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Fig.2 System layout for design example A. (a) System using XY polynomials surface; (b) System using Chebyshev polynomials surface; (c) System

using Legendre polynomials surface and using two types of constraints during optimization
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Fig.3 MTF (a) and full FOV RMS wavefront error (b) of systems in example A using XY polynomials and Chebyshev polynomials surface types

% 3 &6 A B93RA XY ST B B EE Chebyshev ZIR B B i A B X 5 =34 B FR R
Tab.3 Surface sag difference and imaging performance for design example A using XY polynomials and

Chebyshev polynomials surface types

Surface type XY polynomials Chebyshev polynomials
None Sag difference on aperture margins
Constraints
SDPV/mm MND/(°) SDPV/mm MND/(°)

Ml 0.667 0.494 0.090 0.090

M2 0.580 2.368 0.254 0.940

Sum 1.247 2.862 0.344 1.030
RMS WFE 0.0211 0.0212
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Fig.4 Sag difference between the freeform surface and base surface for the surfaces in example A using XY polynomials and Chebyshev polynomials

surface types
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Tab.4 Surface sag difference and imaging performance for design example A using XY polynomials and Legendre

polynomials surface types

Surface type XY polynomials Legendre polynomials
c ) None Sag difference on aperture margins Square sum of surface coefficients Both types of constraints
onstraints
SDPV/mm MND/(°) SDPV/mm MND/(°) SDPV/mm MND/(°) SDPV/mm MND/(°)
M1 0.667 0.494 0.097 0.100 0.100 0.112 0.097 0.097
M2 0.580 2.368 0.156 0.710 0.156 0.601 0.156 0.747
Sum 1.247 2.862 0.253 0.810 0.256 0.713 0.253 0.844
RMS WFE 0.0214 0.0204 0.0204 0.0201
Constraints on sag difference Constraints on square sum
XY polynomials at aperture margins of surface coefficients Both types of constraints
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Fig.6 Sag difference between the freeform surface and base surface for the surfaces in example A using XY polynomials and Legendre polynomials

surface types
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Fig.7 System layout for design example B. (a) System using XY

polynomials surface type; (b) System using Legendre polynomials
surface type and using two types of constraints during

optimization
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Tab.5 Surface sag difference and imaging performance for design example B using XY polynomials and Legendre

polynomials surface types

Surface type XY polynomials Legendre polynomials
None Sag difference on aperture margins Square sum of surface coefficients Both types of constraints
Constraints
SDPV/mm MND/(°) SDPV/mm MND/(°) SDPV/mm MND/(°) SDPV/mm MND/(°)
M1 1.759 5.259 0.116 0.381 0.170 0.681 0.108 0.360
M3 0.860 1.339 0.219 0.447 0.209 0.428 0.216 0.436
Sum 2.619 6.598 0.335 0.828 0.379 1.109 0.324 0.796
RMS WFE 0.0081 0.0082 0.0081 0.0081
Constraints on sag difference Constraints on square sum
XY polynomials at aperture margins of surface coefficients Both types of constraints
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Fig.9 Sag difference between the freeform surface and base surface for the surfaces in example B using XY polynomials and Legendre polynomials

surface types
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Fig.10 System layout for design example C. (a) System using XY
polynomials surface type; (b) System using Legendre

polynomials surface type and using two types of constraints

during optimization
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Fig.11 MTF (a) and full FOV RMS wavefront error (b) of systems in example C using XY polynomials and Legendre polynomials surface types
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Tab.6 Surface sag difference and imaging performance for design example C using XY polynomials and Legendre

polynomials surface types

Legendre polynomials

Surface type XY polynomials
) None Sag difference on aperture margins Square sum of surface coefficients Both types of constraints
Constraints SDPV/mm MND/(°) SDPV/mm MND/(°) SDPV/mm MND/(°) SDPV/mm  MND/(°)
Ml 1.941 2.013 1.979 1.874 1.851 2.061 1.734 1.373
M2 0.900 7.600 0.033 0.585 0.050 1.078 0.033 0.591
M3 6.525 5.070 0.645 0.536 0.500 0.448 0.540 0.457
Sum 9.366 14.683 2.657 2.995 2.401 3.587 2.307 2.421
RMS WFE 0.0474 0.0504 0.0454 0.0514
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Design method of imaging systems using square-domain orthogonal

polynomials freeform surface (invited)

Zhou Lijun'?, Yang Tong'?*, Cheng Dewen'?, Wang Yongtian'?

(1. School of Optics and Photonics, Beijing Institute of Technology, Beijing 100081, China;
2. Beijing Engineering Research Center of Mixed Reality and Advanced Display, Beijing 100081, China)

Abstract:
Objective Compared with traditional spherical and aspherical optical surfaces, freeform optical surface offers
more degrees of design freedom, and it can be used in the design of imaging systems with more advanced system
specifications, better imaging performance, more compact structure and novel functions. During freeform imaging
system design and optimization, high imaging performance is an important design target. In addition, the freeform
surfaces should be easier to be tested and fabricated. Interferometric surface testing is one of the most accurate
methods for freeform surface and it is now increasingly used. To decrease the testing difficulty, the sag difference
between the freeform surface and the base sphere or base conic should be as small as possible. For rotationally
symmetric systems, the sag difference can be controlled easily and efficiently by using circular-domain
orthogonal polynomial surfaces such as Zernike polynomials surface and Q2D polynomials surface. However, for
nonrotationally symmetric freeform systems, as rectangular field-of-view is often used, the freeform surfaces

often have rectangular aperture, the ability of circular-domain orthogonal polynomial surfaces is limited.
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Therefore, it is necessary to establish a design method to control the testing difficulty of freeform surface with

rectangular aperture.

Methods A design method of imaging systems using square-domain orthogonal polynomials freeform surface is
proposed. Two kinds of square-domain orthogonal polynomials of Chebyshev polynomials and Legendre
polynomials are analyzed and used. The inner product of the surface sag difference using orthogonal surfaces is
related to the weighted square sum of the polynomial coefficients. For Chebyshev polynomials, as its weight
function is a complicated function of x and y, it is not straightforward to use this property to control the sag
difference. However, the sag difference can be controlled by constraining the sum of sag difference around the
margins of the rectangular aperture to be zero. In addition, piston and tilt terms in orthogonal surface description
should be zero. This can be controlled by constraining linear combinations of surface coefficients to be zero
during optimization. For Legendre polynomials surface type, the constraint on the aperture margin can still be
used. In addition, as the weight function of Legendre polynomials is one, the square sum of the polynomial
coefficients can be used directly, which can be integrated into the total merit function during optimization.
Detailed mathematical equations for establishing the design constraints and merit functions can be found in Egs.
(8), (9), (15)-(18).

Results and Discussions  Several design examples are used to show the feasibility and effect of the proposed
design method. For Chebyshev polynomials freeform surface, a freeform off-axis three-mirror system whose
primary and tertiary mirrors are integrated into one surface is designed. Compared with the design using
traditional XY polynomials surface without sag difference constraints, the sag difference of the freeform surfaces
in the system using Chebyshev polynomials surface is effectively controlled (Fig.2-3, Tab.3). For Legendre
polynomials freeform surface, three kinds of off-axis three-mirror systems are designed: a system whose primary
and tertiary mirrors are integrated into one surface, a system with the traditional zig-zag structure, and a system
with a cylindrical package and real exit pupil. The design constraints on the sag difference at aperture margins,
and the constraints on square sum of surface coefficients are used. Compared with the design using traditional XY
polynomials surface without sag difference constraints, the sag difference of the freeform surfaces in the system

using Legendre polynomials surface is effectively controlled (Fig.4, Fig.6, Fig.8, Tab.4-6).

Conclusions For the commonly used rectangular surface aperture in freeform imaging system, a design method
of freeform imaging system using square-domain orthogonal polynomials freeform surface is proposed.
Chebyshev polynomials freeform surface and Legendre polynomials freeform surfaces are used and discussed.
Based on the mathematical properties of the two kinds of polynomials, the mathematical constraints on the sag
difference at the margins of the rectangular aperture and the constraints on the square sum of the polynomial
coefficients are derived. Several design examples are given to show the feasibility and effect of the proposed
design method. The design results show that, using the proposed design method and square-domain orthogonal
Chebyshev and Legendre polynomials, the surface sag difference between the freeform surface and the base
surface can be reduced effectively, and the testing difficulty can be reduced. The proposed method can be used in
the design and development of all kinds of freeform imaging systems, and can be easily implemented in optical

design software and other computing platforms and environments.
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