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A refractive-reflective combined ultrashort throw ratio projection optical system is designed. We use a freeform
mirror to shorten the projection distance and correct distortion, and a plane mirror to turn back the optical path
and reduce system volume. The projection system design method combines refractive lens group design and
freeform surface mirror design with integrated optimization. The system’s throw ratio is 0.11 with a projection
distance of 320 mm and a 130 in. (1 in. = 25.4 mm) screen size, which illustrates the advantages of the low throw
ratio. The system’s maximum distortion is 0.07%. To demonstrate the proposed system’s performance, a proto-
type is developed. Experimental results confirm that the system performs excellently while meeting the design
requirements. The system’s advantages include low throw ratio, excellent imaging quality, miniaturization, and

engineering feasibility. ~© 2019 Optical Society of America
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1. INTRODUCTION

In recent years, projection systems [1-3] have played an
increasingly important role in the large-screen display field,
and projection objective system development is gradually mov-
ing towards the use of ultrashort focal lengths [4,5], large fields
of view [6,7], high resolution [8,9], low distortion [10,11], and
low throw ratios in particular. The throw ratio, which is defined
as the ratio of the projection distance to the screen width, is an
important parameter for performance measurement of ultra-
short throw ratio projection objective systems. A smaller throw
ratio means that a shorter projection distance is then required
by the system to present a projection screen of a specified screen
size. In order to occupy smaller living space, reduction of the
throw ratio of the projection objective system becomes an im-
portant development direction for projection optical systems.
Freeform surfaces [12—15] are known to provide greater design
freedom and can thus improve the imaging quality while sim-
plifying the system structure; these surfaces have therefore been
introduced into the optical design of ultrashort throw ratio
projection objective optical systems [16,17].

To date, many researchers have studied the optical design of
ultrashort throw ratio projection optical systems. Ogawa ez al.
developed a reflective-projection optical system [18] with a
throw ratio of 0.32. Their system consists of four aspherical
mirrors with projection distances of 0.65 m at 100 in. Nagase
and Kono proposed an ultrashort throw ratio projection
lens structure in their licensed patent [19] that can achieve a
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projection screen size of 78 in. at a projection distance of
0.495 m with a throw ratio of 0.31. In 2016, Nie ez al. pro-
posed a multifield direct design method to calculate the profiles
of two freeform surfaces and designed an ultrashort throw ratio
projection system with a projection distance of 48 cm, a screen
size of 78.3 in., and a throw ratio of 0.24 [20]. Gao et al. pre-
sented an ultrashort throw ratio catadioptric projection lens
with a freeform mirror [21]. This system achieved a 60 in. pro-
jection screen size at a projection distance of 440 mm, at which
the throw ratio is 0.29. These research results have a lower
throw ratio, but in order to achieve large-screen projection
at a shorter projection distance, the throw ratio needs to be
further reduced.

As we know, good optical design should not only present
good performance in the optical design software environment,
but should also be able to be assembled in engineering practice.
However, most ultrashort throw ratio projection optical sys-
tems that have been reported in the literature are simulated
examples produced by optical design software alone, and the
low throw ratio systems from these designs have not proved
to be physically realizable. Optical system design should evolve
towards actual engineering applications, so the design of a high-
performance, engineered ultrashort throw ratio projection
objective system is a significant step.

In this paper, an ultrashort throw ratio projection system is
designed while taking the optical system volume, the imaging
quality, and potential fabrication and assembly difficulties into
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consideration. The system was simulated using optical design
software. The simulation results show that the system achieves
high performance, with a modulation transfer function (MTF)
of more than 0.2 for each field of view at the cutoff frequency
and distortion of 0.07%. A prototype of the ultrashort throw
ratio projection objective system is then established. The exper-
imental results demonstrate that the system satisfies the design
requirements of a low throw ratio, excellent imaging quality,
miniaturization, and engineering feasibility.

2. REFRACTIVE-REFLECTIVE PROJECTION
OBJECTIVE SYSTEM DESIGN

The design process for the proposed refractive-reflective com-
bined projection system comprises the following four steps:
determination and analysis of the system parameters, design
and optimization of the initial refractive structure, design and
optimization of the freeform surface mirror, and combined
optimization of the refractive system and the freeform mirror.

A. Optical System Parameters

The projection optical system consists of three main parts: the
illumination system, the projection objective system, and the
projection screen.

Laser tricolor is a highly saturated spectral color, which can
reproduce a larger gamut, and thus a laser source including
these three colors is used for projection. The main wavelengths
of the red, green, and blue laser sources used in the designed
projection system are 635, 532, and 473 nm, respectively. We
used a single digital micromirror device (DMD) as the image
source with a size of 0.65 in. and pixel size of 7.5 pm x 7.5 pm.
The pixel array is 1920 x 1080 in size. The ultrashort throw
ratio projection objective is designed to coincide with the aper-
ture size of the illumination system. To obtain higher efficiency,
the F number of the illumination system should be smaller
than that of the projection objective system. Because the F
number of the laser source is less than 3.5, the F number
of the projection objective is therefore determined to be 3.5.
A telecentric structure is selected to match the pupil of the
illumination system. The projection distance is 320 mm and
the screen size is 130 in., while the full field of view is 162°.
The specifications of the proposed projection objective system
are as shown in Table 1.

B. Design of the Refractive Part
Using the parameters detailed above, an ultrashort throw ratio
projection objective design is presented. We designed the

Table 1. Specifications of the Projection Objective
System

Parameters Value

DMD size 0.65 inch (1920 x 1080)
Projection system Telecentric
Projection distance 320 mm

Screen size 130 inch

Field of view 162 deg

F/# 3.5

Resolution MTE > 0.2 at 0.3335 lp/mm
Maximum distortion <0.1%
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Fig. 1. Schematic diagram of the minimum field angle and effective

field angle.

refractive lens group based on the parameters specified in
Table 1. In the design of the refractive part, the focal length,
the F number, and the field of view angle of the system are the
main parameters to be considered. The magnification of the
system is the product of the magnification of the refractive part
and the reflective part, so the magnification of the two parts
needs to be balanced in the optimization process. That is to
say, if the refractive part is more complex, then the freeform
mirror is simpler; otherwise, the freeform mirror will be more
complex. The initial structure is designed based on the initial
parameters. A human-computer interaction-based gradual ap-
proximation method is used to optimize the system, and the
advanced aberrations are further balanced under the premise
of satisfying the primary aberration requirements.

To correct the field curvature, we use a method based on
increasing the minimum field angle while reducing the effective
field angle [22]. The minimum field angle and effective field
angle are shown in Fig. 1. By using this method, the field
curvature will be controllable without satisfying Petzval’s con-
dition, and this will make the lens structure simple.

To correct the chromatic aberration, two groups of double-
glued lenses are used, and the use of these glued lenses can also
reduce the requirements for the processing, test, and adjust-
ment tolerances. The image on DMD is converged to the
intermediate image plane through the refractive lens group.
Thereafter, this intermediate image is magnified by the reflec-
tive part and then projected on the screen. Figure 2 illustrates
the two-dimensional optical structure used for the refractive
lenses in the Y OZ plane.

C. Design of the Freeform Mirror

After the refractive lens structure was designed, we designed
a freeform mirror based on the outgoing rays from the final
surface of the refractive lens group and the ideal object-image
relationships in combination with the normal-weighted optimi-
zation algorithm [23]. In detail, the freeform surface shape is
obtained by weighting the normal deviations of the different
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Fig. 2. Optical structure of the refractive lenses.

fields of view based on the unit directions of the incident light
ray and the outgoing light ray. By appropriate setting of different
weights for the different fields, the light rays will tend to be redi-
rected to the ideal image points of the fields with larger weights,
which then enables ideal imaging quality to be obtained for all
fields after several iterations. In this way, the required freeform
surface can be obtained. The design process is performed using
an embedded function that is programmed into the program-
ming software to complete the optimization calculations. In this
system, the freeform surface can be expressed as

c(x* +5%) o

VT by 2 O
where ¢ is the surface curvature, 4; is the coefficient of the XV’
polynomial terms, and 7 + 7 < 9. Because the system is sym-
metrical about the Y OZ plane, only even x terms are used. The
surface sag obtained for the freeform mirror is shown in Fig. 3.
Figure 3(a) shows the surface sag of the freeform mirror, and
Fig. 3(b) shows the freeform surface sag after removing the rota-
tional symmetry terms. Because the freeform surface in this
paper is a weak freeform surface, the surface sag of the freeform
surface after removing the rotational symmetry terms is small.

D. Combined Design of the Refractive System and
the Freeform Mirror

After the refractive system design and the freeform mirror de-
sign are complete, they must then be combined to form the
initial structure for the final design optimization. In the design
process, we need to calculate and optimize the refractive part
and the reflective part iteratively. In addition, the illuminance is
another important performance indicator that must be consid-
ered when designing a large field-of-view projection system.
The F number of each pixel on the object plane is the same,
which is 3.5. The corresponding ' number of the pixel on the
image plane is the # number of the pixel on the object plane
multiplied by magnification, so the /' number of each pixel on
the image plane is 700; therefore, the illumination of each pixel
on the screen is the same. In the optimization process, the
MTF, the spot radius, and the distortion are used as process
constraints. The MTF and the distortion are used as indicators
for system performance evaluation. When the actual engineer-
ing problems and the system volume are taken into consider-
ation, a plane mirror is added to turn the optical path back.
The final optical structure of the system is as shown in Fig. 4.
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Fig. 3. (a) Freeform surface sag. (b) Freeform surface sag without
rotational symmetric terms.

The figure shows that the light bundle turned back from the
plane mirror after emitting from the refractive lens group is
further reflected back from the freeform surface mirror.
Thereafter, the light bundle is projected on the screen.

3. PERFORMANCE EVALUATION

The imaging quality of the system was analyzed according to the
design requirements using the optical design software. In this
work, the projection screen was assumed to be the image plane.
The DMD pixel size is p = 7.5 pm, and the system magnifica-
tion M = -200x; therefore, the cutoff frequency is given by

1
cut off frequency = W = 0.3335 Ip/mm.  (2)
The MTF curve of the designed system is shown in Fig. 5. In the
figure, the “T” and “S” refer to the tangential MTF curves
and sagittal MTF curves, respectively. The curves of different
colors represent MTF curves of different fields of view.



3578 Vol. 58, No. 13 / 1 May 2019 / Applied Optics

130 inch

Plane mirror

¥

Freeform mirror
surface

2
x_lx

Fig. 4. Optical structure of the final projection system.

320 mm

The figure shows that the MTF for most fields of view at the
cutoff frequency of 0.3335 lp/mm is higher than 0.4; only
the maximum and minimum fields of view are higher than
0.2, which is a slightly lower value than that of the other fields
of view. This is because the maximum and minimum fields of
view are at the lowest point and the corner of the screen, respec-
tively, in practice, and the image viewing power is lower; there-
fore, during the optimization process, the optimization weight
given to these fields of view is smaller than that given to the other
fields. The image quality of the relatively important field of view
can thus be improved by sacrificing the image quality of some of
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Fig. 5. MTF curve of the projection system.
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the edge points. Therefore, the system can meet the require-
ments for engineering applications well.

In ultrashort throw ratio projection system optical design,
distortion is an important performance parameter and is

defined as

R
Dist = —dsred | 1000, (3)
predicted

Rreal = \/ (xr)z + (_)’r)2> (4)
Rpredicted =/ (xp)z + (J’p)z’ )

Rdistorted = \/(xp - xr)z + (,yp _},7)2’ (6)

where the subscripts 7 and p refer to the real and predicted
coordinates on the image surface relative to the reference field
position on the image surface, respectively. The central field is
selected as the reference field. The distortion grid for the pro-
jection system is shown in Fig. 6, which indicates that the maxi-
mum distortion is 0.07%. It can be seen intuitively from Fig. 6
that the distortion is very small, which makes it seem that the
two lines of actual image points and ideal image points almost
overlap.

The spot diagram for the projection system is shown in
Fig. 7. Each blue box in the figure represents a single pixel.
The figure shows that most of the fields of view have a regular
spot shape and can be concentrated within one pixel, thus
indicating that the system aberration is well controlled. The
spots in the figure are geometric, and the rms spot is smaller
than the spots in the figure, so the image quality can meet the
requirements of viewing. Only the spots for the maximum and
minimum fields of view are irregular when compared with the
other fields of view. This occurs because during the optimiza-
tion process we consider the maximum and minimum fields of
view to be in the corner of the screen; in actual use, the viewing
power of the image is smaller, so the optimization weights given
to these fields of view are smaller than those of the other fields
of view during the optimization process. This means that we
sacrificed the image quality at some of the edge field points to

Ideal
Real

Vertical FOV

Horizontal FOV
Fig. 6. Distortion grid of the projection system.
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Fig. 7. Spot diagram for the projection system.

improve the image quality of the relatively more important field
of view. The simulation results confirm that the system perfor-
mance satisfied the design requirements.

4. EXPERIMENTAL RESULTS

In order to test the tolerance sensitivity of the ultrashort throw
ratio projection system and determine the feasibility of the
engineering application, we carried out the rms spot tolerance
analysis for the projection system, as shown in Fig. 8. The re-
sults of the tolerance analysis show that most of the rms spots of
the projection system have a probability of 90% less than
1.5 mm. The rms spot in the minimum field of view has a
probability of 90% less than 1.6 mm. The tolerance sensitivity
of the minimum field of view is thus slightly higher than other
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Fig. 8. rms spot tolerance analysis of the ultrashort throw ratio pro-
jection system.
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Fig. 9. Optical inspection results of freeform surface mirror.

fields of view; this is because during the design process, we con-
sider the minimum field of view to be in the bottom of the
screen; in actual use, the viewing power of the image is smaller,
so the optimization weights given to this field of view is smaller
than those of the other fields of view. The size of a pixel on the
projection screen is 1.5 mm, so generally speaking, the optical
system can meet the requirements of engineering.

To verify the actual performance of the proposed design, we
fabricated a prototype of the ultrashort throw ratio projection
system. In this paper, as the core optical element, the freeform
surface mirror was machined by the single-point turning
method. The optical inspection result of the freeform surface
mirror is shown in Fig. 9. Because of our good design results
and relatively loose tolerance requirements, the actual system
assembly process was very smooth. The prototype of the devel-
oped projection system is pictured in Fig. 10, which shows that
the projection system offers the advantages of small system

» | Projection screen |

Fig. 10. Prototype of the ultrashort throw ratio projection system.
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Fig. 11. Laser source with the output fiber.

volume and a short projection distance. The compact structure
is highly conducive to space-saving design. Figure 11 shows the
laser source used for the system with an optical fiber for light
transmission.

In order to test the actual performance of the prototype, we
carried out a high-quality projection experiment and tested the
distortion performance of the prototype. The actual projection
distance is 320 mm, and the screen size of the prototype is
130 in., and thus the throw ratio of the prototype is about
0.11, which is consistent with the design result. The image pro-
jected using the prototype is shown in Fig. 12. As the figure
shows, the colors in the projected image are vivid, and the detail
of the projected image is clear. Distortion test results show that
the horizontal TV distortion and the vertical TV distortion of
the projected image are 0.55% and 0.74%, respectively. The
actual distortion is slightly larger than the design value, which
may be caused by the error introduced during the assembly
and adjustment process of the prototype, but the distortion

Fig. 12. Image projected by the proposed system.
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performance of the prototype can still meet the requirements
in actual use.

We tested the illumination uniformity of the prototype.
In the process of testing, the projection screen is divided into
Nine-palace areas. Then, the illumination of nine centers of
the Nine-palace areas is tested. In addition, the edges of four
corners of the projection screen are tested. The illumination test-
ing results show that the positive illumination uniformity and
negative illumination uniformity are +91.8% and -96.1%,
respectively, which can meet the usage requirement.

When compared with the traditional ultrashort throw ratio
projection systems described in the literature, which mostly
report simulation results only, the system presented in this
paper not only has a lower throw ratio and better performance
parameters and imaging quality, but also has been verified in
engineering practice.

5. CONCLUSIONS

In this paper, an ultrashort throw ratio projection objective sys-
tem that includes a set of refractive lenses, a plane mirror, and a
freeform mirror is designed and is superior to traditional pro-
jection systems in that it has a lower throw ratio; a prototype of
the proposed system is also developed. We have designed a free-
form surface mirror using the normal-weighted optimization
method to correct distortion and shorten the projection dis-
tance and then used a plane mirror to reduce the system vol-
ume. We used an independent design method for the refractive
lens group and the reflective mirrors. The two designed parts
are then combined to form a complete initial structure for fur-
ther optimization to improve the overall performance of the
entire projection system. The results confirm that the system
performance meets the designed requirements. The projection
system can achieve a 130 in. projection screen size at an ultra-
short projection distance of 320 mm, for which the throw ratio
is 0.11. In summary, using the design method and design con-
cept proposed in this paper, an ultrashort throw ratio projection
system with good performance can be designed, and the design
has been verified experimentally. The projected image shows
vivid and clear colors. Therefore, the design method, processes,
and ideas presented in this paper are of significant importance
and can provide a useful reference for use in the design of
related systems.

Funding. National Science and Technology Major Project
of China (20092X02205).
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