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Aiming to investigate the connection between camera structure and optical systems, a comprehensive analysis
needs to be performed for the airborne camera. An integrated analysis method was proposed to design and analyze
optical and mechanical structures. Based on the designed small airborne camera, the impact of microvibration on
the optical performance of the airborne camera was studied by integrated optomechanical analysis. In addition,
the change of optical surface accuracy was analyzed. First, static and dynamic analysis of the designed airborne
camera was performed to verify the stability of the camera structure and obtain the data for integrated optome-
chanical analysis. Then, a calculation method for rigid body displacement was proposed, and the impact of rigid
body displacements on the optical system was analyzed. To evaluate the change of surface accuracy, the parameters
root mean square (RMS) and peak to valley (PV) were calculated by fitting the surface distortion data. Based on the
Zernike polynomial coefficients, the response of the optical system was calculated and analyzed utilizing ZEMAX
to analyze the impact of microvibration on the optical performance of the airborne camera. The analysis results
show that microvibration has no significant impact on optical performance of the designed small airborne camera.
Finally, the analysis results were verified through experiments. ~© 2021 Optical Society of America
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1. INTRODUCTION

Airborne cameras with high resolution are susceptible to defor-
mations caused by complex condition loads (e.g., temperature
fluctuations, vibration, gravity). It is indispensable to analyze
their dynamic response and reliability. In the traditional struc-
tural analysis of the airborne camera, the analysis is usually made
to verify whether the deformation of the optical element meets
the tolerances given in the optical design [1,2]. However, this
method cannot analyze the effect of deformation of the optical

of the system [1]. This method builds a relationship between
the thermal control system and optical performance by inte-
grated optomechanical analysis. The advantage of integrated
optomechanical analysis is that it can gain insight into the inter-
disciplinary design relationship between optical component
deformation and optical performance. Rausch ez 4/. investigated
the aberrations caused by thermal deformations, gravitational
release, and alignment errors that occur during the deployment
procedure of large space telescopes by using the integrated

element on optical performance. Therefore, a comprehensive
analysis method needs to analyze the impact of deformation of
the optical element on optical performance [3,4]. Compared
with traditional structural analysis, integrated optomechanical
analysis can analyze the influence of external disturbances on
the optical system, which can be used to optimize the optome-
chanical structure. Recently, more and more attention has
been focused on the integrated optomechanical analysis of
high-resolution optical systems [5]. Integrated optomechanical
analysis has been widely used in the optimization of space mirror
structure, thermal analysis of cameras, and adaptive optical
systems. For example, Liu er a/. modified the thermal control
system, which can improve the thermal control performance
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optomechanical analysis method. Then, they developed an
active optics system to decrease the requirements for stability of
the thermal and mechanical properties of the optical system [6].
This approach provides rational support for structure reliability
optimization design of a large space mirror. With the increasing
demand for high-resolution airborne cameras, much work has
been carried out on integrated optomechanical analysis. For
example, Camilo er al., taking advantage of optical material
properties, presented a technique to determine wavefront error
and polarization changes [7]. Xue ez al., utilizing integrated
optomechanical analysis, proposed an analysis and experi-
mental method for thermal control system of an aerial camera,
which can be used to analyze the impact of internal thermal
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environment on the performance of an optical system [8]. Doyle
discussed how to optimize an optomechanical structure sub-
jected to vibrational loading by utilizing mechanical and optical
analysis software [9]. He pointed out that analyzing the impact
of vibration on optical performance was an important step in
camera optimization. Just like temperature, microvibration is
unavoidable in the working environment; therefore, it is neces-
sary to investigate the impact of microvibration on the optical
performance of the airborne camera.

Microvibration will cause surface distortion and rigid body
displacement of optical elements. As important parameters, sur-
face distortion and rigid body displacement reflect the change
of surface characteristics caused by microvibration. Based on
the data of finite element analysis (FEA), the surface distortion
and rigid body displacements of the optical elements can be
calculated to analyze the changes in the surface characteris-
tics. Furthermore, establishing an integrated optomechanical
analysis interface is an important part of analyzing the impact
of microvibration on the imaging quality of airborne cameras.
Zernike polynomials can be used to transform deformed surface
nodal data into an optics format. Because of the unique charac-
teristics of Zernike polynomials (i.e., there is a correspondence
between Zernike coefficient and aberration), it is usually used
to establish the interface of integrated optomechanical analy-
sis [10]. For example, Chen et al. calculated the optical path
difference (OPD) and optical aberrations through Zernike
polynomials to achieve an optimum design [11]. This approach
improved the optimization results of the supporting bipod flex-
ure for a space mirror. Moreover, based on Zernike polynomial
fitting, Di Varano analyzed the effect of thermal gradients and
vibrations on image quality [12]. Utilizing Zernike polynomial
fitting, Di Varano established an interface for the purpose of
analyzing the impact of optical element deformation on optical
performance, which is a simple and convenient way for design
and optimization of an airborne camera.

In this paper, based on FEA and optical system analysis of
airborne cameras, an integrated analysis method was proposed
to design and analyze optical and mechanical structures. The
objective of this work is to research the influence of microvibra-
tion on the accuracy of the optical surface. Another objective
is to investigate the impact of microvibration on the optical
performance of airborne cameras. This paper performed a com-
prehensive performance analysis, including lens surface errors,
modulation transfer function (MTF), etc. It mainly studied the
effect of microvibration on optical performance. The focus is
on the following aspects: (a) Based on FEA data, the rigid body
displacement of the optical element was calculated. (b) Based
on the data of distortion, the accuracy of deformed surface was
evaluated by peak to valley (PV) and root mean square (RMS).
(c) The effect of microvibration on optical performance by
integrated optomechanical analysis was examined.

In Section 2, the optical system and camera structure were
designed. In Section 3, an FEA was performed to compute the
deformations of the optical element and verify the dynamic
response of the airborne camera. In Section 4, the surface dis-
tortion data in the optical system were obtained through data
processing. RMS and PV were used to evaluate the surface
accuracy. In Section 5, the FEA data were fitted by Zernike
polynomials. Then, the responses of the optical system were
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Table 1. Parameters of Optical System
Parameters Value
Object distance (mm) infinity
Wavelengths (nm) 420-760
Focal length (mm) 80
F# 8
FOV (°) 28
MTF (at 91 Ip/mm) >0.32
Distortion <1%
Glass type H-ZBAF50, H-F13, H-ZKo,
H-ZK20, F2

9

(@)

Fig. 1.  Optical performance of simulation. (a) MTF diagram;
(b) spot diagram.

calculated and analyzed under dynamic and static conditions.
Finally, the analysis results were verified through experiments.

2. OPTICAL SYSTEM AND CAMERA
STRUCTURE

A. Optical System

In this paper, the optical system parameters are shown in Table 1
[13].

The optical performance of the system under ideal conditions
is shown in Fig. 1. The results show that the system meets the
optical requirements under ideal conditions. To analyze the
optical performance, the Airy diameter and the diffraction limit
are shown in the spot diagrams and the MTF diagrams, respec-
tively. The MTF diagram does not show a significant difference
to the diffraction limit for all fields. For a spot diagram, all rays
are concentrated in a circle (i.e., the Airy diameter). The radius
of Airy, largest RMS, and largest geometric (GEO) radius are
6.725,1.745,and 3.398 um, respectively.

B. Camera Structure

The airborne camera’s size is 120 mmL % 95 mmW * 62 mmH,
and its weight is 1.5 kg, including lens, holder, connector
part 1, connector part 2, and CCD, as illustrated in Fig. 2(a).
Figure 2(b) shows the lens component, which includes six pieces
of lens.

In the lens mounting stage, the change of surface accuracy is
measured by an interferometer. However, it is difficult to track
the surface accuracy of optical elements after barrel assembly.
Therefore, the objectives of this paper are to obtain the optical
element deformation and analyze the impact of the deforma-
tion on the optical performance by simulation analysis. An
optomechanical analysis is developed, as shown in Fig. 3.
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Lens  Lens Cone CheckRing oy Comeetor Leng1 M Emerieal Aspterel | ens3 Table 2. Material Properties in the Model
Density Poisson’s Elastic Modulus
Material (kg/ m’) Ratio (Mpa)
H-ZBAF50 3.77 0.279 85920
H-F13 2.69 0.231 83540
H-ZK6 3.54 0.267 82530
H-ZK20 3.66 0.271 76940
F2 3.50 0.231 57400
Alalloy 2.81 0.330 72000
(b)
Fig.2. (a) Camerastructure diagram; (b) lens diagram.
Table 3. Load Conditions
Acceleration of Acceleration of Acceleration of
Condition X (g Y(g Z(g)
»| Camera model

1 3 0 0
2 0 3 0

2 3 0 0 3

Finite element < Mechanical
model Loads

A\ 4
Optical Element
Displacements

|
v v

Rigid-Body Higher-Order Surface
Motions Deformations
Zernike
polynomials
NO

Optical Analysis

Fig.3. Optomechanical analysis interaction.

3. CAMERA FEA

The deformation of the optical element of airborne cameras is
affected by many factors (e.g., temperature fluctuations, vibra-
tion, gravity). To predict the deformation, the finite element
(FE) model is established, as shown in Fig. 4. There are 384,721
nodes and 325,360 elements in the FE model. Table 2 shows the
material properties of the airborne camera, in which the material
of the lens barrel and the main structure of the camera are alu-
minum alloy, and the material of lenses 1 to 6 are H-ZBAF50,
H-F13, H-ZK6, H-ZK20, F2, and H-ZBAF50, respectively.

Fig.4. Finite element model of airborne camera.

Displacement Stress

Fig.5. Displacementand stress diagram in Condition 1.

Displacement Stress

Fig.6. Displacementand stress diagram in Condition 2.

A. Static Analysis

To verify the performance of the airborne camera under static
load, the static analysis is performed by the MSC Nastran. In
this paper, the three loads in Table 3 are analyzed separately,
and the surface data are extracted for optical performance
analysis.

The results of the static analysis are shown in Figs. 5-7. The
maximum stresses and displacements are given in Table 4. As
shown in the results, the maximum stress of the airborne camera
is 2.17 Mpa under a load of (0, 0, 3 g), which is less than the
allowable stress of the material. The maximum displacement
of the airborne camera is 6.24e-3 mm, which is less than the
given tolerance. The maximum stress and displacement appear
in condition 3; therefore, we perform surface fitting based on
the displacement data of condition 3 to calculate the rigid body
displacement, surface accuracy, and static response of the optical
system.
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Displacement Stress
Fig.7. Displacementand stress diagram in Condition 3.
Table 4. Static Analysis Results

Maximum Stress Maximum

States (Mpa) Displacement (mm)
1 1.15 2.26e-3
2 7.82e-1 1.14e-3
3 2.17 6.24e-3

First order Second order

Third order

Fourth order

Fig.8. First four modes.
Table 5. First Six Natural Frequencies
Order First Second Third Fourth Fifth Sixth

Frequency 499.8 1013.5 1394.0 1655.6 2100.5 2439.3

(Hz)

B. Modal Analysis

Modal analysis is the foundation of the camera structure design.
The structure of the camera is significantly affected by the natu-
ral frequencies and dynamic response of the camera assembly. By
strengthening the structural components, the natural frequency
of the camera can be increased to avoid resonance. Their effect
can be seen in the first four mode shapes of the structure with
natural frequencies of 499.98, 1034.2, 1673.5, and 1781.8 Hz,
as shown in Fig. 8. The first six natural frequencies are shown
in Table 5. The natural frequency of the camera is higher than
the requirement of 400 Hz, which is well above the working
frequency of the camera.
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C. Frequency Response Analysis

To calculate the dynamic response of the camera structure at
different frequencies and verify the accuracy of modal analysis,
frequency response analysis is performed under acceleration of
9.8 m/s? in x, ¥, and z for the airborne camera. Figures 9-11
show the results of the frequency response analysis of lenses 1-3.
As can be seen from the results, the peak appears at 490, 1010,
and 1660 Hz, which verified the modal analysis results.

D. Transient State Analysis

Transient state analysis can obtain the response of displacement,
stress, and strain. In this paper, the transient state analysis under
the sinusoidal load is used as the microvibration excitation
to analyze the influence of microvibration on the optical per-
formance. Transient state analysis is performed under a 490 Hz
displacement load. The load of transient state analysis is shown
inEq. (1),

x(t) = Asin(wt)
w=2nf, (1)

where A is theamplitude, and the valueis 12 um. f'is the excita-
tion load frequency, and the value is 490 Hz. Displacement-time
response curves of Lens 1 are shown in Figs. 12—14. It can be seen
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from the simulation results that the displacement-time response
in the z direction is much larger than that of x and y. Therefore,
itis necessary to optimize vibration reduction in the z direction.

The response of the optical element is obtained through
transient state analysis. In order to analyze the effect of microvi-
bration on optical performance, the displacement data of the
surface of the optical element are extracted.
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4. FEA DATA PROCESSING

A. Calculation of Rigid Body Displacement of Optical
Element

The displacement data of the surface of the optical element in
FEA includes two parts (i.e., rigid body displacement and sur-
face distortion). To analyze the accuracy of the optical surface,
the rigid body displacement must be removed. The rigid body
displacement is expressed as homogeneous coordinate transfor-
mation. Assume (x;, ;, 2;) are the coordinates of O — xyzand
(x!, y!, 2) are the coordinates of O" — xyz. The relationship
between (x;, y;, z;) and (x, y!, £.) is as follows:

! ! / T
(xl, gl 20, 1)" = Aga(xi, yiv 20, DT, 2

where A4x4 is a matrix of homogeneous coordinate trans-
formation, and (x!, y!, 2}, D7 and (x;, Vi Zis D7 are the
homogeneous coordinates in O' — xyz and O — xyz, respec-
tively. The matrix of translation and the rotation are expressed as

Egs. (3) and (4),

100 « 1 0 0 0
010 & 0 cosf, —sinf, 0
I= 001 ¢ R = 0 sinf, cos6, 1|
0001 0 1 1 1
)
cost), 0sin@), O cosf, —sinf, 0 0
R — 0 1 0 1 R — sinf, cosf, 01
77| —sin@, 0cosh, 0| £ | 0 0 10/
0 0 0 1 0 0 01
4)

where @, , and ¢ are the translation in the direction of x, y, and
z, and 0,, 0y, and 6, are the rotating angle about x, y, and z,
respectively. Then, the equation for matrix A can be written as

A=Tx* R * R, * R,. (5)
The rotating angle of the optical element is very small (i.e., 6

is infinitely close to 0). As a result, we obtain Eq. (6),

cos ), = cos ), =cos 0, =1 ©6)
sinf, X 0,,sin0, = 0,,sint, ~0,

Applying Eq. (6) in (5), matrix 4 can be expressed as
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1 —0, 0, a

s O %0, +6, —0,%0,%x0.+1 —0, b )
—0, + 0, %0, 0, %6, + 0, 1 ¢
0 0 0 1

Because the rotating angle is infinitely close to 0 (i.e.,
the quadratic and higher-order terms in matrix A" can be
approximately 0), then the matrix A’ can be expressed as

1 -0, 0, a

P 1 =0, b
A= —0, 6. 1 ¢ (8)

0 0 0 1

Suppose that (Ax;, Ay;, Az;) are the surface distortion of
node 7. (x;, y;, z;) and (x7, y., z.) are the coordinates of the ini-
tial node and the deformed node, respectively. The relationship
between (x;, y;, z;) and (x, y!, z.) is shown in Eq. (9),

X! 1 -0, 0, a X; Ax;
yil_| 6 1 =6 b ||y Ay
Zi| | =0 0. 1 ||z |z | ®
1 0 0 0 1 1 0

Then, the surface distortion can be expressed as

Axile/-—xi—i—ez ,'—9},21'—61
Ayi=yl—yi+0x +0z,— b . (10)
AZZ‘:Z;-—Zi"‘e},x,'—ex_yi—C

To calculate the parameters of 0y, 0,, 6,, 4, b, and ¢ by the
least square method, the objective function is established, as
showninEq. (11),

" (xll —x;+0y; — 0,2z — a)z
Q=" | +( =i+ 40— [ (1)
= +(Z§ —zi +0,x; — 0y — 0)2

where Q is the target value. The value of Q reflects the accu-
racy of the fit. To make the fitted surface closest to the actual
deformed surface, we need to find the minimum of Q.
According to extreme conditions, Eq. (12) can be obtained
by taking the derivative of unknown parameters. Then, the rigid
body displacements can be solved by simultaneous equations in
Eq. (12). Based on the displacement data under Condition 3 in
Section 3.A, the rigid body displacement of the optical element
is solved, as shown in Table 6,

a a a
89-022=022=0

da
3 3 P ) (12)
%:0#:0%:0

As shown in Table 6, the maximum translation in the
direction of x, y, and z are —1.652¢-04, 1.466¢-06, and
—2.145e-04, which all appear on the first lens. For rotation, 8, is
significantly greater than 6, and 6, It is necessary to improve the
method of circumferential fixation of the optical element. From
the impact on optical performance, 4, b, ¢, 6., and 0, will cause
the optical axis to deflect, which has a greater impact on optical
performance than 6,. Therefore, it is important to reduce the
rigid body displacement to improve the optical performance of
the airborne camera.
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Table 6. Rigid Body Displacement

Lens a/mm  b/mm c/mm 0, 9, 0,

—1.65e-04 1.46e-06 —2.14e-04 5.79e-07 —1.47e-04 6.09e-01
—1.44e-04 1.38e-06 —2.14e-04 5.79e-07 —1.47e-04 7.89e-01
—1.33e-04 1.34e-06 —2.14e-04 5.78e-07 —1.48e-04 3.02¢-01
—1.06e-04 1.23e-06 —2.14e-04 5.79e-07 —1.48e-04 2.24e-01
—1.04e-04 1.22e-06 —2.14e-04 5.78e-07 —1.49¢-04 2.36e-01
—8.99e-05 1.12e-06 —2.14e-04 5.62e-07 —1.48e-04 2.25¢-02

(o) NV I NS SR

B. Surface Accuracy Evaluation

Discrete points on the optical surface are extracted and a point
set P (x;, yi, z;) is generated. To get the spherical parameters
of (a, b, ¢, R), the least square method is used to fit a spherical
surface based on discrete data. The standard fitted spherical
equation can be written as Eq. (13). (4, &, ¢) are the center
coordinates of Py, and R is the radius of the spherical surface,

(x—a)+ (@ —b*+(z—c)* =R~ (13)

To solve the spherical parameters of (2, 4, ¢, R) by the method
of least squares, an objective function, as shown in Eq. (14), is
constructed,

" [ —a)* + (i — b)* + (2 — ¢)* — R?
Lz;[ 2R

2
:| . (14)
The objective function can be written as follows:
L=[A(x?+y? +2) + Bx; + Cy; + Dz + E1*, (15)

where 2AR=1, Aa=—B, 2Ab=—C, 2Ac =—D, and
E = (a®> + b* + ¢ — R?)/2R. The constraint of the equation
is B>+ C*+ D*—4AE =1. The Lagrange function with
constraint can be expressed as

L= [A(xzz +)’z‘2 +Zzz) + Bx; + Cy; + Dz; + E]Z
+AM(B*+ C*+ D* —4AF —1). (16)

According to the extreme conditions, Eq. (17) can be
obtained,

oL __ oL __ dL __
7a=055=035E=0 a7
JL oL

D~ 9E —
Intermediate variables of (4, B, C, D, E) can be obtained
by the equation simultaneously in Eq. (17). Then, the spherical

parameters of (a, b, ¢, R) can be obtained from intermediate
variables.

aL __
)

S5

Surface  distortion  AP;(Ax;, Ay; Az) can  be
obtained by removing rigid body displacement. Let P'=
{P!(x!,y.,2)li=1, 2, 3, - - -} betheintersection of the line
connecting point P ={P;(x;, y; z)|i=1,2,3,---} with
the center P and the fitted sphere. Then, the point Py=
{Ps(x; + Axi, i+ Ayi g+ Az)|i=1,2,3,-- -} is
obtained by adding P’ and AP. Spherical parameters of
(@, b, ¢, R) of the distortion surface can be obtained by
performing a least squares operation based on the data of
Py. Define a collection of Adi={8d;|i=1, 2,3, ---},
where 8d; =|Pr; Py — R|. RMS and PV can be obtained by
Eq.(18),
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Table 7. PV and RMS
Order PV/nm RMS/nm
1 22.49 3.72
2 14.36 3.19
3 33.86 8.67
4 43.89 10.73
5 60.39 10.79
6 47.39 10.77
7 10.70 2.88
8 42.62 9.57
9 61.76 15.18
10 60.51 14.30
11 21.44 4.09
12 58.69 13.75
T 8d;
RMs = | =1 0%
n
PV = Max(Ad) — Min(Ad4). (18)

To avoid degradation of optical performance, the maximum
PV value is expected to be no more than 63.3 nm (i.e., 1/10A,
where A = 633 nm), whereas the RMS value is expected to be
no more than 21.1 nm (i.e., 1/301). Based on the displacement
data of Condition 3 in Section 3.A, the value of PV and the
RMS of the distortion surface are solved, as shown in Table 7.
It can be seen from Table 7 that the PV of the surface distortion
changed greatly, while the RMS changed little. The circular
contact area between the retaining ring and the lens produced
large deformations, resulting in a larger PV. As shown in Table 7,
the maximum PV and RMS are 61.76 and 18.18 nm, both
smaller than those of the requirement (63.3 and 21.1 nm).
Considering the accuracy of the surface, the surface distortion
caused by microvibration will not have a significant effect on
optical performance.

C. Coordinate Transformation and Displacement
Correction

There are different coordinate systems in the displacement of
FEA and the optical system. In optical systems, coordinates are
usually represented in sagittal height. However, the data of FEA
are the relative displacement of the node. To fit the deformed
surface, the displacement in the finite element coordinate sys-
tem needs to be corrected to the optical coordinate system. The
usual method is to convert the displacement of the FEA into
the sagittal height of the optical surface through a displacement
correction algorithm. The schematic diagram of the sagittal
axial displacement is shown in Fig. 15.

Assuming Py is the initial node, Pp is the corresponding
changed node. The displacement of Py and Ppare ARand AZ
in the radial direction and optical axis, respectively. 7'Pp is the
parameter converted from the FE deformation data to the opti-
cal axis direction. The sagittal height displacement of 7Pp can
be used to describe the change of optical surface. For the sagittal
equation of the known optical surface, the sagittal displacement
can be obtained by Eq (19). Z= Z(R) is the equation of the
optical surface in the sagittal direction. The displacement can be
converted into the direction of the optical axis by Eq. (19),
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Deformed
surface

Undeformed P

surface \

Fig.15. Calculation of surface sag displacement.

{ TPp=AZ+ AZspi (19)

AZspc = Z(Ryy) — Z(Rp, + AR) *

5. ZERNIKE POLYNOMIALS FITTING
A. Result of Zernike Polynomial

Because of the unique characteristics of Zernike polynomials
(i.e., the relationships between Seidel aberrations and Zernike
polynomials coefficients), Zernike polynomials have been
widely used in integrated optomechanical analysis [14,15].
Zernike polynomials are orthogonal on a continuous unitary
circle but not on a discrete unitary circle [16]. The discrete
surface data set A can be represented by Zernike polynomials as
Eq. (20),

Azzﬂi¢i=ﬂo+ﬂl¢l +arpr+- -+ a,d,, (20)

=0

wherea; (i=1, 2, ..., n) is the coefficient of the polynomial to
besolved; ®,(i=1, 2, ..., n) is the Zernike polynomial.

In this paper, to construct a set of orthogonal polynomials
on the discrete unitary circle, Gram—Schmidt orthogonaliza-
tion is carried out. Then, Zernike polynomials coefficients are
calculated by the least square fitting method [17].

The optical element deformation is transferred into
Zernike coefficients through optomechanical codes written
in MATLAB. We used fringe Zernike polynomials to fit the
optical element deformation and obtained the fringe Zernike
coefhicients. Fringe Zernike coefficients are a subset of standard

Table 8. First Nine Terms of Fringe Zernike
Coefficients of Surface 1

Zernike Aberration
Order Polynomials Name Coefficient
1 1 piston 0.00072116925
2 pcost Xtile —0.00000214047
3 psind Y tile 0.00000273958
4 202 —1 defocus 0.00000112253
5 p?sin 20 priastigmatism X 0.00000196861
6 p?sin 20 priastigmatismY  -0.00000497404
7 (3p> — 2p)cost pricomaX —0.00000179254
8 (30> — 2p)sind pricomaY 0.00000171297
9 6p* — 6p* + 1 prispherical 0.00000056790
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Fig. 16.  Optical performance of fitted system. (a) MTF diagram;
(b) spot diagram.

Table 9. Value of MTF in All Fields

Field Initial MTF FittingMTF  Decline (%)
0° 0.377879 0.377458 1.2

6° 0.379748 0.372849 1.8

10° 0.364166 0.357888 7.7

14° 0.331137 0.304922 7.8

Zernike coefficients. The displacement data under Condition
3 in Section 3.A are used to perform Zernike fitting to solve the
Zernike coefficient. The first nine terms of the fringe Zernike
coefficients are shown in Table 8.

B. Optical Performance Analysis

Compared with PV and RMS, the response of the optical system
can better reflect the influence of microvibration on optical
performance. To analyze the effect of microvibration on optical
performance, the displacement data are fitted by Zernike poly-
nomials and output in optics format. Then, the optical system
response is calculated to analyze the effect of microvibration on
optical performance.

1. Static Analysis

The displacement data under Condition 3 in Section 3.A are
used to perform Zernike fitting to solve the Zernike coefh-
cient. Then, the response of the optical system is calculated
by ZEMAX. Figure 16 is the optical performance of the fitted
optical system under Condition 3. The MTF curve, compared
with Fig. 1(a), does not drop significantly in all fields of view
(i.e., the performance of the optical system has not decreased
significantly). Compared with Fig. 1(b), the maximum RMS
radius and GEO radius are 3.916 and 14.186 pm, respectively,
which are larger than the 1.745 and 3.398 pm in Fig. 2. The
GEO radius at 10°and 14° is more than Airy-diameter radius
(i.e., there is a greater impact on the edge field of view (FOV) in
Condition 3).

Table 9 shows a detailed comparison of MTF at 91lp/mm.
Compared with the design requirement of 8%, the MTF
declined 1.2%, 1.8%, 7.7%, and 7.8% at a FOV of 0°-14°, in
which the edge FOV hasa greater impact. It can be seen from the
static analysis results that the designed airborne camera can meet
the design requirements under the given working conditions.
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Fig.17. MTF diagram. (a) MTF at 0.5 s; (b) MTF at 1 s; (c) MTF
atl.5s.

2. Dynamic Analysis

Dynamic analysis studies the effect of rigid body displacement
caused by microvibration on optical performance. It can be
seen from Section 4.B that the influence of surface distortion
on the optical performance of airborne cameras is negligible.
When performing dynamic analysis, the optical element can
be regarded as a rigid body. The rigid body displacement of the
optical element can be calculated through the displacement data
obtained by transient state analysis of Section 3.D. Based on
ZEMAX simulation, the effect of the rigid body displacement
at different times on optical performance can be analyzed. The
MTTFs of the optical system at 0.5, 1, and 1.5 s are as shown in
Fig. 17. From the results of optical system response, microvibra-
tion has little effect on the optical performance of the designed
small airborne camera. As can be seen from the results, there
is no obvious difference in MTF between different moments.
Compared with Fig. 1(a), the maximum decline of MTF is
7.30% at 0.5 s, which is within the design requirements of 8%.
The results indicate that the impact of microvibration on optical
performance of the designed airborne camera is small.

6. VIBRATION TEST OF AIRBORNE CAMERA

To verify the simulation analysis results, a vibration test was set
up for an airborne camera. In this work, we designed two cam-
eras with the same structure (i.e., the object distance of 500 mm
and infinite object distance). In order to reduce test costs, we use
a camera with an object distance of 500 mm for ground simu-
lation experiments. To ensure the accuracy of the experimental
results and the similarity of the two cameras, the design method
of the camera with an object distance of 500 mm is the same
as the camera with the infinite object distance. For an optical
system, a camera with an object distance of 500 mm has the
same design index as a camera with an infinite object distance.
There is no significant change in the parameters of the optical
system simulation results of the two cameras. When com-
pared, the structure of the two cameras use the same structural
design method, lens assembly method, and the same number of
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Fig.18. Experimental setup for airborne camera.
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lenses and materials. The purpose of this experiment is to verify
whether the decline of the image MTF is consistent with the
simulation analysis trend. As shown in Fig. 18, an object con-
sisting of ISO12233 was imaged by the camera under test, and
the image quality of the camera was analyzed. The camera was
placed in the environmental test chamber, as shown in Fig. 18,
which was subjected to vertical microvibration loads. The exper-
imental device was composed of an exciter, a signal amplifier, a
signal generator, an airborne camera, an accelerometer, a scene
generator, and a PC. The exciter provided the required vibration
for the experiment, and sinusoidal vibration signals of different
frequencies were generated by a signal generator.
The test process under microvibration was as follows:

(1) keeping the environment without microvibration and
measuring MTF;

(2) keeping the environment with microvibrations of 300, 400,
500, and 600 Hz, then measuring the MTF of the camera
system.

Figure 19 shows the test image without microvibration.
Figure 20 shows the imaging results at the frequencies of 300,
400, 500, and 600 Hz, respectively. From the imaging results,
there was no significant difference in the image with or without
microvibration. To clearly show the influence of microvibration
on the image quality, the image results were analyzed to obtain
its MTE

Based on the edge method, spatial frequency response (SFR)
analysis of the image is performed through the image analysis
software iQstest, and the analysis result is shown in Fig. 21.

As can been seen from the experimental results, there was no
significant impact on the optical performance of the designed
small airborne camera, which was consistent with the simulation
results in Section 5. The MTF experimental data of the camera
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Fig. 20. Image results. (a) 300 Hz; (b) 400 Hz; (c) 500 Hz;

(d) 600 Hz.
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Analysis result of image. (a) 300 Hz; (b) 400 Hz;
(c) 500 Hz; (d) 600 Hz.

Fig. 21.

system are shown in Table 10, which shows the relative decline
percentage of the MTF compared to Fig. 19. As can be seen
from Table 10, the variations of the system MTF under different
experimental microvibrations were small, and the maximum
relative decline of MTF30 and MTF50 were 14% and 16%,
respectively. Compared with the MTF of the optical system, the
MTF of the camera after barrel mount will decrease. Therefore,
the decrease in MTF measured by the test will be greater than
the simulation analysis result. However, its downward trend is
consistent with the simulation results.

To further verify the imaging results of the designed airborne
camera under microvibration, the vibration device and camera
with infinite object distance were used to perform imaging tests
on distant buildings. As shown in Fig. 22, (a) is the imaging
result without vibration, and (b) is the imaging result when
the vibration frequency is 490 Hz. As shown in Fig. 22, the
resolution of Fig. 22(b) does not decrease significantly, and the
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Table 10. Measuring Results of MTF

Frequency 300Hz 400Hz 500Hz 600H:z
MTE30 0.52 0.54 0.48 0.51
MTF50 0.24 0.25 0.21 0.24
Decline of MTF30 (%) 7% 3.5% 14% 8.9%
Decline of MTF50 (%) 4% 0 16% 4%

(a) (b)
Fig. 22. Image results for buildings. (a) is the imaging result
without vibration, and (b) is the imaging result when the vibration
frequency is 490 Hz.

image quality can still meet the design requirements, which is
consistent with the analysis results.

7. CONCLUSION

For rapid estimation of optical behavior, we develop a more
complex integrated analysis method to analyze the optome-
chanical system, which allows us to get more comprehensive
performance analysis insights. This paper analyzed the effect
of microvibration on the optical performance of the airborne
camera by integrated optomechanical analysis, which provided
guidance for the predesign of the airborne camera. The results of
this investigation indicated that the microvibration had no sig-
nificant effect on the optical system performance of the designed
small airborne camera. Based on the results of this study, the
main conclusions can be drawn as follows:

(1) Data processing was an important step in analyzing the
effect of microvibration on the accuracy of the optical
surface. The data of surface distortion were the basic data
for the analysis, which need to be obtained by removing the
rigid body displacement from the FEA displacement data.

(2) To analyze the change in surface accuracy, the data of
surface distortion were fitted utilizing the least squares
method. It can be seen from the results that both PV and
RMS were within the given tolerance of the design. The
circular contact area between the retaining ring and the
lens produced large deformations, resulting in a larger PV.
In all surfaces, the maximum of PV and RMS were 61.76
and 15.18, respectively, both smaller than those of the
requirement.
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(3) Optical performance was analyzed under static and
dynamic conditions. Simulation results of ZEMAX
shown that the MTF of the optical system was reduced by
a maximum of 7.8% under given conditions, which were
smaller than the requirement of 8%. Then, the dynamic
analysis of the airborne camera was completed by solving
the effects of rigid body displacement at different times
on the optical performance. The results show there are
no significant changes in MTF at different times, and the
maximum decline is 7.3%. Finally, the vibration exper-
imental results show that the camera meets the imaging
requirements under the experimental vibration load.
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