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Design method for conformal systems based on plane-symmetric

aberration theory
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Abstract: The design of conformal optical systems often suffers from insufficient theoretical guidance, res-
ulting in repeated trial-and-error optimization. To address this, we introduce a design method based on aber-
ration theory for plane-symmetric systems. By converting global surface parameters into local surface para-
meters, the aberration theory is generalized to conformal systems, enabling analytical calculation of each sur-
face’s aberration contribution. Using this formulation, we propose a two-step design strategy. First, the op-
timal gimbal position is determined by minimizing the aberration contribution of the dome’s outer surface.
Second, during arch-corrector optimization, freeform parameters associated with dominant aberrations are
progressively introduced, and an aberration-coefficient-based merit function is employed. To validate the ef-
fectiveness of the proposed method, comparative designs of 14 conformal systems were completed for
identical specifications across different gimbal positions and optimization approaches. Results demonstrate
that the system designed using our method achieves a full-field modulation transfer function (MTF) exceed-
ing 0.4 at a spatial frequency of 42 Ip/mm, with imaging quality approaching the diffraction limit—represent-
ing a 2.4x improvement over conventional design methods. This approach provides systematic theoretical

guidance for the design of high-performance conformal optical systems.
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1 Introduction

Modern missile domes have evolved from tra-
ditional hemispherical shapes to streamlined pro-
files to achieve superior aerodynamic performance.
A conformal optical system is defined as one where
non-imaging performance metrics, such as aerody-
namic characteristics, take design priority. In mis-
sile seekers operating in scanning mode, the ima-
ging system inside the dome rotates about a gimbal
point. For any given look angle, only a localized re-
gion of the dome participates in imaging, and this
region shifts with the changing perspective, giving
rise to aberrations that exhibit look-angle depend-
ence—referred to as dynamic aberrations. The cor-
rection of these dynamic aberrations represents the
central challenge in conformal optical system
design.

When the look angle is non-zero, the dome’s
imaging region loses its rotational symmetry, ren-
dering conventional Seidel aberration theory inad-
equate. Researchers have widely adopted Zernike

polynomials to characterize the aberration proper-
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ties of conformal systems, with investigations cov-
ering various dome profiles, including conicoidal
surfaces! !, von Karman surfaces™, and Haack sur-
faces!®. With the advancement of aberration theory,
several computational methods for non-rotationally
symmetric systems have emerged in recent years,
such as nodal aberration theory”'", the Lie algebra-
ic method!"Y, and analytical methods!'*'*. These ap-
proaches have been successfully applied to the
design of off-axis three-mirror systems!*'?, spectro-
meters", and soft X-ray/vacuum ultraviolet optical
systems!'”. However, to the best of our knowledge
based on currently published literature, no studies
have yet reported the application of non-rotation-
ally symmetric system aberration theory to conform-
al optical systems.

To correct the dynamic aberrations introduced
by conformal domes, corrective elements must be
inserted between the dome and the imaging system.
Classical aberration correctors can be categorized
into three types: fixed, moving, and arch correctors.
Among these, the arch corrector offers distinct ad-
vantages by combining the flexibility of an asym-

metric profile with the reliability of a motor-free
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mechanism. Its initial configuration can be obtained
through numerical solution of the Wassermann—
Wolf differential equation, followed by optimiza-
tion to achieve the final design™®. In recent years,
alternative aberration correction schemes have also
been proposed, including lens arrays!"”?%, diffract-
ive surfaces”!, dome profile optimization**?*!, and
wavefront coding®®*. Nevertheless, these alternat-
ives still face limitations in manufacturing complex-
ity, cost, or response speed, whereas the fabrication
and metrology technologies for arch correctors have
become relatively mature®”), making them the cur-
rent mainstream solution.

Despite significant progress in conformal op-
tics research, existing design methodologies still
suffer from insufficient theoretical guidance and ex-
cessive reliance on trial-and-error optimization and
empirical judgment. Current Zernike-based aberra-
tion analysis remains limited to characterizing the
total system aberration, preventing designers from
analytically calculating the aberration contribution
of a single surface based on its profile parameters.
This theoretical deficiency makes it extremely diffi-
cult to efficiently adjust surface parameters to target
specific aberration types, resulting in a highly exper-
ience-dependent design process.

To overcome these limitations, this paper ex-
pands the plane-symmetric system aberration the-
ory and proposes a conformal optical system design
methodology based on analytical aberration compu-
tation, thereby providing theoretical support
throughout the design process. Section 2 derives the
conversion relationship between global and local
surface parameters, extending the plane-symmetric
aberration theory to conformal systems. Section
3 elaborates on the first step of the proposed meth-
od: determining the optimal gimbal point position
by minimizing the aberration contribution from the
dome’s outer surface, thereby establishing a theoret-
ical criterion for initial configuration selection. Sec-
tion 4 addresses the second step: progressively in-

troducing aberration-related freeform surface para-

meters as optimization variables and constructing an
aberration-coefficient-based merit function for effi-
cient arch corrector optimization. Section 5 valid-
ates the significant imaging quality improvements
through comparative analysis with conventional

design approaches.

2 Extension of plane-symmetric ab-
erration theory

2.1 Existing aberration theory
Sasian®” established an aberration expression

for plane-symmetric systems, given as

W(H’p)z Z VVi,j,n,p,q(H'H)k(p'p)m

kg

H-p)'(i-H)YG-p)? (D
where the subindices satisfy i =2k+n+p and j=
2m+n+gq,and W, ;, , ,are the corresponding aberra-
tion coefficients. The vector i is the symmetry unit
vector directed along the positive Y axis. Compared
to rotationally symmetric systems, plane-symmetric
systems include additional terms (i- H)” and (i - p)?,
leading to more aberration types.

Aberration terms are grouped by the number of
dot products, k+m+n+p+gq. In Tab. 1, the first
three groups of aberrations are shown. The termino-
logy constant, linear, quadratic, etc. refer to the field
dependence of the aberration term. When p,q =0,
W, in00 reduces to the aberration coefficients of ro-
tationally symmetric systems (i.e., the bottom rows
of Tab. 1).

Liu™! analytically evaluated the surface contri-
butions of aberration coefficients by combining loc-
al surface parameters with raytracing data. The loc-
al surface profile is a freeform surface symmetric
about the YZ-plane with a spherical base, and its
fourth-order approximation can be expressed as

- + o + Foy? + Fy Xy +
2R, 8R/}
Fosy? + Faox'* + Fux?y* + Foy'*t ., (2

’

~

where = x> +y’%, with x’, ' being the coordin-
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ates in the local coordinate system, and z’ represent-
ing the sag. R, is the sagittal radius of curvature,
and Fy,, F»,, Fo3, Fa, Fyn, Fy are freeform coeffi-
cients, collectively referred to as local surface para-
meters. Since high-order surface parameters have no
contribution to the third group aberrations!, it is
sufficient to expand the local surface to the fourth

order.

Tab.1 Aberration terms in plane-symmetric systems

Group Vector form Name
First group Wooo00 Constant piston
Second group Wo1o001 @ - p) Field displacement
Wioo10 G- H) Linear piston
Wo2000 (P ) Defocus
Wit100 (H - p) Magnification

Waoo0o (H - H) Quadratic piston

Third group Constant astigmatism

Wo2002(i - p)
Witon G- H)(i-p) Anamorphism

Waoo20(i - H)? Quadratic piston

Wo3oo1 G- p) (P p) Constant coma
Wi2i01 G- p)(H - p) Linear astigmatism
Wix10@-H)(p-p) Field tilt
Wai001 (G- p) (H - H) Quadratic distortion I
Wat0G-H)(H - p) Quadratic distortion II
W3p010(@- H)(H - H) Cubic piston

Woso00(p - p)? Spherical aberration

Wizi00 (H - p) (- p)

Linear coma

Waoo(H - p)? Quadratic astigmatism

W00 (H-H) (p- p) Field curvature
Wit100 (H - H) (H - p) Cubic distortion

Waoooo(H - H)* Quartic piston

The raytracing data consist of three rays. A real
raytracing is performed for the optical axis ray
(OAR) to obtain the incident and refracted angles 1
and [I’. Paraxial raytracing is carried out for the
sagittal marginal ray and the chief ray, yielding the
ray heights x,, x, and the ray angles tangent u,,,
u,., Uy, u, . The paraxial raytracing equations in

the sagittal direction are given by

R0 -
Xipg = X+ Uyt (3

i, = ity — Xy (4

Uyr1 = Uy (5)

where ¢,; is the optical power of the surface in the
sagittal direction, given as

n;cosl! —n;cosl;

= : (6
in

Aberrations consist of intrinsic and induced
components. The relationship between the local sur-
face parameters and the aberration coefficients can
be readily identified from the analytical expression
of the intrinsic aberration. For example, the surface
contributions to Wy and Wysy; are shown below:

_lA(u‘“‘C) X,

x2
+A(ncosl) Fp,—2—
2 n /) cos?l' (n ) For

coszl’
7

Wozoo2 =

Wosoor =
AA(MMC) X, 1 A(uaxcz)thanI’_'_

2 cosl’ 2R,

n n cosl’

tanl’\ x>
A(ncos])(F21 + Fo, )

— ()
R, )cosl

where the operator A(-) denotes the change after re-

fraction, and A, C arerefraction invariants ex-

pressed as
.cos T
A:n(uax+x ;OS ) , (9)
C =nsinl , (10D

It can be observed that W,y, is mainly related
to the local surface parameters Fy,, while Wz,
mainly depends on F,;. This analytical relationship
lays the theoretical foundation for aberration analys-
is and surface shape optimization of conformal sys-
tems.

2.2 Extension to conformal systems

In the existing aberration theory, surface pro-
files are described in a local coordinate system
whose origin lies at the intersection of the surface
and the OAR, with the local Z axis aligned with the

surface normal at this point. However, optical
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design software typically defines surfaces in a glob-
al coordinate system whose origin is at the vertex
and Z axis aligns with the vertex normal. Fig. 1 il-
lustrates these frames: XYZ denotes the global sys-
tem and X’Y’Z’ the local system. In a conformal
system, for nonzero look angles (LA), the OAR
does not pass through the vertex, meaning the glob-
al and local coordinate systems do not coincide.
Therefore, to apply the aberration theory, global
parameters must be transformed to local parameters.

Common global surfaces for conformal sys-
tems include conic, aspheric, and freeform surfaces.
In this subsection, we derive the conversion formu-
las for conic surfaces; derivations for aspheric and
XY-polynomial freeform surfaces are provided in
Supplement.

The global surface expression for a conic is

cr?

z= , (1D
1+ VI-(1+k) 2?2

= x> +y?%, with x, y being the coordinates

where r?

in the global coordinate system, and z representing
the sag. c is the curvature at the vertex, and k is the
conic coefficient. The local surface expression is
given by Eq. (2). The goal is to derive local surface
parameters R,, Fup, Fa, Fo3, Fa, Fo, Fos from
global surface parameters ¢, k and the OAR inter-
section point coordinates (0, yy,zo).

The surface equation satisfied by the global
surface profile is F(x,y,z) =0. For a conic surface,

this becomes:
F(xy.2)=2(1+kc=2z+c(x+)*)=0 , (12)

As shown in Fig. 1 (b), the global coordinate
system is first translated to (0,yy,zp), and then ro-
tated by a degrees to obtain the local coordinate
system. Therefore, the relationship between the
global coordinates x,y,z and the local coordinates
X,y z is

x=x
y=cosay +sinaz +y, , (13)

z=—sinay +cosaz’ +zg

@ ¥ ®)

Fig. 1 Global coordinate system (XYZ) and local coordin-
ate system (X’Y’Z’). (a) Overall view. (b) Enlarged

view.

Substituting Eq. (13) into Eq. (12), we can ob-
tain the surface equation satisfied by the local sur-
face profile, given as

G(x,y.,2") =(=sinay +cosaz +z) (1 +k)c—
2(—sinay’ +cosaz’ +zy)+
C [x’2 +(cosay +sinaz +y0)2] =
0 , a4

where zj,sina,cosa can be expressed as functions

1- J1-(1+k)c2y?

of yo, given as

= , (15
o (1+k)c
sinazi , (16)
A1 —key?
1-(1+k)c?y;
cosq= ————— amn

1 —ke?y;

Substituting Egs. (15)—(17) into Eq. (14) and
simplifying yields:

G(,y,z)=cx* +

72
cy r 2
TZIQ% —27 1- Czkyo-l-
2¢%kyo AJ1 =2 (1 +k)y}

yz

1 —c?ky;
€ [—1 + kY + k(—l + 2c2y§)]
z =
1 —c?ky}
0 , (18)

Substituting the local surface expression Eq.
(2) into the above equation results in a polynomial

G(x',y’) =0, which contains the terms x'*, y'?,

’4

X%y, y?, x4, x*y?, y*. By setting each coeffi-
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cient to zero, we can solve for the expressions of the (a) OAR =
local surface parameters: h , \
Imaging system
— 2h2 - e
1 -c?ky; - ‘
R, = c > (19 \\ Missile axis ] |
c*ky; ~ Fowz.r”ﬂ‘g .
Fop = —03/2 ’ (200 Dome /)
2(1 - czkyg) /)
Detector/
Corrector e — M
3 _ 2 2
_ckyo 1-c*(1+k)y; (b) 0AR O -——
Fy = . : 1)
2(1 - czky(z))
Imaging system
Chyy AJ1 -2 (1 +h)y2 - N
Fo3 = 3 , (22) FOV/2
2(1 - czkyg)
Sk—=ck (1+k) y(Z) | Dotne —— Corrector Detector
0 = =, (23) | I 2
8(1 - czky§> < 3 >
Fig. 2 Schematic diagram of a conformal system. (a) 3D
ck [1 +ckyg — 'k (3 +2k) y?)] layout. (b) 2D layout.
Fy = 772 , Q4
2
4<1 —cky 0) Previous studies have examined the influence of
gimbal position on the total system aberration, con-
—.3 2.2 4.4
Fos =c’k [1 (14300 ¢y —k (T +4k) yp+ cluding that its effect is relatively minor®®. However,
9/2
kzcﬁyg] / [8(1 - czkyg) ] , (25) analyzing only the total system aberration is insuffi-

Thus, the local surface parameters R,, Fy,, Fi,
Fos, Fy, Fy, Fy, are completely expressed in terms
of the global surface parameters ¢, k and the inter-
section coordinate y,, completing the derivation of
the surface parameter transformation. Combined
with ray tracing data, the aberration contributions of

each surface can now be calculated analytically.

3 Gimbal position selection

Fig. 2 illustrates a schematic representation of a
conformal optical system. The imaging system is
mounted on a gimbal, with the pivot angle referred
to as the look angle (LA). The maximum LA defines
the field of regard (FOR). Once the dome’s geomet-
ric profile is determined, the gimbal position be-
comes the primary factor influencing the initial sys-

tem configuration.

cient. The total aberration represents the residual
after balancing contributions from the outer and in-
ner surfaces of the dome, and is less correlated with
the dome’s geometric characteristics. To gain deep-
er insight, we investigate the relationship between
gimbal position and the aberration contribution of
the dome’s outer surface, leading to new findings.
An ellipsoidal dome serves as an example for
analysis, with length of 180 mm, fineness ratio of 1,
global surface parameters of R =45 mm, k = —-0.75,
and fabricated from ZnS. The imaging system is an
approximate ideal two-mirror configuration, with
the aperture stop located on the primary mirror. The
gimbal point is positioned at the vertex of the sec-
ondary mirror. Fig. 3 shows system layouts for gim-
bal point distances of 60 mm and 120 mm from the
dome vertex. For a constant FOR, a gimbal point
closer to the dome vertex results in the imaging re-

gion being concentrated near the dome’s apex.
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al structure. For the exemplary ellipsoidal dome,

Lgp = 60 mm is identified as the optimal gimbal po-

/&\\\\ imbal point sition.

23S

X LA=0° J—
Q\\s @ ol et~ For
~1x10° |
E -2x10°
Imaging system < —3x1073
. . . .. —4x1073 |
Fig. 3 Layouts of different gimbal positions.
T w0 w0 0
Given that the dominant aberration types in Jofmm
0
conformal systems are constant astigmatism and
(b) ol 4 LA=0° Fy
constant coma?, we focus on the corresponding
aberration coefficients Wy, and Wyso;. The local —1.5x10 ¢
surface parameters exerting the most significant in- E -3.0x107}
fluence on these aberrations are Fy, and F,;, re- S |
4.5%10 Y
. . L;=120 mm
spectively. According to Egs. (20) and (21), these 6.0x105 | LA=40°
parameters depend on the local coordinate origin yy,
_7.5><10*5 1 1 1 1 1
and their functional behavior is plotted in Fig. 4, 0 20 40 60 80

. . Yo/mm
where Lgp denotes the distance between the gimbal !

point and the dome vertex. Fig. 4 indicates that for Fig. 4 Local surface parameters of the dome’s outer sur-

. . face. (a) Freeform parameter Fy,. (b) Freeform para-
FOR = +40° and Lgp = 60 120 mm, increasing the

meter F».
gimbal point distance from the vertex enlarges the
. . . 700
dynamic range of Fy,, while the dynamic range of
F,; remains relatively constant due to an extreme . 600 -
; 3
point. = 500 - B Wi
. . . . . . E WU}OUI
This geometric characteristic leads to a signi- 2
5 400
ficant increase in the dynamic range of Wy, with g
increasing Lgp, whereas the dynamic range of 000 o
Wasoor remains nearly unchanged, as shown in Fig. 5 200

60 70 80 90 100 110 120
Lgp/mm

and Fig. 6. Overall, a gimbal point closer to the

dome vertex minimizes the surface aberration con- Fi . . o
ig. 5 Dynamic range of aberration surface contribution at

tribution from the dome. different Lgp.
Substantial aberration contributions from indi-
. . . (a) 0 — L ;=060 mm
vidual surfaces are often accompanied by higher-or- — = Lg=70 mm
. . . . —100 = = «L;=80 mm
der induced aberrations, making the compensation — - Lg=90 mm
) . - —200 — = =L =100 mm
of aberration challenging. Consequently, experi- < -300} - == Lg=110 mm
. « ' . |- I A T T <o L;=120 mm
enced designers advocate for “relaxed” optical sys- & 400}
tems, where each surface introduces minimal aberra- —5007F
. . . . e —600
tion™®. Adhering to this design principle, we recom-
—700

mend selecting the gimbal position as close as prac- 0 10 20 30 20
ticable to the dome vertex when choosing the initi- Look angle/(%)
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3 = = Lg=70 mm
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—100
3
g 150}
S
—200
—250 1
-300 -
0 10 20 30 40
Look angle/(°)

Fig. 6 Variation of aberration surface contribution with

gimbal position. (a) Wo2002 - (b) Wozoo1 -

4  Arch corrector optimization

4.1 Progressive introduction of optimization vari-
ables

The arch corrector comprises freeform sur-

faces possessing double-plane symmetry. Its global

surface expression is given by:

2 5
cr R
+ Az,-,zij’yZJ N ( 26 )
—(+hcr I.Zj_o

where 2

= x*+y?%, with x, y being the coordinates
in the global coordinate system, and z representing
the sag. c is the curvature at the vertex, and k is the
conic coefficient. A,;,; are the freeform coefficients
for the term x*y?. Due to the system's double sym-
metry about the YZ and XZ planes, the expression
contains only even powers of x and y.

To apply the aberration theory, conversion
from global to local surface parameters is necessary.
The conversion formulas for Fy, and F,, are as fol-

lows:

Fop ={=2P"? —k[142P"2 =4 (PP - PD) (P - z))| +4(P = PY) (P + R —z) + kcos (2a) -
4(1+k) P sinal/{4[(1+0) PO+ R-(1+k)z| (P - cosa) +4yosina) (27)

Fy =={(1+k) P (PP +2PPR,) +(PY +2P7R,) [(1+K) PO+ R— (1 + k)2 |+ (1 + k) (P + 2PP'R, ) sina—
cosa[(1+k) P +ksinal}/ 2R, [(1+ ) PO +R=(1+k)z0] (P - cosa) + 2R ypsina} (28)

where the expressions for the auxiliary parameters

P;") are as follows:

PO = Aozyé + A04)’3 + Aos)’g + Aosyg + Ao,wy(l)o ,
29

P (11) =[2A020 +4Aosy; + 6Asyy+
8A08y(7) + 10A0,10y(9)] cosa , (30)

P(IZ) = Azo +A22y3 +A24yg + A26y8 + Azgy(s) N (31 )

P(22) Z[Aoz + 6A04y§ + 15A06yg+
28Aggy8 + 45A0710yg]COSZG’ s (32)

P (32) =[2A02y0 + 4A0y; + 6Aceyy+
SAOSyZ) + 10A0,1oy3] sina (33)

P(ls) = [ZAzzJ’O + 4454y + 6Aseys + 8A28y(7)] cosa
(34

P =[2Aq, + 12A04y5 + 30A06yi+
56A05Y5 +90A 0y ] cosasine ,  (35)

Due to space limitations, the detailed deriva-
tion of the above formulas are provided in Supple-
ment.

The conversion formulas for the local paramet-
ers Fy, and F,;, while complex, reveal that they de-
pend solely on Ag,;, A;,;. This relationship pro-
vides crucial theoretical guidance for freeform sur-
face optimization: only the coefficients A,; (for the
y* terms) and A,,; (for the x*y* terms) need to be
designated as optimization variables. Higher-order
terms involving x, such as x*y*/, x%y%, etc., can be
initially neglected. Notably, higher-order coeffi-
cients Ag,; and A,,; (with larger j) are associated
with higher powers of y,, implying their influence
on aberrations becomes more pronounced at larger
look angles. Therefore, during optimization, free-
form coefficients can be introduced progressively.
In the initial optimization stage with a small FOR,
only low-order terms in y are added as variables. As

the FOR 1is gradually increased during the optimiza-
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tion process, higher-order terms in y are success-
ively incorporated. This progressive strategy of
adding freeform coefficients is beneficial for enhan-
cing image quality and reducing tolerance sensitiv-
ity
4.2 Merit function construction

[29]

Conventional optimization methods utilizing
spot size as the merit function require tracing a sub-
stantial number of real rays. For systems incorporat-
ing freeform surfaces with numerous parameters,
this approach is computationally slow and prone to
convergence to local minima. In contrast, calculat-
ing aberration coefficients requires tracing only
three rays (OAR, marginal ray, and chief ray), res-
ulting in significantly faster computation. Research
indicates that the solution space topography for ab-
erration coefficients closely resembles that of the
spot??l. This suggests that employing an aberration-
based merit function can facilitate rapid conver-
gence to the global optimal region of the solution
space, after which a spot-size-based merit function
can be used for fine optimization, thereby improv-
ing overall efficiency. Consequently, we construct
the merit function using aberration coefficients as

follows:

MF =w, {(WOZOOZ,tota1)2 + (WOSOOI,totaI)Z} +

) {(Wozooz, dome)2 + (W03001,dome)2} +

4 4
2 2
w3 {Z (WOZOOZ,surf,i) + Z (WOSOOI,surf,i) } s
i=1 i=1

(36)

The merit function consists of three parts. Wy
is the system’s total aberration. Wyuy,, is the com-
bined aberration contribution of the dome’s outer
and inner surfaces, enforcing mutual balance to re-
lieve burden on the corrector. Wy, is contribution
of each dome and corrector surface, minimizing per-
surface aberrations to mitigate higher-order aberra-
tions. Weights w; =1, w, = 0.1, and w; = 0.001 are
chosen for this example but can be tuned per sys-
tem.

Benefiting from the global optimization capab-

ility of the software, a spherical meniscus lens can
be used as the initial configuration for the arch cor-
rector. The inner surface of the dome is defined as
an aspheric surface, while the arch corrector is
modeled as two freeform surfaces. The optimiza-
tion procedure is performed as follows. In the early
stage, an aberration-coefficient—based merit func-
tion is employed, and a relatively small FOR is set.
Only low-order aspheric coefficients and low-order
freeform terms are introduced as optimization vari-
ables. During the intermediate stage, the FOR is
progressively expanded, and higher-order aspheric
coefficients and higher-order freeform terms are
gradually added to the optimization variables. In the
final stage, the merit function is switched to spot
size for fine optimization. The two mirrors and the
x*y* term coefficients of the arch corrector are in-
cluded as optimization variables to suppress spheric-

al aberration and higher-order aberrations.

5 Design case comparative valida-
tion

To validate the effectiveness of the proposed
design methodology, comparative studies were con-
ducted across 14 conformal system design cases,
generated by combining seven gimbal point posi-
tions with two optimization approaches. The gimbal
position Lgp was varied from 60 mm to 120 mm at
10 mm intervals to establish the initial configura-
tions. The two optimization methods consist of the
progressive optimization approach proposed herein
and a conventional optimization method, where the
latter employs the technique from reference!™ to
calculate the initial arch corrector configuration and
utilizes spot size as the merit function. System spe-
cifications are detailed in Tab. 2, with layouts of six
representative cases illustrated in Fig. 7.

Fig. 8 presents the all-field average RMS spot
diameters for 14 design cases. The horizontal axis
corresponds to seven gimbal positions, while the

vertical axis denotes the RMS spot diameter. The



10 HrE D (0

FExE

two curves represent the proposed progressive op-
timization method and the conventional optimiza-
tion method, respectively. As shown in Fig. 8, the
spot diameter increases with increasing Lg;p for both
methods, indicating that the imaging performance
degrades as the gimbal point moves farther away
from the dome apex. A comparison of the two
curves in Fig. 8 shows that, for each initial structure
corresponding to a given Lgp, the system obtained
using the progressive optimization method consist-
ently exhibits a smaller spot diameter than that

achieved with the conventional method, demonstrat-

Lg=60 mm

Progressive
optimization

Conventional
optimization

ing the superior performance of the proposed ap-
proach. When the initial structure is selected with
Lgp =60 mm and optimized using the progressive
method, the resulting system achieves the best ima-
ging quality, with a spot diameter of 6.7 um. In con-
trast, conventional designs typically adopt an initial
structure with Lgp = 120 mm combined with con-

#1 yielding a spot diameter

ventional optimization®
of 16 um. Consequently, the imaging quality of the
optical system designed using the proposed method
is improved by a factor of about 2.4x compared with

that obtained using the conventional approach.

L;=90 mm Lg=120 mm

Fig. 7 Conformal system layout obtained by two optimization methods at different gimbal positions.

Tab.2 Specifications of the system.

Parameter Specification
Material of dome ZnS
Fineness ratio (L/D) 1
Diameter of dome (D) 180 mm
Shape of dome Ellipsoid
Thickness of dome 4 mm
Wavelength 3.7-4.8 pm
Field of regard (FOR) +40°
Field of view (FOV) 20%2°
Entrance pupil diameter 45 mm
F-number 2
Pixel size 1.2 um

—=— Progressive optimization
—e— Conventional optimizatio:

0.014

e
=
o)

0.012 ¢
0.010

0.008 -

RMS spot diameter/mm

0.006 —* . . .
60 70 80 90

Lgp/mm

100 110 120

Fig. 8 Average RMS spot diameter of the conformal sys-
tems obtained by two optimization methods at dif-

ferent Lgp.

Fig. 9 shows the modulation transfer function
(MTF) curves at a 40° look angle for six represent-
ative cases. The left column plots the MTF of sys-

tems obtained by the proposed progressive optimiz-
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ation method, while the right column shows the
MTF of systems obtained by the conventional op-
timization method. The three horizontal rows from
top to bottom correspond to initial structures with
Lgp =60 mm, Lsp =90 mm, and Lgp = 120 mm, re-
spectively. A comparison between the left and right
columns of Fig. 9 indicates that, for each initial
structure, the MTF produced by the progressive op-
timization is higher than that produced by the con-
ventional method, demonstrating the superior per-
formance of the progressive approach. A comparis-
on of the three rows shows that the MTF decreases
markedly for both optimization methods as Lgp in-

creases, which indicates that initial structures with

Progressive optimization

the gimbal point closer to the dome apex yield bet-
ter imaging performance. In particular, when the ini-
tial structure with Lgp = 60 mm is optimized using
the progressive method, the resulting system attains
the best imaging performance: the MTF at the
Nyquist frequency (42 Ip/mm) exceeds 0.4, ap-
proaching the diffraction limit and satisfying the
performance requirements of conformal optical sys-
tems. Together with the results in Fig. 8, Fig. 9
provides strong validation for the effectiveness of
selecting initial structures based on aberration the-
ory and for the freeform-surface optimization stra-

tegy presented in this work.

Conventional optimization

1.0 1.0
0.8 SE. 0.8
----- FLY DIff limit S s
160 = 0.6 _ _F1:X Diff. limit = = 0.6
e ot MM o ——F1:Y (0°,0° F4:Y (1°,0°) S
0.4 - - -FI1:X (0°,0°) - - -F4:X (1°,0° 0.4F
——F2:Y (0°,1°) F5:Y (1°,1°)
02 L=~ ~F2:X(0°,1°) - - -F5:X (1°,1°) 02t
——F3:Y (0°,-1°——F6:Y (1°,-1°)
0 M —.F3:X. (0°;.1°)— 7 —F6:.X (1°.;l°) ! 0 | | ! ! | | | |
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Spatial frequency/(cycles'mm™) Spatial frequency/(cycles-mm™)
1.0 1.0
08} 08} NN \":\\_:\
0.6} 0.6t N T
L=90 mm % E SN SSiS
0.4 = 0.4 s e
0.2+ 02t T
O b ]
0O 5 10 15 20 25 30 35 40 0O 5 10 15 20 25 30 35 40
Spatial frequency/(cycles-mm™) Spatial frequency/(cycles-mm™)
1.0 1.0
0.8} 0.8} ST
0.6 0.6 N R g
Ly=120 mm g Lé P S e S
041 041 > e
02t 02t S N H
0O 0
0O 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

Spatial frequency/(cycles'mm™)

Spatial frequency/(cycles-mm™)

Fig. 9 MTF of the conformal systems obtained by two optimization methods at differentZspwhen look angle is 40°.
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6 Conclusion

This paper extends the plane-symmetric aberra-
tion theory to conformal optical systems by estab-
lishing a conversion relationship between global and
local surface parameters, thereby enabling analytic-
al computation of individual surface aberration con-
tributions. Based on this theoretical foundation, a
two-step design methodology is proposed: first, de-
termination of the optimal gimbal position through
minimization of the dome outer surface’s aberration
contribution; second, optimization of the arch cor-

rector via progressive introduction of aberration- re-

—— SO il ——

1 3l

e
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lated freeform parameters and construction of an ab-
erration-coefticient-based merit function.

Validation through 14 comparative design
cases reveals that systems designed using this meth-
od achieve an average RMS spot diameter of 6.7 pm
across the +40° field of regard, with modulation
transfer function performance approaching the dif-
fraction limit—yielding a 2.4x improvement in ima-
ging quality compared with conventional design
methods. This approach provides systematic theoret-
ical guidance for conformal optical system design
and substantially reduces the empiricism associated

with traditional trial-and-error optimization.

RIS S ) AW sh G 2%, TR
MBS MR RS 5 ARLIETC . SR 2R
B S T EI B T A1 = W =) = W 1 B 15 = e S S A
HUPAL IE g8 ELARXTFR TR Y %) R 35 M 5 TC IR 3 i
HLI AT b, RS B . BUR A ISR R iR 454
AL EEK A Wassermann-Wolf 773 77 #3815,
PR PALTE IR 2B, I AR I T B B 1)
GERE TR, TR B BE A0 5T R,
Uit B AP A 22290 R P i i 29 4 (HaX Sy
SEAENN TXMERE | il 3 b AS 5l i 7 3818 45 T ¥ 4
AR, THEE AR I #5105 A0 47 R B8k A%
AR PR AT S R R R

RAESE N 2EME R OB R i, (B
BT Z s EEeTE T, i BRI R
f 528 H B, 24T Zernike 15 22 FRPE TR
BT RGRAR 2 RAE, Wi kR T —3%
T T AL S EUR AT R R 22 Dk . X —FhR
AT ET X5 15 25 A 35U TR T A S 8K
e A R, S 808 T R PR R A I A

SR v R AR SR B, AR SCHR R T D RR R S
G, i — A TR EMTTT R SOE
SERGV I, i AR e S . 5B
2 WHES A R IR S R S R S A O
2, B R GG 22 e i RN H T IE &



% x

Y AN Shu-run, et al. : Design method for conformal systems based on ...... 13

Gio 553 VIR BT ITEN — P il R MEEE
UL AP TET AR 22 TR, B B DT 1) R
PR EH AR BERE R . 26 4 T it
JTEE T B S AN SR ZERCH A 2
BRI A o, JfAh A T 22 2R BT eR
B SCHBOEROE S A . 5 5 il S
HeGeiscit I7 i BIRS e A, Sk AN SRR U5 A A
BG5BT 5 T A S

2 PEAARAGKIEZ RN IER

21 MBEGBEER
Sasian®” @7, TR R GE G 25 382

W(H.p)= D WijnpgH-H)(p-p)"

km.n.p.q
(H-p)'G-H)YG-p) (D
HARARL, j k,mon, p, g REEEL, W /i =2k +n+p,
j=2m+n+qo Wi, HIR2ERE HAH—4
Yk ik, pHIA—AOGHE R &, 48 ) Y HlE Ty
] B S R AR T HER X FR R ¢, 1 T X FR
REMBG2ERIAXIGIN T G- HY G- p) P,
A A T AR 226
G2 IR YE R SR s k+m+n+p+qg
WA . VI T AR =T, o R
CRMET TR SRR SR RS 22 B A S i
Tk, B R s i484. Y p,q = OB, W, 00 X0
TR X R FR e AR 25 Z 8K, RIS = 20 ik BT 41
R 2T
Liu™ TRy B 8 285 5 4GB i A, &
S TN PR R GE R 2SR . Bl
RUE SCHIKATREE NG T YZ IR FRAY H B
TNt i (SN W

7 2 r/4

"Nt —— + Fooy? + Fy X2y +
z 2R. 8R. 02y 21Xy

Fo3yl3 + F40)C’4 + Fzlezylz + Fo4)”4 , (2

Hhr? =x?+y?, x, y N RISAR TR, 2 0 R 8K
o RAINKMZ AR, Fo, For, Fos, Fag, Fo,
Fo, ot T R B, SefR R A S8, T
e 1 TR 8 2 B8O0T 55 — 2R A5 22 TE o ik, Jy Jal g 7Y
AR BA 2 U 1 B a]
G2 T = SRRk 1B I R %

YAtk (Optical axis ray, OAR) #E17 ELSZ G2k B
B, RIS A 1547 56547 175 RE9IRO< T 1) 19 341 2%
25 ORI LGB I, RIS R
Xar Xp MOCERIAPE U, W, e, ), o IR TT 1) A

Xir1 in+u;i[i s (3)

’_ 7
Wy = Ry — Xy D)
Uyiv1 = M;[ s (5

Horhg AR EEIRTT M HCRREE, A
n;cosl! —n;cosl;
i = R,
15 2% o A1 A 1R 22 AR SR 23R R A 1, e
A AR 22T A 3T B S ry i B B 45 18
ZERBIRFR o LA Wonoon FH Wosoor M1

1 dXC a 2
Woro02 = ——A(u ) x21 +A(nCOSI)F02 XL;I
n /Jcos“l’ cos-1I’

2
D

6)

Wosoor =
AA(uMC) X, 1 A(uaxcz)xitanl'_’_

2 cosl’ _2RX

n n cosl’

R, , (8

tanl’ 3
A(HCOSI)(F21+F02 an ) X
cosl’

A A FIRIT AR LRI, 4, C b7
SRR, A7

D

.cosl
A:n(uax+x )

X

C =nsinl , (10)

AT DL, Woage, %25 ey 3 T B S50 P,
FHIE, T Woseor EZEE Foy MG, IX—fproCE 3t
B R GG 220 ST RS T BRI LA
22 HMREHERS

TEIA AR 22 3030 v, T BT JRy Sl AL s 2R R 4
i, HJE A TR 2k (OAR) 5 36 1 A 58 45,
Z R Z R Ty (WL E 1 2B AR &R XY
Z’) o SRMAE GBI, T AL 4 Jay Al bk 2R
T, HF ST RIS, Z R TR 4y
LA 1 AR R XYZ) ., X TIIE RS, 4
L (Look angle, LA)AEZHT, Ytk 532z



14 RED2E (RgEs)

FExE

He PG 22 B, 5 Sel 42 T B S U AR A Sy
SR RIS, BT RAR 2R R AL

I 2R G0 4 4 Ja i 6 5 52 o i A
i K XY 251 A i A/ 5 4
TET A9 T 28 2 50 e o 3 Dy s 81, AR 2R i A
XY I G e DA FE SR

152 ot 1A ) 22 g 1T B AR XA

cr?

z= , (1D
1+ VI-(1+k)c2r?

Hrh =22+, x, YRR, 282 RKE .
RS R, kO HE R A Rl AR A A
K Q), Fetfe AR EDAR Y 2R T S 8 e, k3w
AEBR (0, Y0, 20) K R R BRI B S AR ., Foo, Fai, Fos,
Fu, Fr, Foao

A Jmy TR AL 2 () il TR T RN F (x,y,2) = 0,
Xof (5 b TR A

F(X,y,2)=22(1+k)C—22+c(x2+y2)=() , (12D
WE 1 (b)) FiR, B e R A bR R R B 58S

(0,y0,20) I TiEH% o ffy, NPT AR B R AR AR R o 22 )R)
Mg x,y, 2 5 SR AR R Xy, 2 BRI S RN

x=x
y=cosay +sinaz + Yy, (13

z=—sinay +cosaz’ +zg

Feal (13) ARAR (12), FHENREAL IR R T Y
MG (,y.2) =0, H
G(x,y,Z) =(-sinay +cosaz +z)* (1 +k)c—
2 (—sinay’ +cosaz’ +zy) +
c [x’2 +(cosay +sinaz + yo)z] =
0 , (14)

HHzg, sina, cos a 4] 71y yo 1Y BREL:

1- J1-(1+k)c*y}]

15
“ (I+he : (15
sin@ = —% (16
1 —ke?y;
A 1-(A+k) ey
cosg= ——m— an

A 1 —ke2y?

K (15)-(17) FRASK (14), fLfii 53]

72
ror N 2 cy ’ 2
G(x,y,z)—cx +T2ky(2)—22 \[1—C2ky0+
2¢%kyo A/l =2 (1+k)y2

yE 1 —-c2ky;
€ [—1 + kg + k(—l + 2c2y§)]
Z =
1 —c?ky;
0 , (18)

¥R A SRR (2) FRA B, 3T
¥,y W G,y)=0, BEAF X, v, 2,
y3, ot Xy y I, AR RECNE, BV AT S
Jrids if B S E I ek 2O

\ 1 —ckyg

Rr=—m— (19
c
Ahky?
Fozz—yo 7 Q0
2(1—c2ky§)
kyo J1=c2(1+k)y3
F21: (21)

2(1 - czkyg)2

kyo J1-c2(1+k)y;
F03 = 3 N ( 22 )
2(1 - czky(z))

k-ck(1+k)y;

40 = (23 )
8(1 - (:2ky§)5/2
k[ 1+ chyl = ¢k (3 + 24 yi |
Fy= 73 24)
4(1 - czky(z))
Fo =c3k[1 +(143k) Y2 — k(T +4k) c*yi+
e/ [8(1 k) 2] , (25)

i]ﬂ:, )%igiﬁiﬂéﬁlex, FOZ: F21: FO3, F4O5
Fy, Fu 58 M2 RTS8 e, kA 5 AR
Yo, MRS B R MR SEM . 45aLLk
BT H, BIV AT 2D S T AR 25 BT

3 A S E GG

K 2 IHE It R G n R, R R G PE



% x

Y AN Shu-run, et al. : Design method for conformal systems based on ...... 15

BT ) A, FLAR B A B FRAE A (Look
angle, LA), i KA A FRAE W54 3 (Field of re-
gard, FOR) . J7 [m] 15 s (] B2 52 MW AR 45 44 18 ¢
HSH

A SCHR B T T R G0 ER 22 Rl )
7 B AR R, 8 G B 25 5 i 5 ),
ERE RS N W NI & A e 0 P TR N3 T
B, FRGE MR 2250 NS TS 25 40 VA 5 1
BRI, SR R LT R GRS o TR
T 1 S E SR EN N R, AT
PG STk A B TT e T RGeS HT

DARER R 2 3 2 M 491, LA B2k 180 mm, K
B 1, 4 R TH B S 8 TS R R R =
45 mm, [RIHEZR Bk = -0.75, #RHE ZnS. 5%
F G5 R B30 AR AR () T S 5 AR, Y B
FEBE, TSN TR S, B 3RRTH
[i] 77 05, R O BE IO 5 40 1) 8 60 mm 5 120 mm
(KR GiAR Jry o FE TRl — LR IZ530 Rl A, T 1] 4 s
A T R I B T, U B S g AR ) X AR
H - T

YT IIE RGN EEAR 2N H B RS
22031 A SCR AN 5 22 225 Won002 5 Wosoor o
Xof 33 T T 5 225 5 W i b, 5 %) JRy 388 1 R B 5040 )
R Fp5 Fyy, i (20) F12C (21) AL BT
OAR 38 1 AL b yo 19 RES, AR Ak il 26 G 151 4 B
7, Fo Lo p FRAE T [0) 5 5 5 4 00 B T00 e () T B
] 4 W, 24EEI M +40° H Lp 7 60-120 mm

TS, BEH Lop3 K, Fo BT B R,
111 Foy PR A R S BB AVE A

X — JUAT R Wonooo 1Y BHASIE FEI B Lo p 15
R ZRIEE I, T Wosoor HI NG I L-P- R EEAS
A5, W S R 6 BT SRR, T

R A8 22 T o MR AL AL 1 B 35 1 s B 1R
2%, FERG BB ML PR IED, T H2E
T DT MRS /N A B RN, AR SR A iR 45
eI - 7 1o 3 5 R SR B R TS X
T EBMERIE B, #1%E Lop = 60 mm A {1
CIREFCR A RS

4 BHREZHHRA
41 HUZERSRE

PEIEAL IE A% R F XSG f s AR i) B e i, 5
ENSIEAE SIS WE

z =
1+ VI—(1+ k)22

i =2+, x, y HEJRAAR, z R, AT
FMTES, ke R B HE ZR AR, gy o X2y TR E el it T
A B TFRGELT YZ5 XZ FHATR, £
KUy 52 BRI

SN G 25 BRI, T 4 R T R SR Ry
SRt SR Kb Fo, 5 Foy (5 AR

2 5
Ccr P
+ ZAZi,Z_jx2ly2] 5 (26)
j=0

Fop ={-2P" —k[14+2P"2 = 4(PY = PY') (P - z,)| + 4 (P = PY) (P + R —z9) + kcos (2a) -
4(1+k) P sinal/{4[(1+K) PO+ R=(1+k)z| (P - cosa) +4yosina) 27

Fy == {1+ PV (PP +2PPR,)+(PY +2P0R,) [(1 +K) PO+ R= (1 +k)z0 |+ (1 + k) (PP +2PPR, ) sina—
cosa[(1+k) P\ +ksinal} /2R, [(1+ ) PO +R—(1+k)z0] (P —cosa) + 2R ypsina} (28)

H R 28 F o 3R 20N

P(O) = A02y§ +A()4yé + A06y8 + Aogyg +A0’1()y(1)0 (29)

P(ll) =[2Apy0 + 4A04y(3) + 6A06y(5)+
8Aogy(7) + 10A0,|0y3] cosa , 30)

P(12> = A + Ay + Asayy + Aseyg + Assyy . (3D

P =[Ap +6Any; + 15A06y;+
28A08y8 + 45A0,10yg]cos2a' s (32)

P(32) =[2A02y0 + 4A04y8 + 6A06y(5)+
8A0sy; + 1040 10yl sine (33)

P<13> = [2A22y0 + 445455 + 6Asy; + 8A28y(7)] cosa
(34

P(33) :[2A02 + 12A()4y(2) + 3OA()6yg+
56A05Y5 +90A 0y cosasine ,  (35)
H T A PR, E R A SR TE A e 5 DA 5E
PE=



16 HrE D (0

FExE

S Foo 5 Fo IR BN B2 2%, AT5RT W] i
P EIEIIELE 2 Gl il B S P
%ﬂ, F025F211XEXH%:J:XE/‘J£K)/I\/%§&AO,2J‘5:M§\
B Az, 30 B bt pe AR At T BTAR Ay B TE
T ATy IR EL A 5 Py IR R B Ay N
DAL, 1115 T xR e YT (A ety x®y 45 af
AT AR, SR R, T
y%%m%ﬁf\o,yl@fb,zﬂ*%%yo E"J%Bj/l\lﬁ, %%Eﬁ
HEZ e BEAL A I MR 5 . Db, PRl R TR
FH A AN SRS - W) IE B DS,
AL Ay RIS i RS B A6 R
J&, PSS B R A TR BT
FETH UG IR AR A 25 U,
42 N ERBEE

TG TT I H LM D EHER SR S I
PR, FB R KB HLSOG . XF T A H Y
ARG, ZERZ FEHARCAK B 5 b A= %
. MHILZ T, 522 R B B | 1
GO FOUL AR AT P+ 5
FEARW, A8 22 F AU 2 6] 5 O G BRE ik 2 8] 78 3
FEARFE b BRI, AT SE R R 2201 ek £
1A B S 4 Ry B L =5 ), FRD) 4 2
JCHEVFAN pRECHATRG A4k, DT S 25 3 T A
RO HET BRI, AR AN R AN B AL

MF =w, {(WO2002,total)2 + (WOSOOI,tmal)Z} +

) {(Wozooz, dome)2 + (WOSOOI,dome)Z} +

4 4
w3 {Z (‘)[/02002,surf,i)2 + Z (WO3001,surf,i)2}

i=1 i=1
(36)

Ao, TR “total” KA RGESMG 2, I THEHIH A
15 27K -5 T AR “ dome” FAE 2 i A9 15 22 BTk,
FH T2 N R THAR 25 T4, AR I 25 T 40 ;
AR surf” AL RG22 TTHR (F JTRAE T E A
HNRTH MR IE A P R T 2L PO A1), B30
162, BT IREE M . AR B w,, wa, wiF]
FR i 22 8 R RAE 3K, AR B B w, =1, wy =
0.1, w3 =0.001,

45 T2 R Aesa ek, HOPAE A il AEK T
WHBEHRL KR N R ARk, Ht
TERERR R R i, LA an R : R A
FET5 2 FEIPN pR AL, 158 B/ NS, (L

FIAARB B 5 F iy 2 R S e A s o
HIIZ A R I 34 e B 2 K R e 2
JEBERE PP s B AT AR AR AE, Rl e
S IE Ao 04 K IR K50 A S S B i A SR e A
DU Bk 22 S s B (522 o

5 &I EA A ILIRGE

S IRAEA ST R TR B A, X 14 4
I R G Bt 22 PR XS e W5, 7 A3 1
SRS 2 R R AT AL, T 1R
LepfE 60—120 mm 3 [l N LA 10 mm Jy 8] 7 28 B
7ML EAE A RIIR A . AT IR AR SO R
B SR G, P G gt ib ik
SCHRUS 5 B AR ROE BRI LR 45, ITLIOEEE
REHER TN 8. RGAEFR N3 2 iR, & 7
B 6 AN BRI () A ) o

K8 /R T 14 MR BT A 37 73
RMS 58 B4, BT R 7 AT )5 s
AN RMS #3581 & BLAR, 1 4% il 26 40 31t i
ARSI AR SIS A . WiE 8 BT
N, Bl Lep i, BIFOLAL T i 2 B0 A 91
LA, X WA B 7 16 7 5 7 A O e T A
ARG SAG TR L. X EEIE] 8 Hmi Al £k, X
FAFA Lo p X I VIR EE Y, B A LIS TS R 5¢
SN E AR BN TR SR A, X R IZ AL
I RO T Gt o MW IR 25 K 3 L
Lgp = 60 mmIfRHZE LA, ik RG &
Fr ik Bl e, HAPEERN 6.7 um, TifE5E
WITZ R Lep = 120 mm T BRI LG S5F90 J-2%5
BARGARA T, TS RS S HAR IS 16 pm.
PR MR A SO BT IE AR 2D 2R R G0 1 R
Fii ARG T 2.4 1%

9 R T 6 A BAIZBFITE 40000 £ 1F (1)
Hilfe i PRE (MTF) i<k . Z20F ARz Ak
BARBI RGN MTF, G9Fh R AE S 2:4%
FRGH MTF, M _EZF A = REFT 43500 % Ry %5
Lop B 60 mm. 90 mm. 120 mm 1) = Ff 4 14 45
P, XFECIE 9 ZE AT BIES, XA IR LR, B4
AL R G MTF B TGk, X%
WA RO A . XF U 9 R =47,
B Lopdt R, MIFMEALTTIE TS RGEH MTF 3



% x

Y AN Shu-run, et al. : Design method for conformal systems based on ...... 17

B R, X A T ) A R I TS )
UWRESHITE A . MW IR S B o IR HIZE 1R
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