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Abstract: An anamorphic telescope has different magnifications in the tangential and sagittal direc-
tions, and it can be applied to atmospheric remote sensing satellites to effectively improve the spectral
sampling rate. However, the initial structure of an anamorphic system is rare and its optimization
requires extensive experience, which brings a challenge to the design of anamorphic telescopes. In this
study, we propose a design method that is effective in obtaining the initial structure of an anamorphic
system and discuss the conversion relationship between the Biconic surface and the XY polynomial
surface. The XY polynomial provides design capabilities with an ultrawide field of view (FOV). With
this insight, an initial anamorphic system with XY polynomial surfaces is constructed as a good
starting point for further ultrawide FOV optimization. Consequently, an off-axis freeform anamorphic
telescope with a focal length of 34 mm × 68 mm, and an ultrawide FOV of 110◦ × 0.24◦ is designed
as an example. The telescope is a Gregorian structure with two concave mirrors as anamorphic
elements, and the simulated design exhibits excellent performance. The method provided in this
study facilitates the design of remote sensing instruments.

Keywords: freeform surface; anamorphic telescope; ultrawide FOV; optical design

1. Introduction

An imaging spectrometer can simultaneously obtain the spatial and spectral infor-
mation of an object, and it is essential in atmospheric remote sensing. However, imaging
spectrometers with array detectors may suffer from spectral undersampling, causing dif-
ficulties in measured data analyses [1]. Undersampling is evident in the Global Ozone
Monitoring Experiment [2]; investigators discovered high systematic fitting residuals and
errors when fitting trace gases from spectra. According to the sampling theorem [3], reduc-
ing the spectral resolution can increase the sampling rate. This is a balance to improve the
quality of spectral analyses.

Telescopes are important elements of satellites. Off-axis reflecting telescopes have
the advantages of eliminating central obscuration and chromatic aberration [4], and they
have been widely used in space-based systems. Such as the front telescope of the Wide
FOV Imaging Spectrometer [5], which is a Schwarzschild structure with a focal length of
8.52 mm. The telescope of the Ozone Monitoring Instrument [6] consists of two concave
mirrors with an F-number of 11 (spatial dimension)× 15 (spectral dimension). The imaging
performance of the telescope affects the spectral sampling rate. In a push-broom instrument,
light beams converge on the slit of the spectrometer through the telescope. Increasing the
slit width in the spectral dimension causes the dispersion width of the light in the detector
to increase, which is beneficial for improving the spectral sampling rate. In order to have a
wider image size, the telescope needs improved magnification. Conventional telescopes
have the same magnification in the tangential (Y) and sagittal (X) directions. Increasing the
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magnification in the Y direction results in a wider imaging size in the spatial dimension,
therefore, the overall volume of the system is significantly large. Thus, how to optimize a
telescope in order to improve the spectral sampling rate while considering the compactness
of the system has become a problem that needs to be solved.

Furthermore, an ultrawide FOV is one of the main development directions for remote
sensing telescopes [5–8]. An ultrawide FOV results in a wide swath and improves the
working efficiency of the instrument. However, according to the aberration theory, an
ultrawide FOV also introduces numerous aberrations, which are difficult to correct when
only using spherical or aspherical systems.

The freeform surface [9–11] is an optical surface without a rotational symmetry axis.
With the development of testing and manufacturing technology, freeform systems have
been extensively studied and used [12–19]. XY polynomials and Zernike polynomials are
representative types of descriptions of freeform surfaces and are widely used. Moreover,
radial basis functions and basis splines are local descriptions investigated in optical system
design [20]. Meanwhile, some scholars have investigated the optical property of conic
surfaces and developed freeform surfaces [21,22]. Relying on the greater degrees of freedom
provided by freeform surfaces, designers can easily further correct the aberrations related
to an ultrawide FOV. Anamorphic freeform surfaces have different focal lengths in the
two perpendicular directions. Currently, telescopes with anamorphic freeform surfaces are
being used for remote sensing. The telescope of the Infrared Limb Sounder (ILS) is an off-
axis four-mirror structure with 0.5 and 3 magnifications in two perpendicular directions [23].
The TROPOspheric Monitoring Instrument (TROPOMI) is an imaging spectrometer on the
Sentinel-5P satellite. Its telescope comprises two concave freeform surface mirrors with a
swath viewing angle of 108◦, and a focal length of 34 mm (spatial dimension) × 68 mm
(spectral dimension) [24,25]. According to Gaussian optics, different focal lengths offer
different magnifications. Therefore, applying anamorphic freeform surfaces to design an
ultrawide FOV anamorphic telescope can improve the spectral sampling rate of the system
while obtaining a compact instrument and a wide swath.

A reasonable initial structure is important in optical design. However, the initial structure
of anamorphic telescopes is quite rare, it is difficult for designers to obtain a satisfactory struc-
ture through search. In the traditional method, a rotationally symmetric system is selected as
the initial structure, and then optical design software is employed to gradually optimize the
focal lengths in the two perpendicular directions and to ensure that the two focal lengths are
unequal. This is a feasible method, but it has some problems: (1) When gradually optimizing
the focal length, each time, only a small optimization step can be applied to the software,
and the method is time-consuming when m is large (MY/MX = m, where MY and MX are
the magnifications of the system in the Y and X directions, respectively); (2) The focal length
optimization process requires designers with extensive experience, otherwise, anamorphic
aberrations are difficult to control, and designers may fail to solve a reasonable structure.
Therefore, we present a method of obtaining the initial structure of an anamorphic system
and discuss the conversion relationship between the Biconic surface and the terms of the XY
polynomials. As soon as the system specifications are determined, the initial structural parame-
ters of an anamorphic system with XY polynomials can be obtained for further optimization.
Compared with the gradual optimization of the focal lengths, this method greatly improves
design efficiency. In this study, freeform surfaces with low-order polynomials are used as a
design principle to achieve image quality requirements. Then, considering the specifications of
TROPOMI as a reference, using Zernike polynomial guidance optimization, an ultrawide FOV
off-axis two-mirror anamorphic system (UFOTAS) with a focal length of 34 mm × 68 mm and
an FOV of 110◦ × 0.24◦ is designed as an example. The simulated UFOTAS uses a sixth-order
XY polynomial, exhibits excellent imaging quality, and meets the requirements of an ultrawide
FOV, with an anamorphic and compact structure.
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2. Methods
2.1. Initial Anamorphic Structure Construction

Calculating the initial structure is the first step in optical design, and a feasible initial
structure can improve optical design efficiency. Compared with traditional optical systems,
anamorphic telescopes have different focal lengths in the X and Y directions; thus, an
anamorphic system has different parameters in two mutually perpendicular directions.
A surface map of an anamorphic surface is shown in Figure 1, where cX and cY are the
curvature of the anamorphic surface in the X and Y directions, respectively, and fX and fY
are the focal lengths of the anamorphic surface in the X and Y directions, respectively.
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Figure 1. Surface map of an anamorphic surface.

According to the two curvature characteristics, anamorphic surfaces are different from
conventional symmetric surfaces. The parallel rays incident in an anamorphic surface no
longer form a sharp point image but rather two strip images, namely, xlength and ylength, in
the XOZ and YOZ planes, respectively. Moreover, in the paraxial region, if there is a ray
incident in the XOZ or YOZ plane, the ray will only propagate in this plane. Based on these
features, we calculate the initial structure of an anamorphic system.

In this study, the X and Y directions are defined as the directions for resolving spatial and
spectral information, respectively. According to the anamorphic imaging relationship, the focal
length FY in the Y direction is n times the focal length FX in the X direction, that is, FY = nFX.

A schematic diagram of the anamorphic system is shown in Figure 2; it is based on a
Gregorian structure, and we analyze it in the XOZ and YOZ planes simultaneously. In the
initial structural analysis, it is assumed that the rays from infinity and the marginal ray heights
on the primary mirror (PM) are equal in the XOZ and YOZ planes (h1X = h1Y, and h1X and
h1Y are the marginal ray heights on the PM in the X and Y directions, respectively). The stop
is located on the front focal plane of the secondary mirror (SM) in the XOZ plane, and the
system is telecentric in the XOZ plane. The PM assumes a large anamorphic effect, such that
the marginal ray heights on the SM change significantly in two directions (h2X > h2Y, and h2X
and h2Y are the marginal ray heights on the SM in the X and Y directions, respectively). The
parallel rays are first imaged by the PM at different positions in the XOZ and YOZ planes
between the PM and the SM; there is obvious astigmatism. Thus, SM provides aberration
compensation for the system such that the two intermediate images at different positions are
re-imaged at the same position.



Photonics 2022, 9, 836 4 of 14Photonics 2022, 9, x FOR PEER REVIEW 4 of 15 
 

 

 

Figure 2. Schematic diagram of the anamorphic system in the X and Y directions. 

According to the Gaussian formula and primary aberration theory [26], the primary 

aberration formula for spherical, coma, astigmatism, field curvature, and distortion that 

satisfies the Gregorian anamorphic structure is as follows: 

( )
3 3 2

2 2

1 2

2 3 2
2 2

1 2

2 3
2 2

1 22

3

3

(1 ) ( 1) ( 1)
1 ,

4 4 4

( 1) (1 ) ( 1) ( 1) 1
(1 ) ,

4 4 4 2

( 1) ( 1) ( 1) (1 )
(1 ) ,

4 4 4

1
,

( 1)
(1

4

i i i i i i
i i i

i i i i i i
i i i

i

i i i i i i
i i i

i i i

i
i i

i

i i
i

i

S e e

S e e

S e e

S

S

     

     



     

  






 



+ − +
= − + −

− − + − +
= − − + −

− − − + +
= − − +

+
= −

− −
=

Ⅰ

Ⅱ

Ⅲ

Ⅳ

Ⅴ

3 2 2
2 2

1 22 2 2

2

2 2

(1 ) ( 1) ( 1) 3( 1)
)

4 4 2

3(1 ) 1 5 3
2,

2 2 2

i i i i i
i i

i i i

i i i i

i i i

e e
    

  

   

  

+ − + − −
− − + −

− − − +
− + − +

 

(1) 

where αi is the system blocking ratio (αi = h2i/h1i), βi is the magnification of the SM; and −e1i2 

and −e2i2 are the aspheric coefficients of the PM and SM, respectively (i = X, Y). 

The structure parameters can be written as follows:  

1 2

2 2
, ,

1

( 1)
, ,

i i i
i i

i i

i i
i i i i

i

F F
R R

F
d l F



 






= − = −
+

− = =

 (2) 

where Fi is the total focal length of the system; R1i and R2i are the radii of the curvatures of 

the PM and SM, respectively; di is the distance between the two mirrors; and li´ is the 

distance between the SM and the image plane. 

First, we determined the initial structural parameters in the X direction. The system 

constraints include the diameter of the entrance pupil and the relative aperture of the PM 

in the X direction. When the specifications of the system are determined, according to 

Equations (1) and (2), the radii of the curvatures R1X and R2X of the PM and SM, the as-

pheric coefficients -e1X2 and -e2X2 of the PM and SM, the distance dX between the two mir-

rors, and the distance lX´ between the SM and the image plane in the X direction can be 

calculated. 

Figure 2. Schematic diagram of the anamorphic system in the X and Y directions.

According to the Gaussian formula and primary aberration theory [26], the primary
aberration formula for spherical, coma, astigmatism, field curvature, and distortion that
satisfies the Gregorian anamorphic structure is as follows:
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where αi is the system blocking ratio (αi = h2i/h1i), βi is the magnification of the SM; and
−e1i

2 and −e2i
2 are the aspheric coefficients of the PM and SM, respectively (i = X, Y).

The structure parameters can be written as follows:

R1i = − 2Fi
βi

, R2i = − 2αi Fi
1+βi

,

di =
(αi−1)Fi

βi
, li ′ = αiFi,

(2)

where Fi is the total focal length of the system; R1i and R2i are the radii of the curvatures
of the PM and SM, respectively; di is the distance between the two mirrors; and li′ is the
distance between the SM and the image plane.

First, we determined the initial structural parameters in the X direction. The system
constraints include the diameter of the entrance pupil and the relative aperture of the
PM in the X direction. When the specifications of the system are determined, according
to Equations (1) and (2), the radii of the curvatures R1X and R2X of the PM and SM, the
aspheric coefficients −e1X

2 and −e2X
2 of the PM and SM, the distance dX between the two

mirrors, and the distance lX′ between the SM and the image plane in the X direction can
be calculated.

Thereafter, we determined the initial structural parameters in the Y direction. The
distance between the two mirrors and the image position were determined when solving
the initial structure in the X direction; that is, dX = dY, lX′ = lY′, where dY is the distance
between the two mirrors, and lY′ is the distance between the SM and the image plane in
the Y direction. Thus, the other variables in the Y direction were the radii of the curvatures
and aspheric coefficients.
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Because FY = nFX, the relationship between the radii of the curvatures of the PM and
SM in the X and Y directions can be obtained as follows:

1
R2X
− 1

R2Y
= R1Y−R1X

R1X−
(nR1Y−nR2Y )R1X R2X−(R1X−R2X )R1Y R2Y

nR1X R2X−R1Y R2Y

× 1
R1Y−

(nR1Y−nR2Y )R1X R2X−(R1X−R2X )R1Y R2Y
nR1X R2X−R1Y R2Y

,
(3)

where R1Y and R2Y are the radii of the curvatures of the PM and SM in the Y direction,
respectively. According to Equation (3), provided the radii of the curvatures R1X and R2X
are determined, the radii of the curvatures R1Y and R2Y can be obtained as follows:

R1Y =
nR1X(αX − 1)

αX − n
, R2Y =

R2X(βX + 1)(αX − 1)
αX + αX βX − nβX − 1

, (4)

where αX is the blocking ratio and βX is the magnification of the SM in the X direction.
Therefore, the system blocking ratio αY and the magnification of the SM βY in the Y direction
can be described as follows:

αY = αX
n ,

βY = (αX−n)βX
αX−1 .

(5)

Thereafter, the aspheric coefficients −e1Y
2 and −e2Y

2 of the PM and SM in the Y
direction can be extracted using Equations (1) and (5).

After obtaining the parameters of the anamorphic system, the initial structure with
Biconic surfaces can be simulated. The Biconic expression is as follows:

z =
cXx2 + cYy2

1 +
√

1− (1 + kX)c2
Xx2 − (1 + kY)c2

Yy2
. (6)

Among them
cX = 1

RX
, cY = 1

RY
,

kX = −e2
X , kY = −e2

Y,
(7)

where cX and cY are the curvatures of the mirror in the X and Y directions, respectively; RX
and RY are the radii of curvatures of the mirror in the X and Y directions, respectively; kX and
kY are the conic constants of the mirror in the X and Y directions, respectively; −eX

2 and −eY
2

are the aspheric coefficients of the mirror in the X and Y directions, respectively.
According to FY = nFX and Equations (3) and (7), the relationship between the curva-

tures of the PM and the SM in the X and Y directions can be obtained as follows:

c1X − c1Y
c2X − c2Y

=

(
c2

1X − nc1Xc1Y + nc1Xc2Y − nc1Yc2Y
)(

c1Xc2X + c1Xc1Y − c2Xc1Y − nc2
1Y
)

(c1Xc2X − nc1Yc2Y)
2 (8)

where c1X, c2X, c1Y, and c2Y are the curvatures of the PM and SM in the X and Y directions.
Furthermore, the relationship between the curvatures can also be expressed as follows:

c1X =
nc1Y(αX − 1)

αX − n
, c2X =

c2Y(βX + 1)(αX − 1)
αX + αX βX − nβX − 1

, (9)

2.2. Conversion Surface Type

The Biconic surface can be applied well to a coaxial system. For off-axis systems,
the ability to correct aberrations is limited because it is symmetrical about the XOZ and
YOZ planes. To improve the design freedom, we converted the Biconic surface into the
XY polynomial surface. The XY polynomial freeform surface is formed based on adding
polynomials to a quadratic surface, and it has the advantage of matching the description of
numerical control optical manufacture [7]. Since the system we designed was symmetric
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about the YOZ plane, the coefficients of odd items of x in the XY polynomial were zero.
The XY polynomial can be written as follows:

z =
c(x2 + y2)

1 +
√

1− (1 + k)c2(x2 + y2)
+ A2y + A3x2 + A5y2 + A7x2y + A9y3 + A10x4 + . . . . . . , (10)

where c is the curvature, k is the conic constant of the freeform surface, and Aj (j = 1, 2, 3 . . . )
are the coefficients of the XY polynomial.

In the XY polynomial expression, the first term is a quadratic surface equation, and
the radius of the curvature is expressed as follows:

r1 =
1
c

, (11)

The surface fitted by the first term of the XY polynomial is rotationally symmetrical,
whereas the Biconic surface is non-rotationally symmetrical. Therefore, it is necessary to
increase the freeform terms of the XY polynomial to compensate for the surface deviation
caused by the surface conversion.

The A3x2 term is a parabolic surface equation, and a surface map of the A3x2 term is
shown in Figure 3, where cX

′ and cY
′ are the curvature of the parabolic surface in the X

and Y directions, respectively, and fX′ is the focal length of the parabolic surface in the X
direction. The curvature of the surface in the YOZ plane is zero (cY

′ = 0), and the radius of
the curvature in the XOZ plane is expressed as follows:

r2 =
1

2A3
, (12)Photonics 2022, 9, x FOR PEER REVIEW 7 of 15 
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In particular, the radius of the curvature of the XY polynomial surface is determined
by the radius of the curvature of the quadratic term and the coefficients of the terms.
Adding the A3x2 term can modify the curvature of the surface in the X direction, causing a
change in the surface’s focal power in the X direction. Therefore, the focal power of the XY
polynomial surface in the X direction can be approximately expressed as follows:

ϕX = ϕ1 + ϕ2, (13)

where ϕX is the focal power of the XY polynomial surface in the X direction, ϕ1 is the focal
power of the quadratic term of the XY polynomial in the X direction, and ϕ2 is the focal
power of the A3x2 term of the XY polynomial in the X direction (ϕ = 1/f, where ϕ is the
focal power of the surface, and f is the focal length).
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Then, according to Equations (8)–(11), the radius of the curvature RX and the coefficient
A3 can be approximately written as follows:

RX =
r1r2

r1 + r2
, A3 =

r1 − RX
2(r1 · RX)

. (14)

Likewise, the relationship between the radius of the curvature RY and the coefficient
A5 can be approximated as follows:

A5 =
r1 − RY

2(r1 · RY)
. (15)

The relationship between the radii of the curvatures (RX and RY) of the Biconic surface
and the terms of the XY polynomial was determined, and then we discussed the relationship
between the conic coefficients (kX and kY) of the Biconic surface and the terms of the XY
polynomial. We performed Taylor expansions for the expressions of the Biconic and XY
polynomial surfaces. By specifying an expansion point (x = 0, y = 0), the four-order Taylor
expansion of Equation (6) near the expansion point can be expressed as:

z = 1
2 x2cX + 1

2 y2cY + x4

8 c3
X(kX + 1) + y4

8 c3
Y(kY + 1)

+ x2y2

24 (
c2

XcY(kX+1)
2 +

cXc2
Y(kY+1)

2 ) + O
(
x4, y4), (16)

where O (x4, y4) is the remainder. Similarly, according to Equations (8), (12) and (13), the
XY polynomial with quadratic, x2, y2, x4, and y4 terms can be expressed as follows:

z = 1
2 x2c + 1

2 y2c + x4

8 c3(k + 1) + y4

8 c3(k + 1)

+ x2y2

24 c3(k + 1) + r1−RX
2(r1RX)

x2 + r1−RY
2(r1RY)

y2 + A10x4 + A14y4 + O′
(

x4, y4), (17)

where O′ (x4, y4) is the remainder. Then, according to Equations (14) and (15), the relation-
ship between the conic constants kX and kY and the polynomial coefficients A10 and A14
can be approximated as follows:

A10 = 1
8
(
c3

X(kX + 1)− c3(k + 1)
)

A14 = 1
8
(
c3

Y(kY + 1)− c3(k + 1)
) (18)

2.3. Optimization Process

Based on the above analysis, an initial anamorphic structure with XY polynomials can
be obtained. Moreover, system optimization is started after the above work.

The design of ultrawide FOV systems is made possible by the effective asymmetric
aberration correction abilities of freeform surfaces. However, the optimization process is
inefficient due to the large number of terms of the XY polynomial and the lack of a clear
optimization theory as a guide. To solve this problem, we choose the Zernike polynomial
as the optimization guide, which has a correspondence with the aberrations [27–30] and a
conversion relationship with the XY polynomials, such as astigmatism (Z5, Z6) and coma
(Z7, Z8), as follows:

Z5 = ρ2 cos(2θ) = x2 − y2, Z6 = ρ2 sin(2θ) = 2xy
Z7 = ρ

(
−2 + 3ρ2) cos(θ) = 3x3 + 3xy2 − 2x, Z8 = ρ

(
−2 + 3ρ2) sin(θ) = 3x2y + 3y2 − 2y.

(19)

In the optimization process, it is required to first identify which aberrations exist
during the design process. Then, the corresponding XY polynomial terms are added to
correct these aberrations. Freeform surfaces become progressively more complex, and the
power of freeform terms increases from low to high. A flow chart of the design method of
freeform anamorphic systems with an ultrawide FOV is shown in Figure 4.
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3. Design Example

In this section, a UFOTAS with high performance is designed based on the method
proposed in Section 2. The specifications are summarized in Table 1, and its spectral range
is 270 mm–2400 mm, which includes UV, UVIS, NIR, and SWIR. The FOV is 110◦ in the
X direction, where the range is from −55◦ to 55◦; the FOV is 0.24◦ in the Y direction,
where the range is from 0◦ to 0.24◦; the F-numbers are 10 and 12 in the X and Y directions,
respectively; and the entrance pupil is elliptical. The design can be used in a push-broom
system, and when it orbits at an orbit height of circa 800 km, its image swath width can
reach about 2700 km.

Table 1. Specifications of the UFOTAS.

Parameters Specifications

Spectral range 270–2400 mm
FOV 110◦ × 0.24◦

F-number 10 × 12
Focal length 34 mm × 68 mm

First, we determined the range of the system length and image plane; the total length
of the system is required to be less than 300 mm. Then, according to the specifications
(the F-number, focal length, and anamorphic ratio), a series of initial freeform anamorphic
structure parameters were solved using a computer, and a reasonable group was selected
from them for further optimization. Next, the PM was set to 6 mm Y-decenter and the SM
was set to −3 mm Y-decenter to make the system unobstructed. The layout of the initial
structure is shown in Figure 5.
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Figure 5. The layout of the initial freeform anamorphic system.

Further optimization was performed on the constructed anamorphic system using the
optical design software. The FOV in the system was set, and the aberrations were analyzed.
The variations in coma and astigmatism with the FOV are shown in Figure 6. When the
FOV was wider than 15◦, the astigmatism of the system was more serious than the coma.
Therefore, astigmatism was the most significant aberration to correct. Through analyses,
we set the astigmatism contribution terms of the XY polynomial as variables to eliminate
this aberration until the requirement was reached. The analysis and optimization methods
used for astigmatism are also applicable to other aberrations, so the correction of other
aberrations was not performed here.
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Figure 6. Aberrations of the initial structure.

The system is symmetric about the YOZ plane; therefore, the x2myn term of the XY
polynomial was selected for optimization. To reduce the complexity of the surface shape and
to avoid manufacturing difficulties, low-order polynomial terms were selected (2m + n ≤ 6).
Considering that the x2, x4, and x4y2 terms are related to astigmatism, the x2y term can correct
coma, and the x2y2 term contributes to spherical and defocus. Therefore, in addition to the x2

and x4 terms, the x2y, x2y2, and x4y2 terms were added to the optimization in order to help
refine the system. It should be emphasized that although the freeform surface provides more
ability to correct aberrations, it is not infinite, so the specifications of the anamorphic system
need to be reasonable.

In the optimization process, in addition to setting the structure parameters and the
XY polynomial terms as variables, some constraints must also be added. Since the system
is required to be telecentric in the XOZ plane, this was achieved by controlling the angle
between the main ray of the emergent rays and the image plane close to zero. Moreover,
the X-tilt and Y-decenter of each mirror and image plane were also set as variables, adding
more design freedom to the system and ensuring that the system is unobstructed.

With the optimization completed, a schematic diagram of the UFOTAS is shown in
Figure 7. The direction of the ultrawide FOV is the spatial dimension of the system, and
the direction perpendicular to it is the spectral dimension. Figure 8a shows the RMS and
100% spot radius for all FOVs. Figure 8b shows the modulation transfer function (MTF)
in the X direction, and Figure 8c shows the MTF in the Y direction. Figure 9 shows the
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coma and astigmatism of the UFOTAS. After optimization, the aberration coefficient of
the astigmatism of each FOV was less than 0.26, and the aberration coefficient of the coma
for each FOV was less than 0.18. Compared with the aberration coefficients of the initial
structure, the aberrations of the edge FOV were significantly corrected.
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The telescope has a magnification of 0.6 mm/◦ in the X direction and 1.2 mm/◦ in the
Y direction, which fulfills our requirement for the anamorphic system. The system is an
almost f-θ system: the field angle has a linear relationship with the position of the imaging
point (h = f ·θ, where h is the transverse distance between the imaging point and the optic
axis, and θ is the field angle). Thus, the edge FOV along the long-slit direction also has a
magnification of 0.6 mm/◦.
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The freeform surface coefficients of the PM and SM are shown in Table 2. The overall
volume of the UFOTAS was approximately 140 mm (X)× 35 mm (Y)× 270 mm (Z); the size
of the PM was approximately 140 mm × 10 mm; and the size of the SM was approximately
80 mm × 15 mm. To evaluate the freeform surfaces, we plotted the surface maps of the PM
and SM as shown in Figure 10, and we calculated the sag deviation of each surface from its
best-fit sphere, as shown in Figure 11.

Table 2. Freeform surface coefficients.

xmyn Item Primary Mirror Secondary Mirror

x2 −1.905 × 10−3 −2.111 × 10−4

x2y −3.471 × 10−6 8.043 × 10−7

x4 −3.604 × 10−8 −1.225 × 10−9

x2y2 −1.160 × 10−7 −1.692 × 10−8

x4y2 −3.754 × 10−11 -
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4. Discussion

In this paper, a method for solving the initial structure of a freeform anamorphic
system was proposed. According to the method in Sections 2.1 and 2.2, a program can
be written. Then, after entering the specifications of the anamorphic system, a series
of solutions will be automatically calculated. Moreover, an appropriate solution can be
selected for further optimization. Compared with the traditional method that relies on
optical design software to gradually optimize the focal length, design efficiency is improved
and the designer experience for anamorphic systems is reduced. Furthermore, the initial
structure with XY polynomials provides a good starting point for an ultrawide FOV design.
Designing an ultrawide FOV system is a challenge, and we used Zernike polynomials to
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guide optimization, which helped us to correct the FOV-related aberrations and improve
optimization efficiency.

TROPOMI, as an ultrawide FOV anamorphic telescope successfully applied to atmo-
spheric remote sensing, has a very important learning value and reference significance.
Therefore, we referred to TROPOMI’s specifications and simulated the UFOTAS as an ex-
ample. As shown in Table 3, our design achieved an ultrawide FOV anamorphic telescope
with a lower-order XY polynomial. To obtain a small image spot size, we increased the
F-number. The resolutions of the UFOTAS and TROPOMI are shown in Figure 12. It can be
seen that the UFOTAS has a higher resolution and remains much more constant over the
field. The maximum sag deviation between TROPOMI’s mirror and its best-fit spherical
surface is approximately 0.3 mm, while the maximum sag deviation of the UFOTAS is
approximately 0.15 mm. The surfaces in the UFOTAS have gentle shapes, which can greatly
reduce the manufacturing difficulty and cost. As for the design results shown in Section 3,
the simulated UFOTAS using the method mentioned in this study has good image qual-
ity and meets the requirements of an ultrawide FOV, with an anamorphic and compact
structure. This demonstrates that the design method described in this study is feasible.

Table 3. Design comparison of UFOTAS and TROPOMI.

FOV Focal Length F-Number RMS Spot
Radius

XY
Polynomial

Sag
Deviation

Overall
Volume

TROPOMI 108◦ × 0.24◦ 34 mm × 68 mm 9 × 10 ~12 µm 8-th ~0.3 mm ~140 mm × 40 mm × 350 mm
UFOTAS 110◦ × 0.24◦ 34 mm × 68 mm 10 × 12 ~10 µm 6-th ~0.15 mm ~140 mm × 35 mm × 270 mm
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5. Conclusions

This study presented a design method for freeform anamorphic telescopes with an
ultrawide FOV. This method can effectively obtain an anamorphic telescope with XY
polynomial surfaces as a good starting point for an ultrawide FOV design. Referring to
TROPOMI’s specifications and using the Zernike polynomial to guide optimization, the
UFOTAS with a focal length of 34 mm × 68 mm and an FOV of 110◦ × 0.24◦ was designed.
The simulation shows that the UFOTAS uses a sixth-order XY polynomial to obtain a low
sag deviation of the mirror from its best-fit sphere and a good imaging performance. In
conclusion, atmospheric remote sensing is a vital development. To obtain more adequate
observation data from satellites, we should enhance the spectral sampling rate of the
system; an anamorphic telescope provides an effective method. The design method in this
study of an ultrawide FOV off-axis anamorphic telescope and its simulation can be used as
a reference in this field.
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