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Abstract

Abstract

With the rapid development of science and technology and the improvement of
the quality of life of the whole society, people hope that the projection system can
occupy a smaller space while pursuing the large screen projection display. Therefore,
the projection system gradually develops towards the direction of large screen, low
throw ratio, ultra-short focal length, large field-of-view angle, high resolution, high
definition and low cost. The traditional projection display system can not meet these
strict requirements gradually. Ultra-short-focus projection system can achieve large
screen projection at very short projection distance, which can break through the
limitation of space environment. It has gradually aroused people's interest and become
the mainstream development direction of projection display field and the research
hotspot at home and abroad.

Ultra-short-focus projection objective, as a key component of ultra-short-focus
projection system, can determine the key performance parameters such as throw ratio,
image quality of projection screen and system volume. Therefore, it is necessary to
design a new type of ultra-short-focus projection objective to further reduce the throw
ratio of the system and broaden the application market in the field of projection
display. However, as the throw ratio decreases and the field of view angle increases,
the projection system becomes more and more complex, and aberration correction
becomes more and more difficult. Freeform surface is gradually introduced into the
optical design of ultra-short-focus projection objectives because of its high degree of
freedom. Therefore, the technical difficulties that need to be solved in
ultra-short-focus projection objective system mainly include: firstly, how to optimize
the initial surface shape of freeform surface in ultra-short-focus projection system by
using effective methods; secondly, how to reduce the throw ratio of ultra-short-focus
projection objective and design the ultra-short-focus projection objective for
engineering application; thirdly, how to establish a prototype of the ultra-short-focus
projection system.

Based on the above research background and technical difficulties, this paper
focuses on the optical design method of freeform surface to facilitate the design of
freeform surface in ultra-short-focus projection system. At the same time, combining

with the design method of freeform surface, the optical design of ultra-short-focus
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projection objective with low throw ratio is studied. Finally, combining with the
designed ultra-short-focus projection objective, the development of the principle
prototype is advanced. A study was carried out. The main research contents include:

1. Research on the optical design method of freeform surface. According to the
application requirement of freeform surface in imaging system, based on the
construction-iteration method, a direct iteration optimization design method is
proposed, and the method is verified by designing freeform surface reflector and
refractive lens containing freeform surface respectively. The design results show that
the RMS spot can converge to the diffraction limit quickly. In order to further study
the freeform surface design method suitable for ultra-short-focus projection objective
system and improve it, a multi-field weighted optimization iteration design method is
proposed, and an ultra-short-focus projection objective system is designed. The
‘ simulation results show that the proposed method can obtain the initial surface of
freeform surface which can be used to optimize, and can effectively correct the system
distortion.

2. Optical design of ultra-short-focus projection objective based on freeform
surface. Combining with freeform surface optical design method, the theoretical basis
of optical design of ultra-short-focus projection objective, the principle and
advantages and disadvantages of various optical path structures of ultra-short-focus
projection objective are analyzed. On this basis, a kind of ultra-short-focus projection
objective with high-order aspheric surface and low throw ratio is designed. Its throw
ratio reaches 0.18, and the imaging quality of the system is analyzed. In order to
further reduce the throw ratio of ultra-short-focus projection objective, the design of
ultra-short-focus projection objective was studied by using freeform surface, and an
ultra-short-focus projection objective with throw ratio of 0.11 was designed. Finally,
the design results of the system are compared with those of the traditional refractive
projection lens, which proves the superiority of the designed system.

3. Verification of Ultra-short-focal projection system. Combined with the
designed ultra-short-focus projection objective system based on freeform surface, the
optical engine, the designed ultra-short-focus projection objective and the projection
screen are combined, the appropriate structure scheme is selected, the principle
prototype is built, and the performance of the principle prototype is tested and
analyzed.

Key words: Ultra-short- focus projection, freeform surface, optical design
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1.1.1 R REAEE

BB REARKEATLEH R ER T2 FER K EER, BRAEZEXNNE
IR BRBAR RN —EH ZEREE Louis Lumiere 558 & B MR T4/, A
U B ARBERANTRERE R B G EARTE. BEERTEREAR
PRE R R, PG B B RBARWER THMAKE. 20 HT 40 £, EEY
Bl TEEEHHEHR T CRT (Cathode Rays Tube) ¥ BRI, ZBFERGR
A EERRA RS BARELIINRA A KRE R, oy 7 IARIE R
R RBRBGETEI,

CRT #% Z-EARRREHIHER A EFSUMEERKEF
BROCEABR. 20 e 80 AP, MEEIEREFELERNERE, =8
CRT ## EREARBE TREK AR, RN T WG ERRRTZMNHAKKERE
BB EREAR, W 1.1 BFiaA CRT ZAREINEEREE. 20 #
42 90 AP, FEERAAIEIREELPRPRAE, CRT BV HZR
H#E 2. ZRGEFEREGHNSHEER. AREMEFNES, B5H4 CRT
WERFMHER, HMEFEENHNESHERESR, BMEKED 90 EREAR
B THNARERZ TR ERER.
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B 1.1 CRT =RBERATREE
Figure 1.1 Schematic diagram of CRT three-gun projection system

20 42 80 AL EH, HIT CRT MESRENEME, EEIF RN
ERE, AREATRNEENBREEST, SFAERE CRT REENEH T#
SHREBRBER, XEARRHEERY T HEHFEEERTRINA, FtSES
PRI KRERY BRBARCR YN B BB M B 0 OB R = #i i
A

AT LI KRR BoR, AITFERT RS2 R 2 S F e, R
EMFHAMEEESS T RE, X EERE R rEARRBERE, KPR
PRI R 20 AT 90 B2 E, TR AR 28408 (Digital Micromirror
Device) BB RITHRINE, ENHEIEREERBARRE T EaElZENS
RIE, MR SR AR AT AT A

MR R BRI B R B AR BT 2, AR B R RARERARE
LCD #58 SRS, DLP # % SR H ARG LCoS i B AHRIE, X
BB R AR 5 AR R IR RS B R SRR B R M B BRIRE O R gt
ORI R RS b, B RS B A RGN BRI SRR
B 5T L AR T RERREZER.

LCD ¥ B AL LIES 2\ & 2R84 (Liquid Crystal Device, LCD)
Ve MR O T 3 SR B TP R SRR F R (016 BB AR SR A 2RV
SFRHEBIT R, HHSUEREEE, AR RSO EG. RasEE
SREARTEVIII— R B A5 %6 LCD fENBIE, REEICERRBARFHE
Bf%E L. 1989 4, A EPSON /AR BBl it 5 L8 & LCD @b, K
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534 VIP-2000, {EXTHAR BB SR KDL HEN RZER, BHRE 1%-2%HE
TR, U ERHEERFIE. N o0 ERFEITFE, MERRS SER
R ERE, LCD BEERICFIERD T RE. RS R R BEA R
BN, RAKEEMR, BENARERERERS. LCD ¥ EREARBE Y
BITH—BHRE, BHMNELR LCD BEEREA=AALCD #5, Xfik
MARGEREARE. BEoBRURGBE IR T RERS, B12HR
AR = AR LCD B RS REREE.
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famp bl P R
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g N fens.. - blue LCD
ens \ P o s / lens
array 1 ey / Y
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array 2 GiB/ /r — 5 x
porrzaioN SIS i N
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system e P e \ X cube
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RIGB

12 =AALCDBEREFEE

Figure 1.2 Schematic diagram of three-piece LCD projection system

2}, HZAH EPSON Al SONY 64 FIfE LCD i o AR Yugiah T 4554
MAE AL SRT, o B R K E AR Sn BB 7007 T TR T AR 018
. E£HE TI AT ET DMD (Digital Micromirror Device) & Fi&#i &% & T DLP

(Digital Light Processing) AR

DMD & F 2 —F HEUE TN 8B ST R A IR RS, AR
BHAT—MER, FHTIE BEEER I £12° KA WY, W 1357
/R DMD £MEEE. HidiZR&BAT “ON” i, MREamEE+2° , B
T “OFF” B, W& miEE-12° 19, & 1.4 Bz DMD &R AR R~ R
K. DMD & HWHEHERS, WRBEWRESH SRR, dT8ME
MRS FIRER DN, BRENEEREVVESR, RMEIN SN UREREITE
) Bk AT LASE LA DMD f9#%# . DLP £5R B DMD {E A DGR 8, Bidde
BB B SRR AN R R AT 35 1 AT SE B B B A N TSR I 3 AR FE IR S 1)
A6, AT “ON” REMMRH R R R I R EHERELALA,
B XS R R RB R NR: AT “OFF” REMMR SRR L RSB HEE
FLAE, DU R B RAR R ORE, XFEESEEL T R DMD b B R R
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B 13 HFHEREOMD)NSHRER

Figure 1.3 Structural schematic diagram of digital micromirror device (DMD)
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e
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B 1.4 DMD R AERESEE
Figure 1.4 Diagram of angle deflection of DMD chip

20 th 42 80 4E AR5 #A, LL DMD 7 7] ) 1 1 &5 B DLP AT S EA 1T 4«

¥ LK DLP AR T EARTEBF RRERAN = A AR REHM, €110
FEREENA 1.5 Fim. BT X B8R R A K R R SRR R
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B L AE R ST RS L S T T AR M BRI M T &S AR S
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— e =
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B 15 BERRN=FA DLP BEREFEE
Figure 1.5 Schematic diagrams of monolithic and trilithic DLP projection systems
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Figurel.6 Schematic diagram of LCoS projection system

LCoS #RHAT 20 tH4 00 FRFHHI, REEFEAH—BRBFAFTR
So R RRDSRI—FhEE T RS N EER W & (Liquid Crystal on Silicon, LCoS) & F ]
MEBRLEREA, ZMHEERAGNFREREENE 1.6 fim. ZEARHAT
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CMOS ¥ SR, 7ERES G F LRI SR ASIE CMOS BeFifE A B RN
RENIG, RIEHEEEWE, RERREDEFHERNTRE, W CMOS #
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Figure 1.7 LCoS panel structure schematic diagram
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Figure 1.9 Structural schematic diagram of refractive projection objective
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Figure 3.20 Flowchart of the improved design method
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Table 3.1 Specifications of the ultra-short-focus projection system

Parameter Specification
DMD size 0.65 inch
Screen size 100 inch
Projection distance 230 mm
Field of view 165°
Configuration Refractive-reflective combined
Distortion <1%
MTF >0.3@0.43 lp/mm

FEVHE A /T, SRR H SRR EREESRE R R T E R
BEMEZE. ZERIBFEARRRT YOZ FHEXTR, EROHIES REE X K
—¥. NTENERFR, DERMNREKTRRET 51X51 Mg, M5
KBS 34T T B OCRER] 9X 9 S0t iH 5 B di T .

Freeform surface sag{mmy)

Bl 3.21 THEAINEWZEE bR R
Figure 3.21 2D freeform surface sag map of the calculated freeform surface of half field
W RFOCEA REITH H 4 B &JE — NG RE AT AAE R A
M, BEENGRERRERENE S, RF, BT 34 THRHEEITEEH
SR, tHEN, RA XY Z2HAHUEREEEE, &)
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Three-dimension Freeform surface sag with no tilt(mmj}
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Figure 3.22 3D freeform surface sag with zero tilt

B 323 A& HHEENBERDEEEEN

Figure 3.23 Layout of the initial ultra-short-focus projection system with the calculated

freeform surface
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Figure 3.24 Distortion diagram of the initial projection system
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Figure 3.25 Layout of the example final projection system
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Figure 3.26 Distortion of the example final projection system
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Figure 3.27 RMS spot diagram of the example final projection system
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Figure 3.28 MTF curves of the example final projection system
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BERFBEERE RS, £F4, KESET DLP 8B RNBEERY
WEREERFRITTRIT, M RFEFHHBHER. SOk, 8 b
REFERRITRIT RS — Rk IT T T A ERA, FAH
ZEMAX W4T 7T RGTE, ESREY, FottiiET A dimrBEEs
BRI KNERIARANSEH . FRRAIRI L, WMERA TR RER
BIEREF TR

42 RASHIERENBEERZIRAFIRIT

HEERVYGRBEERERARTHRBARN Y, REERHERARNK
S RE R & REAREEZR RS S AEERE R — ) (K 8 i,
AT RSN B B I TR R, AR T RErdERmRA SRR T — MRS
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Table 4.1 Specifications of ultra-short-focus projection system

Specifications Values
Focal length 1.83mm
DMD size 0.47 inch
Screen size 120 inch
Projection distance 484 mm
FOV 155°
F-number 2.5
Optical structure Refractive-reflective combined structure
Distortion <0.4%
MTF >0.3@0.363Ip/mm

422 BEERFMROTER

1207

Freeform surface

E41 BERGHCBEHE
Figure 4.1 Layout of the final ultra-short-focus projection system based on aspheric surface
YRR AT RANEW, RABRIREE R GEEE, RAEFR
TR R R BB E AR RS EIE 4.1 Fir. RERGREBE
484mm FIFLFLIE B ARSI 120inch M AR RHRIERR, RENHRHLI 0.18.
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Figure 4.2 Distortion of the final system
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Figure 4.3 Spot diagram of the final system
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Figure 4.4 MTF curve of the final system
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Figure 4.5 Relative illumination curve of ultra-short-focus projection objective
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(1) ¥R BEEREYENYES LS DMD HGEREER, BER
HEMRE, NS FRBEE. N T R IRESIBEWERBS BT, XA 0.65inch
1 DMD &, BRIKEAEIA RS ZRFTMNBEDRRENDE. HAEER
#9 1920X 1080, W w2 H 1920X 1080 MM EHEH R, B MUE S5
BrE b B— MEEAAXT R, DMD B IE RSN 7.5um X 7.5um, BHERIK S HA
16: 9.

(2) FERRT. B AN A: BT EEERTYRE RNHETRES
BN, FTU—BBEERRERT KT 100inch L, ACH#ERERTH
130inch. B FHEEERFVETIERZNTEBENREEELINKFERE,
T 38 e T FE B e N AR IS & i 07 . A T RIG BRI IR ST EL, B
FEESXN 320mm, ET#ST A

TR:£=O.11 4.1)

S
Hoep 1 F0s 3R AREEEMFERER . REESANK (218), AT LN
Y WS

2w =2arc tani =2arc tanL =15%° (4.2)
21 2TR

EAREYEN LG ML N 79° , RIE 233 WHABIEE ARG K EREMN
M BIRT R R R, WEARR I TEEEREYEN AT AN 23.5° ,
PR SR/ M5 55.5°

(3) MXFLES F#: BEEREYEESRBERFREFILANLE. N
THRIEFBEEENEGE, BRBPREN F RN K TREHEN F 5. BA
PO FHORT 3.5, FTUREYHR RGN FEWEN 35 REBN. AT
LM RGARILIE, H&5E R RGHRBRE S, BB BT H B R
S5 I O 2

(4) BEHSME: ATHREGANRTYET, fEWRESTEEERY
YRGB LR A R m B ES S M. FARSCRANZBOGRIRE, FiilE
MRERARERMFN, T MERERFF EMRAARE, HmikeREYS
HEAE 90% LA L.

(5) VIR SIRE . A RAK DMD JR~FA 0.65inch, #EFEEHER
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~} 4 130inch, FRFERN

130
=———=-200x (43)
0.65

RIEAR (223) T8, REMEEXLN
f=%l=—1.59mm o

AR (44) REGHILUFG TS EMOTESER, MAERTRSNERHLE
RgH, eFE—EENME, BZitREERRAEICERTRESSE, H5
REBRL RGBTSR

(6) WyE: ERFEATE, —BFKH TV BE2REERRE KRR,
MERMZHREUGIE RS, HRAME BRI RSB . &
R ORI EASENS, A TREBEFNER, RERENT 0.1%.

(7) MTF: AT ETXFE LSRR IRET O, HNBEERRY
YIRRIGHEAT AL, AE ST RABEEREZWEEZE R, XALER
BT, BNEERK DMD 1R AE, KBIRERFEEEE, BTACPXRA
i) DMD BT RARp=T.5um, BT LLRGHIE IR A

cutoff frequency = =0.33lp/ mm (4.5)

2pxM
b, M ARGHIBKRER. N TR EANRKSHEAER, REITHER
BILAR LM MTF E&T 0.2.
L EX IS EERRRA R T EEEREYRN T EEHSHI R RE
K, TR TV 1 S5 A 7 T FR — R SR AL B . KR A AR RO B TR ARIC
MTER429,
F42 ETEbENENREARENRIEEITHRR

Table 4.2 Specifications of the projection objective system

Parameters Value
DMD size 0.65 inch (1920x 1080)
Focal length 1.95mm
Projection system telecentric

Throw ratio <=0.2
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Screen size 130 inch
Field of view 158 degree
F/# 3.5
Resolution MTF>0.2@0.3335 lp/mm
Maximum distortion <0.1%
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Figure 4.6 Layout of refractive lenses of the projection system
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Figure 4.7 Spot diagram of the refractive part of the projection system
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Freeform surface sag
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Figure 4.8 Sag of the calculated freeform surface mirror

Freeform surface sag without rotaional symmetric terms

zlpm
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Figure 4.9 Sag of the calculated freeform surface mirror after removing rotational symmetry

terms
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Figure 4.10 Flow chart of system optimization
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Figure 4.11 Layout of the ultra-short-focus projection objectives

/ 130 inch /

R

p
!

ane mirTor
4

// !
Freeform muror / \
surface | Refractive lensy [ oo
s \/ group N

K412 ETHOHENELXRANEHE

Figure 4.12 Layout of the final projection system based on freeform surface
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Figure 4.15 Spot diagram of the final projection system with freeform surface
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Figure 4.16 Flow chart of tolerance allocation and analysis
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Table 4.3 Tolerance allocation results
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Figure 4.17 Tolerance analysis result of the final projection system with freeform surface
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Figure 4.19 Layout of the ultra-short-focus projection objective
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Figure 5.1 Optical structure of refractive part of the ultra-short-focus projection objective
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Figure 5.2 Structural illustration of refraction part of ultra-short-focus projection objective
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Figure 5.3 Structural model of the refractive part of ultra-short-focus projection objective
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Table 5.1 Design indicators and results of regulating mechanism of refractive part
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Figure 5.4 Structural model of plane mirror
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Table 5.2 Design result of plane mirror regulating mechanism
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Figure 5.5 Model of freeform surface mirror
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Figure 5.6 Illustration diagram of freeform surface mirror fixed and supported
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Table 5.3 Design results of adjusting frame for freeform surface mirror
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Figure 5.7 Structural illustration of the reflective part of the ultra-short-Focus projection

objective
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Figure 5.8 Fixed support sketch of projector
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Figure 5.9 Overall structure of the ultra-short-focus projection objective
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Figure 5.10 Overall structural diagram of the ultra-short-focus projection system
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Figure 5.11 Manufactured freeform surface mirror
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Figure 5.12 Surface shape detection results of freeform surface mirror
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Figure 5.13 Refractive lens group after assembly
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Figure 5.14 Reflective part after assembly
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Figure 5.15 Principle prototype physical diagram of the projection system
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Figure 5.16 Projection image of the prototype of ultra-short focus projection system
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Figure 5.17 Distortion performance test diagram
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Figure 5.18 Cross lattice coordinate chart
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Figure 5.19 Distortion testing image of the prototype

99



i E RS RS BT B MR E £ R R R EATTA

AR

(1) tnEl 5.18 From, A5 20 B K+ s BURTE BE % b, (EARFRH T O
S5EGHOES, REICRATETEIUA TS AR AR, v B i Ak TR
HEE:

(2) LA 2cm (918 % 7 B I BB BT A A P44 % B ARAR(E s

(3) A% 2 B ARFRIR 2 58 1 25 R B B E K B2 BRI T EL SRR
®, EERANREERERNELAN (5.1 F (52), FETHEBIKFMER
TV 8545,

FEREHLIR 2SI RS R B 5.19 Fivs, B, BRI
A BRI ER, XFER N TAXERGEEE AR FR, T §-T
B REERN, TMHBTRERSTRK, FUEERSZI IR RN
MR M. R 54 PR EFNES R, dRTm, HREG
HIKF TV BASE R 0.55%, TH TV BEN 0.74%, ZSLMER KT BOHE,
JEUE AT B R AL R R A SN IR S, B A R A B AT s 2
FER.

RS54 WEWERHFER (mm)

Table 5.4 Distortion measurement data
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Figure 5.20 Black and White Lattice Projection Image
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Figure 5.21 Schematic diagram of illumination measurement method for projection system
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Table 5.5 Testing results of illumination inhomogeneity for ultra-short-focal projection

system
PR X 2, REE (Ix)
HG 42 42.94 42.1
SN 41 43.64 42.6
Ht 41.6 45.5 42.92
h% 40.5 40.8 40.6 40.4
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