
Current Optics and Photonics 

Vol. 3, No. 3, June 2019, pp. 227-235

- 227 -

I. INTRODUCTION

Nowadays, with the deep development of optoelectronic 

imaging technology in the field of unmanned aerial vehicle 

systems and image identification, coaxially folded all-reflective 

system has become a new hot point. It has achromatic and 

athermal aberrations, can allow wide spectral range, has a 

large aperture, is lightweight and small in volume, and 

has great merits in heat tolerance. Most of these systems 

included aspherical and freeform surfaces and are increasingly 

attracting the attention of researchers, so some valuable 

efforts have been done made on the development of the 

coaxially folded optical system. Tremblay [1-3] conducted 

multiple researches on coaxial folded optical systems based 

on calcium fluoride materials under the support of the 

Defense Advanced Research Projects Agency (DARPA). 

And it was successfully applied to the human eye assisted 

imaging system [4]. But all the systems inevitably introduce 

chromatic aberration. Zhang [5, 6] and Ge [7] also put 

into practice related research work of simulation and can 

provide reference for optical design, but the process is not 

described in detail and did not report the performance of 

the actual system. Li [8] report an ultrathin zoom telescopic 

objective consisting of an annular folded lens and three 

electro-wetting liquid lenses, but the design process is not 

described in detail. 

In this paper, we report and first experimentally 

demonstrate an all-aluminum all-reflective optical system 

which consists of two optical elements with two high 

order aspherical surfaces in each element, the field of view 

(FOV) is 1°. The coaxially folded system is designed with 

Seidel aberration theory. The design results show that the 
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imaging quality of the system reaches the diffraction limit. 

And the system is made of all-aluminum material processing 

by single point diamond turning (SPDT). On this basis, 

the integration and imaging experiment is realized.

II. OPTICAL DESIGN PROCEDURE

2.1. Initial Structure and Optimization

The layout of the coaxially four-mirror optical system is 

shown in Fig. 1. As the light from the outermost annular 

aperture enters the optical system and then reflects back 

and forth through the “Z” shape between the front and 

back surfaces and then reaches the detector. A longer focal 

length can be achieved within a limited thickness. The axial 

compression of the optical system can be achieved to a 

compact structure. M1, M3 and M2, M4 can be processing 

in one optical element.

For the coaxially folded four mirror optical system, the 

starting point of optical design can be gotten from the 

conventional four mirror system, the structure is shown in 

Fig. 2. M1, M2, M3 and M4 represent primary mirror, 

secondary mirror, tertiary mirror and quaternary mirror, the 

optical stop is on the primary mirror. The physical meaning 

of the specific parameters is as follows: 

 represents the 

projected height of the first paraxial ray on each surface, 



 means the distance from the current mirror to the next 
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According to the third-order aberration theory and to 

previous design experience [9-11], we can get the 

third-order aberration of three reflective system in Eq. (1).













 







 



 












  (1)











 






 













 
 











 



FIG. 1. Layout of coaxially folded system.

FIG. 2. Structure of concentric multi-reflective optic.
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In Eq. (1), parameters of , , , , , can be 

calculated as 
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 is the angle between the incident light and the optical 

axis. We can get Eq. (2) with the system structure 

parameters , .
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For a four-reflection system, the refractive index of 

the object space and image space of each mirror are 
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the paraxial ray, we can get the initial conditions 
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Normalized aspheric coefficient 

 are shown in Eq. (4).
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As the radius of curvature of the four mirrors meets the 

condition of the flat field in Eq. (5).























  (5)

Spherical coefficients 

 and coma coefficients 


 of 

each mirror are shown in Eq. (6).

















 















 








 



























 





























 





























 


















 





 


























 


















 














(6)

In order to achieve the purpose of eliminating the 

monochromatic aberrations, we can suppose 

 







 

  


 , we can get the following linear Eq. 

(7). In Eq. (7), 
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 and 


 can be calculated from the 

equations above.
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According to the overall requirements of the system, the 

specifications of the folded imaging system are shown in 

Table 1, the working wavelength is 0.45~0.75 µm, the 

field of view (FOV) is 0.1, the 


 is 30 mm and 


 is 

20 mm, the total focal length is 30 mm, the total axial 

length of the system is within 10 mm, the imaging 

element is the 1/2-inch CMOS MT9M001C12STM, the 

pixel size is 5.2 µm and the number is 1280 × 1024.

For the coaxially folded system, we assume that the four 

surfaces are all a quadric surface, which is represented by 

the Eq. (8)., where  represents the curvature (the reciprocal 

of the radius), r is the radial coordinate in lens unit and  

is the conic constant.

 





 (8)
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In order to make the system more compact, we can get 

the initial conditions 

≈


≈


≈


. According to the 

above theory and method, we can get the initial parameters 

of the system which is shown in Table 2, M1, M2, M3 and 

M4 are all hyperboloid with Zemax, we obtain the optical 

performance, the layout is shown in Fig. 3(a), the MTF is 

in Fig. 3(b), the spot radius is in Fig. 3(c) and the field 

curvature and distortion are in Fig. 3(d).

Then we change the surface type in Zemax from 

standard surface to even aspheric surface and add 12-th 

order coefficients. The even aspheric surface sag is given 

by Eq. (9).
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where  represents the curvature,  is the conic constant, 



    ⋯   is the coefficients of aspheric surface 

and  is the radial coordinate to describe the aspheric 

surface. We further optimize system performance by setting 

multiple variables and the optimal results are shown in 

Fig. 4. By contrasting Fig. 4(b) with the Fig. 3(b), we 

could find the MTF obviously increasing, and the values 

in all fields are approximately at the diffraction limit. The 

root-mean-square (RMS) radiuses are also decreased by 

several times after the optimization. The distortion decreases 

100 times after the optimization and the value is smaller 

than 0.005%. And the RMS value of wavefront aberration 

TABLE 1. Specifications of folded imaging system

Parameters Values

Wavelength/µm 0.45~0.75

FOV/° 1




/mm 30




/mm 20

Focal length/ mm 30

Total axial length l/ mm <10

Pixel number 1280 × 1024

Pixel size/µm 5.2

(a) The initial layout (b) The initial MTF 

(c) The initial spot radius (d) The field curvature and distortion

FIG. 3. The initial design results.

TABLE 2. Initial parameters of four mirror folded system

Surface Radius Thickness

M1 -43.576 -4.850

M2 229.697 4.700

M3 107.812 -4.895

M4 -27.388 -
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(a) The optimal layout (b) The optimal MTF 

(c) The optimal spot radius (d) The optimal field curvature and distortion

FIG. 4. The optimal design results.

TABLE 3. Results of tolerances analysis

Description Tolerance value RMS spot radius change

Thickness

M1-M2

-2 µm 0.621 µm

+2 µm 0.626 µm

M2-M3

-2 µm 0.288 µm

+2 µm 0.288 µm

M3-M4

-2 µm 0.288 µm

+2 µm 0.283 µm

Surface tilt (x,y)

M1 ±0.05° 0.044 µm

M2 ±0.05° 0.186 µm

M3 ±0.05° 0.101 µm

M4 ±0.05° 0.034 µm

Surface decenter (x,y)

M1 ±4 µm 0.112 µm

M2 ±4 µm 0.00008 µm

M3 ±4 µm 0.140 µm

M4 ±4 µm 0.0002 µm

Radius

M1

-12 µm 0.937 µm

+12 µm 0.926 µm

M2

-12 µm 0.0004 µm

+12 µm 0.0004 µm

M3

-12 µm 0.112 µm

+12 µm 0.112 µm

M4

-12 µm 0.00004 µm

+12 µm 0.00004 µm
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is 0.0062 λ (λ = 0.6328 µm). For an ideal imaging system, 

according to the Marechal criterion, the RMS value of 

wavefront error must be smaller than 1/14 λ.

2.2. Tolerance Analysis

The coaxially folded optical system is assembled by two 

monolithic multi-surface optical elements on one single 

substrate, so the tolerances for the system are tighter by 

reason of more constraints. The tolerances are given in 

Table 3 under testing wavelength 632.8 nm. The most 

sensitive type of tolerance is displayed in bold. For the 

coaxially folded system, the nominal fabrication tolerances 

are determined from a sensitivity analysis and the back 

focal length is the compensator. The criterion is defined as 

the size of the RMS spot radius smaller than one pixel. 

According to the results, the thickness tolerances of 

aspherical surfaces are ±2 µm and the most sensitive one 

is the thickness between M1 and M2. The surface tilt 

tolerances are ±0.05° and the most sensitive surface is M2. 

The surface decenter tolerances are ±4 µm and the most 

sensitive surface is M3. The radius tolerances are ±12 µm 

and the most sensitive surface is M1. The nominal RMS 

spot radius is 2.844 µm and the estimated change 1.787 

µm, so the estimated RMS spot radius is 4.631 µm which 

is smaller than one pixel size 5.2 µm. And the range of 

focus compensation required for the visible system is from 

-11.27 µm to +11.27 µm under these tolerances. For this 

folded system, once the optical elements are processed and 

formed, the position between the optical elements cannot 

be adjusted. The shape and position accuracy can only be 

guaranteed by the machining accuracy. Even if the shape 

and position of each optical element are machined in place, 

there may be eccentricity and tilt between the two rings of 

aspherical surfaces. So manufacture and measurement are 

important for quality control. And taking into account 

tolerances and the poor accuracy of the printed-circuit 

board (PCB) of the CCD, an adjustable screw displacement 

mechanism is designed between the CCD and the optical 

elements. The stroke of the displacement mechanism is ±2 

mm, and the pitch of the micro-motion thread is 0.5 mm.

III. MANUFACTURE AND EXPERIMENT

3.1. Optical Manufacture

As we all know, the accuracy of surface figure and 

surface relative position directly affect the performance of 

the system, and according to the layout of the coaxially 

fold imaging system shown in Fig. 1, high order aspheric 

mirrors M1, M3 and M2, M4 are together processed in one 

optical element which reduces both the centration errors in 

fabrication and alignment errors in assembly. The single- 

point diamond turning technology (SPDT) is a mature 

method for manufacturing aspheric mirrors and free-form 

optics with submicron precision. The optical material used 

for the system is aluminum alloy (Al6061). Through the 

reasonable preparation of a multi-ring aspheric surface 

machining program, the use of a 180° arc diamond tool 

(tool radius R = 1 mm), and the tool radius compensation 

are used to realize the processing of the aspheric multi- 

surfaces. In order to meet the tolerance requirements, the 

removal of each characteristic dimension of the optics is 

under the order of sub-micron scale. The ultra-precision 

machining results are shown in Fig. 5. Figure 5(a) is the 

processing and physical map of the element-I with M2 and 

M4, both M2 and M4 are convex surfaces and the annular 

zone between M2 and M4 is painted black to suppress the 

stray light in some degree. Figure 5(b) is the processing 

and physical map of the element-II with M1 and M3, both 

M1 and M3 are concave surfaces.

3.2. Integration and Performance Analysis

The wavefront error of system comes from two aspects, 

one is the surface error which contains surface figure 

error and surface position error, the other is the assembled 

error including eccentricity and tilt error between the two 

elements and the mirror deformation caused by the assembly 

stress. According to our previous measurement results, the 

peak and valley value (PV) of all surface is within 0.56 λ 

(λ = 0.6328 µm) and the RMS value is 0.99 λ, and the 

position accuracy is smaller than 0.15 λ, all the values 

above are within the demand of the tolerances. And because 

the aspherical annular surfaces on the same optical element 

is smaller in size, the MRF (magnetorheological finishing) 

and CMP (chemical mechanical polishing) methods which 

can further improve the accuracy of the surfaces are difficult 

(a) Element-Ι with M2 and M4

(b) Element-ΙΙ with M1 and M3

FIG. 5. Fabrication of optical surfaces.
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to work, so the surface shape and positional accuracy after 

processing are difficult to improve.

The matching surface between element-I and element-II 

is a high-precision plane which is machined by SPDT (the 

black surface) and the system is fixed by three screws on 

the edge which are shown in Fig. 6. So the tilt error 

between the two elements is very small. Consequently, the 

system assembly error mainly comes from eccentricity of 

element-I and element-II. According to Zemax simulation 

results, the RMS wavefront errors caused by decenter of 1 

micron in the x or y direction is 0.0004 λ (RMS), the 

biggest error tolerance for the decenter is about 50 µm. So 

we attempt to control the coaxial error with the help of 

Talyrond 565H and the control experiment is shown in Fig. 

7(a). We first fixed the element-II on the roundness meter 

platform with hot melt adhesive, then measured the 

roundness of the element-II and calculated the position of 

the center position of the circle 

, then fitted the element-I 

onto the component 2, we add a weight on the top of the 

system in order to increase the stability of the system, 

then we measure the roundness, calculate the position of 

the center position of the circle 

, and the difference of 






 represents the decenter of the two elements. 

When the value of D is smallest we fixed the system with 

502 glue and then tightened with the assembly screws. 

The best result we obtained is about 97 microns, and the 

finally assemble result is shown in Fig. 7(b).

After the integration of the system, we analyzed the 

optical performance by testing the wavefront. The wavefront 

testing experimental system is in Fig. 8(a). The laser beam 

of 632.8 nm emitted from the Zygo interferometer passes 

through a flat mirror and enters into the folded system, 

FIG. 6. Assembly screws and matching surface of system.

(a) Assembly with Talyrond 565H

(b) Assembly result

FIG. 7. Decenter control with Talyrond 565H.

(a) The experimental system of wavefront

(b) Wavefront result

FIG. 8. Wavefront of the system.
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after coinciding with the focus of the imaging system, then 

the light reflects back along the original path to form 

interference fringes by a transmission sphere (TS) of F/0.75. 

The results are shown in Fig. 8(b), the PV value of the 

wavefront aberration is 1.414 λ and the RMS value of 

the wavefront aberration is 0.166 λ. For the system, the 

residual RMS wavefront aberration of the design is 0.0062 λ, 

and the wavefront aberration caused by the decenter of 

two optical elements is 0.0388λ, and the other wavefront 

aberrations all come from the surface figure error and the 

surface deformation caused by the torque of the assembly 

screw. And the system performance can be improved by 

further improving the surface quality and assembly method. 

The imaging experiments are carried out to detect the 

US Air Force (USAF) 1951 resolution detection card which 

is shown in Fig. 9.

The details of the experiment are shown in Fig. 10, the 

USAF 1951 chart is placing 5.4 m far away from the folded 

imaging system. And the left is the experimental diagram, 

the right is the imaging result. According to the imaging 

result, the system can resolve the sixth strip of the negative 

one group, so the resolution is approximately 0.891 lp/mm.

IV. CONCLUSION

From the viewpoint of application, physical configuration 

of an optical system is important. In this paper, we report 

and first experimentally demonstrate a coaxially folded 

optical system which consists of two optical elements, and 

there are two high order aspherical surfaces in each 

element. This is an all-reflective system which is designed 

with Seidel aberration theory and the procedure to obtain 

the original structural parameters is studied. The system is 

made of all-aluminum material processing by single point 

diamond turning (SPDT) and the system is assembled with 

the help of a roundness meter in order to control the 

decenter degree of two optical elements. In addition, the 

wavefronts are measured by a wavefront interference me

thod. On this basis, we performed an imaging experiment 

to detect the USAF 1951 chart at the distance of 5.4 m, 

and the resolution is about 0.891 lp/mm. There is room for 

further improvement in image quality, and it is necessary 

to improve the shape and position accuracy by the means 

of compensation machining and to improve assembly.
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