;,=n(3-22Y)+n(i—-1)/3-
2272) i=1,2, ..., 3-2771,

Figure 2 corresponds to the three-cluster radial
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multiplet structure at z = 2. In this paper, we discuss
and analyze the multiplet mirror structure in this
case as an example.

Figure 2. Schematic of radial multi-sub-mirror array structure.

For the radiative multiplet structure, there are
five independent parameters d, ny, ny, N3, and Ar
when z = 2. In order to give the universal law of this
multiplet mirror structure, the basic structure pa-
rameters are normalized in Ar, i.e., dy =d/4r,
D = (2nq + dy)4r, and the normalized structure
has 4 independent parameters,dg, ny,n,,n3. The
values of the dimensionless subaperture-approxi-
mated diameters d, are in the range 0 < d, < 1.
From the analysis, it can be seen that the number of
sub-mirrors in each direction of the radial mul-
ti-mirror structure is limited as follows: n; = n,,
ny > nz, n, # ng. In the case that n; is determined,
the number of sub-mirrors n, and ns in cluster 1
and cluster 2 of the radial multiplet is different, so
the structure can be divided into two different forms:
n, > ny for type | and n, < n; for type Il. Table
1 shows the parameters of type | and type Il radial
multiplet structures when n; = 3, where Fp. is the
maximum filling factor.

When n; is fixed, there are (n; —1)(n, —
1) array structures. Taking n; = 3 as an example,
in order to investigate the imaging characteristics of
the type I and type Il structures, the radiative multi-
plet mirror structures with the same number of sub-
diameters are selected for comparison, i.e., n; = 3,
n, =3, ng =1 (type 1-331) and n; = 3, n, =1,
ns = 2 (type 11-312).

Table 1. Parameters of type | and type Il radial multi-sub-mirror
structures whenn; = 3

Type n, N3 N Fma/ %0
2 1 21 43
Type | 3 1 24 49
3 2 30 61
Type Il 1 2 24 49

4. Properties of radial multiplet
mirrors

4.1 Filling factor

The filling factor F is the ratio of the sparse
aperture flux area (the sum of the sub-mirror flux
areas) to the enclosed aperture area. For the radial
multiplet structure, the filling factor F is

_ Nd*?  3n; +3n, +6ng
Dz (2ny/dg + 1)2

)

Figure 3 shows the relationship between the
filling factor F and the dimensionless subaper-
ture-approximated diameter d, when n; =3. It
can be seen that when the total number of subaper-
tures N is fixed, as d, increases, the denominator
of equation (9) decreases, and therefore the filling
factor increases. The maximum filling factor Fpay is

obtained at dy = 1:
_3ny 4+ 3n; + 6n3

max- T (2ny 4 1)2
(10)
6 —1-312
- -=--1I-312 &I-331
...... 1-331
0.4
<9
2F
0
0

Figure 3. Fill factor F as a function of dimensionless subaper-
ture simplification diameter d, in different structures.

At this point, each multinomial mirror is tan-
gent to each other. From the equation (9), it can be
concluded that the contribution of ns is larger than
that of n, to make the fill factor increase.

4.2 Redundancy

In the case of the same diameter, the lower the
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Figure 4. Optical pupil diagrams and MTF profiles of two different structures with different fill factors. (a): type 11312 structure when
F = 26%; (b): type 11-312 structure when F = 26%; (c)z: type 1-331 structure when F = 26%; (d): type 1-331 structure when F = 49%.

redundancy is, the better. The redundancy is defined
as the ratio of the number of overlapping submodu-
lation transfer functions in the frequency domain
(except for the number of overlapping frequency
centers) to N(N-1). The redundancy is quantitatively
calculated to be 1.33% for the 11-312 structure
and 7.33% for the 1-331 structure. The pupil dia-
grams and modulation transfer function contour
diagrams of the two different structures are shown
in Figure 4, where x and y are the pupil coordinates

and u and v are the spectral coordinates. Comparing
Figure 4a and 4c with Figure 4b and 4d, it can be
seen that the symmetry of the sub-modulation
transfer function of the 1-331 structure is signifi-
cantly higher than that of the 1-312 structure, indi-
cating that the redundancy of the 1-331 structure is
higher, which is consistent with the results obtained
from quantitative calculations. The redundancy de-
gree is reduced because the first circumference of
type 11-312 structure from inside-out is a non-re-
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dundant Golay3-type structure, and the second cir-
cumference of type I1-312 from inside-out is a
non-redundant nine-aperture structure with a
non-uniform circumference. The 1-331 type struc-
ture is a uniform circumferential redundant struc-
ture with six apertures in the 1st circumference
from inward to outward, and there are more than
one pair of subapertures in a specific direction in
the frequency domain, and repeated sampling for a
specific spatial frequency will lead to a higher re-
dundancy of the 1-331 type structure. Under the
same filling factor, the increase of aperture array
redundancy can weaken the response of modulation
transfer function to some spatial frequency direc-
tions, and the probability of modulation transfer
function value of 0 increases, resulting in higher
actual cutoff frequency of 11-312 type structure than
1-331 type structure. In order to reduce the redun-
dancy, the type-Il structure with n, < nz can be cho-
sen in the case that the number of sub-mirrors n; on
each branch of cluster 0 is determined.

4.3 Modulation transfer function

Figure 5 shows the top view of the modulation
transfer function for the 11-312 and 1-331 arrays
with fill factors of 14%, 26% and 49%, which
shows that as the fill factor increases, the actual
cutoff frequency of the system increases and the
“holes” in the modulation transfer function become
smaller and smaller. The multiplet mirrors are

symmetrically distributed in the plane of the pupil
entrance, so that the arrangement of ayrgq in dif-
ferent directions in the frequency domain will al-
so be symmetrically distributed by equation (3).
The multi-directional arrangement of the multimir-
ror array structure leads to the maximum and min-
imum cutoff frequencies tend to be uniform and
show a certain pattern. When the fill factor is 14%,
a region with a modulation transfer function value
of 0 appears between the central main valve and the
side valve. When the fill factor is 26% and 49%, the
modulation transfer function of 11-312 structure is
evenly distributed, while the number of baselines of
different lengths of 1-331 structure is larger in the
low frequency range, which leads to too much fre-
guency information passing through the low fre-
guency region and the modulation transfer function
is concentrated at the low frequency. The 11-312
structure has a larger frequency coverage area and a
higher actual cutoff frequency, and the
mid-frequency is also flatter.

Figure 6 shows the cross sections of the nor-
malized modulation transfer function in the hori-
zontal and vertical directions for the 11-312 and
1-331 array structures, where fyre is the modulation
transfer function at the cutoff frequency. Figures 6a
and 6c show the cutoff frequencies of 11-312 and
1-331 structures in the horizontal direction, which
shows that: when the filling factor is 14%, the

Figure 5. Top views of MTF of two array structures with different fill factors. (a): type 11-312 structure when F = 14%; (b): type 11-312
structure when F = 26%; (c) type I1-312 structure when F = 49%; (d) type 1-331 structure when F = 14%; (e): type 1-331 structure when

F = 26%; (f) type 1-331 structure when F = 49%.
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Figure 6. MTF as a function of fill factor F for two different structures. (a): type 11-312 structure in horizontal direction; (b): type 11-312
structure in vertical direction; (c): type 1-331 structure in horizontal direction; (d): type 1-331 structure in vertical direction.

modulation transfer function value of 11-312 struc-
ture is O at the normalized frequency of 1.0, while
the modulation transfer function value of 1-331
structure is reduced to O at the normalized frequen-
cy of 0.09. That is, when the filling factor is 14%,
the 11-312 structure has a larger actual cutoff fre-
guency than the 1-331 structure in the horizontal
direction. When the filling factor is 26%, the mod-
ulation transfer function of 1-331 structure is 0.02
larger than that of 11-312 structure. When the fill
factor is 49%, the modulation transfer function val-
ue of 11-312 structure is larger than that of 1-331
structure in the low, middle and high frequency re-
gions. The great value of modulation transfer func-
tion of 11-312 and 1-331 structure is 0.4. In the low
frequency region, the modulation transfer function
value of 11-312 structure is smaller than that of
1-331 structure, while in the middle and high fre-
guency region, the modulation transfer function
value of 11-312 structure is larger than that of 1-331
structure. The normalized frequencies in the hori-
zontal direction of the 11-312 structure show good
characteristics in the middle and high frequencies.
The cutoff frequencies of type 11-312 and 1-331
structure in vertical direction are shown in Figure
6b and 6d. The modulation transfer function values
are larger than those of the 11-312 structure. The

number of overlapping submodulation transfer
functions in the vertical direction is significantly
higher for the 1-331 structure than for the 11-312
structure. When the filling factor is different, the
fluctuation of the modulation transfer function
curve of the 11-312 structure tends to be flat in the
mid-frequency region. From the modulation transfer
function curves of the two structures in different
directions, it can be seen that the increase of the
aperture array redundancy can enhance the response
of the modulation transfer function in some spatial
frequency directions, but it can also reduce the re-
sponse value at other frequencies and even cause
the zero point to appear earlier. In addition, it can be
seen from Figure 5 that the modulation transfer
functions of these two structures are not circularly
symmetric.

4.4 Other characteristic parameters

Table 2 and Table 3 show the calculated char-
acteristic indexes for the 11-312 and 1-331 structures,
respectively, where: D, is the actual equivalent
aperture; p, is the actual spatial cutoff frequency;
pp is the cutoff frequency of the enclosing aperture;
avTEmia 1S the intermediate frequency characteris-
tic characterizing the modulation transfer func-
tion™, which is the average value of the modula-
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Table 2. Characteristic indexes of type 11-312 structure

FI%

Ratio of practical effective diame- Ratio of average P+/Pp MTEmid
ters D,./D fumre
20 0.8902 0.0973 0.7925 0.0465
26 0.8988 0.1080 0.8079 0.0519
33 0.9107 0.1195 0.8294 0.0566
41 0.9586 0.1254 0.9190 0.0598
49 0.9623 0.1232 0.9259 0.0578
Table 3. Characteristic indexes of type 1-331 structure
FI% Ratio of practical effective diame- Ratio of average Pr/Pp QMTEmid
ters D,./D fure
20 0.7938 0.0834 0.6322 0.0395
26 0.8221 0.0961 0.6758 0.0459
33 0.8683 0.1136 0.7539 0.0537
41 0.9545 0.1258 0.9108 0.0599
49 0.9588 0.1234 0.9194 0.0582

tion transfer function in the range of the subaperture
cutoff frequency and the enclosing circular aperture
cutoff frequency. From Table 2 and Table 3, it
can be seen that for these two structures, D,/D
and p,/pp gradually increase as the filling factor
increases. For the same filling factor, the high re-
dundancy of the 1-331 structure leads to an increase
in the inhomogeneity of its optical transfer function
and an increase in the probability of zero frequency.
By numerical calculation, the actual cut-off spatial
frequency and the actual equivalent aperture value
of the 11-312 structure are larger than those of the
I1-331 array structure. The maximum baseline
lengths of the two structures are the same, and the
maximum cutoff space normalized frequency is 1.
When these two structures have the same filling
factor, the average modulation transfer function and
the modulation transfer function IF characteristics
are close to each other. As the filling factor de-
creases, the actual cutoff frequency of the 1-331
structure decreases rapidly after the filling factor
exceeds 41%, which reflects the rapid degradation
of the modulation transfer function, while the actual
cutoff frequency of the 11-312 structure shows a
gradual decrease. From Section 4.2, it can be
known that the redundancy of the 1-331 structure is
about 6 times higher than that of the 11-312 struc-
ture. The high redundancy of the 1-331 structure is
the main reason for the degradation of its modula-
tion transfer function when the filling factor de-
creases. Therefore, the redundancy of the aperture
array should be reduced under the premise of en-
suring the imaging quality. When the filling factor
reaches the maximum, the values of the average

modulation transfer function and the IF characteris-
tics of the modulation transfer function are not op-
timal for either the 1-331 or the 11-312 structure.
The comparison of these 2 structures shows that the
image quality deteriorates when the d, increas-
es beyond a certain threshold. Therefore, to achieve
the best imaging quality, it is important to select the
appropriate d,.

The actual equivalent aperture D, is the di-
ameter of the circular aperture with equal modula-
tion transfer function area within the actual cutoff
frequency of the sparse aperture system, calculated
as follows:

1

D, = iJﬂlJ”)am'lr.u.(p -3)([{)([6} 7
LwJo Jo
(11)
Where:
(L. aur(p.8) = 0.0 << (p,)y
anren (o) =19, are(p+0) =0
(12)
Where: ayrgw IS the modulation transfer
function within the actual cutoff frequency; 6 is
the angular direction of the sub-modulation transfer
function distribution in the spectral plane; (p,)g Iis
the actual spatial cutoff frequency in the direction
of 6. The average modulation transfer function is
the average value of the modulation transfer func-
tion within the enclosing aperture cutoff frequency.
Let

(o.0) [SwreCpa@) s p <" Cpody
g(o.0) ==

|

l(') . 0 (:O" )
(13)
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where: g is the modulation transfer function
within the enclosing aperture cutoff frequency.
Then
J_“J”“ g (p.0)pdpdd

0 0

Anre =

0

(14)

where: Ayrr is the average of the modulation

transfer function within the enveloping aperture

cutoff frequency; ayrrmiq IS Used to characterize

the response of the integrated aperture system in the

medium and high frequency region, and its expres-
sion is
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where: p , is the cutoff frequency of the subaper-
ture.

4.5 Comparison of radial multiplet mirror
and composite toroidal structure
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Figure 7. Comparison of MTFs between multi-sub-mirror structure (type 11-312) and composite ring-shaped structure with different fill
factors (in horizontal direction). (a): F = 20%; (b): F = 26%; (c): F = 33%; (d): F = 39.6%.

Table 4. Characteristic indexes of composite ring-shaped structure with different fill factors

Ratio of practical effective

Ratio of average

FI% diameters D,./D fare Pr/Pp (MTEmid
20.0 0.7123 0.0798 0.6109 0.0364
26.0 0.7816 0.0912 0.6678 0.0412
33.0 0.8441 0.1091 0.7489 0.0512
39.6 0.8913 0.1201 0.8596 0.0521

The composite array structure is a

ture built on a typical optically sparse aperture array.

Zhao et al.*®! proposed a composite toroidal struc-
ture with Golay3 as the basic unit, a composite
Goaly6 structure, and a composite three-arm struc-
ture. When N = 24, only the composite toroidal
structure meets the requirement of the number of

submirrors, and the rotationally symmetric structure
of the subarray in the composite toroidal structure is
optimal. In this paper, the radial multi-submirror
(type 11-312) is selected for comparison with the
composite toroidal structure. The maximum filling
factor F,,, of the composite toroidal structure
can be calculated. Figure 7 shows the modulation
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transfer function curves along the horizontal direc-
tion of the radiating multiplex mirror structure (type
11-312) and the composite toroidal structure at dif-
ferent filling factors.

From the calculation, it can be seen that the
composite toroidal structure has a larger redundan-
cy than the multi-submirror structure, which leads
to a reduced frequency coverage of the composite
toroidal structure and a premature zero frequency
region between the peaks, so the actual cut-off fre-
guency of the composite toroidal structure is lower.
Table 4 shows the characteristic index of the com-
posite ring structure. Comparing the characteristic
indexes in Table 4 with those in Table 2, it can be
further precisely concluded that the actual equiva-
lent aperture, actual cutoff frequency, average mod-
ulation transfer function, and IF characteristics of
the multiple sub-mirror structure (type 11-312)
are better than those of the composite toroidal
structure.

5. Discussion

The radial multiplet mirror array structure is a
sparse aperture structure different from the mul-
ticircular structure, Golay structure and three-armed
structure. In this paper, we analyzed the distribution
characteristics of radial multiplet mirrors and di-
vided the multiplet mirror array into 2 types of
structures with limited parameters. The profile and
top view of the modulation transfer function,
two-dimensional modulation transfer function
curves and various characteristic indexes of the two
different structures are calculated by using
MATLAB software, and the structural characteris-
tics and imaging properties of the multiplexed mir-
ror array are compared with those of the composite
toroidal structure. The results show that when the
average modulation transfer function and the IF
characteristics of the modulation transfer function
of the two structures are close to each other, the
type 1l structure with larger actual equivalent aper-
ture and actual cutoff frequency and lower redun-
dancy is selected. The type-Il structure has some
advantages in imaging. The liquid lens-based mul-
tiple sub-mirror array structure uses dimensionless
approximation parameters, so the conclusion is
suitable for arbitrary circumscribed circle size.

Compared with the composite toroidal structure, the
actual cutoff frequency and the actual equivalent
aperture of the radiative multiplet mirror structure
are larger when the filling factor is the same, which
is of practical value for the imaging of multiplet
mirrors and the optimization of arrays.
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