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Optical Design and Tolerance Analysis of Freeform Automotive Head-up Display
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Abstract: A freeform optical system of automotive Head-Up Display (HUD) was designed. In the initial
layout design of the HUD optical system, the sample points on two optical freeform surfaces of the HUD
optical system are calculated by the seed curve extension algorithm. And the two freeform surfaces are
expressed by the extended polynomials. Then the ray tracing is performed for the initial layout of the
HUD optical system at center field of view with 0.5 mm ray sampling interval. The results show that the
performance of the initial layout of the HUD optical system is the diffraction-limited, which can be used
as the starting point for further optimization at full field of view. After optimization, the final HUD
optical system is obtained. In order to simulate the observation of human eyes, several test points in the
Eyebox are taken as object points, which are imaged on the image plane by the HUD optical system. The
modulation transfer function plots of the several test points are greater than 0.5 at 6 lp/mm, which are
close to diffraction limit. And the distortions of the final HUD system are less than 2%. Finally, the
manufacture tolerances of two optical freeform surfaces are analyzed. The results show that the
modulation transfer function plots of the HUD optical system are higher than 0.3 with the tolerance PV

values of 0.42 pm and 0.62 pm of the two optical freeform surfaces respectively. For the current

E&WA . BB S BOLE 5 N HOR #5058 % IR (No.2012ADL03)
E—1EF RBHI1995—) , L, B BF ST AR ELERFSE DT 1) R FR G806 % 181t Email: zhangyl9595@163.com
Sl (GEBWRAEE) A H 978 B Rl 4 = E 5T 7 a8 1% 5 HE 8O 2% R S 3T . Email : zpsu_optics@163.com
W B #A:2020- 05— 13; R FA B #1:2020-07-02
http : // www .photon .ac .cn

0922002-1



D/ R S 14

machining capacity, the tolerance requirements are reasonable.

Key words: Head up display; Seed curve extension algorithm; Freeform surface; Sample point interval;
Tolerance analysis
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Fig.1 Schematic diagram of HUD optical system
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Table 1 Design parameters of an HUD optical system

Parameters Value
Wavelength range 486~656 nm
Virtual image size 260 mm X130 mm

Eyebox 80 mm X 40 mm
Virtual image distance 2 500 mm
Field of view 6°x3°
Distortion Less than 2%
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Fig.4 The calculation of sample points on freeform surface

3) F e A 85

ARAFIEAS 1 eh b SRAE U L SN Bt SRR S R I DB L B
XFE b2 X R XY R 2 I AR R AL A . th TR HUD 248K T YOZ 1 X
PR AR B XY 20k, R B (7)) il ey, e B EHE RS A, 2T R LA
i B T Matlab 4506 TR AR R BSRR AR BOE A5 BEAT Ay il 1 40055 40045 800K B2 T 24 97 AR 3% 22 (Root
Mean Square Error, RMSE) & ¥EA4;.

2 2

PR clx +y ) +A2y +Asx2+Asy2+A712y+
1+V/1—A+k)c (2 +y5)
A9y3+A10$1+A12I23’2+Al4y4JFAlsflyTLAls-szSJfAzoys D

2 HUD XZFERFGEITERSHT

AR 1.2 TR 7% HUD 2 KRG 7 e 4L, i 0 2 3 1 th 45 it RE 48 5.
2.1 HUD R&EHHEHMEIZIT
M8 1.1~1.2 TN A, Bt 7 HUD S &
GH AWK 5 TR, ARG Eyebox RoF
80 mm X 40 mm, Ir 767 & 15 & Ry fLAR G R, 78 52 B Freeform
Mt fE Ry 7L T B S Eyebox U il L E surface
NAWEEZEHN 90 mm, Rk [ fL £ 38 > Eyebox 18
Bl PN A% Bl I #0 BE 0022 21 3 I 1) 3R B 15 . W LR 45 4
BB T SR AR Sk FJE S5 AL L B8Ok
L Z A B AT WG L 5 37 A
B THE T oRFEASEFE A [ % HUD J62% R4t ' 1200 mm surface
W1 46 45 14 PR B 1Y 52 WL 7E SR R OG 26 18] B A 0 Sk B5 im0 HUD % 2 2 % 414 2
3mm,1.5 mm,1 mm, 0.5 mm, 0.3 mm AN Fig.5 The initial layout of HUD optical system
0.1 mm , RGEHCH G FZMBARZHELT . FIH
1.2 1 B 75 0 43 63X JLA G &0 B F il T R A SO S AT 5, O EO O s AT S R AR B
T TR B RECT A Zemax HXT HUD R GEW) IR S5 #EA7 L8308, 7 [6] SR AF ] B i X 1 9 HUD &

0922002-5



b (i
iy MTF W15l 6 fros.
1.0 1.0
= 0.8+ = 0.8
o o
206 206
= —
=] =]
2041 204 T
E E
= 02 = 0.2
O J, I} ) J I, Il I il Il ' O | L L L ] ) J . .
0 2 4 6 8 10 12 14 16 18 2 0 2 4 6 8 10 12 14 16 18 20
Spatial frequency/(cycles-mm") Spatial frequency/(cycles-mm")
(a) Sampling interval under 3 mm (b) Sampling interval under 1.5 mm
LO 1.0
o8k e E 0.8
S S
206 206
= =
=] =]
Z 04 Z04
E E
= 02 = 0.2
O L L L L L L L | | O L | | | L. L l | 1
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Spatial frequency/(cycles-mm") Spatial frequency/(cycles-mm™")
(c) Sampling interval under 1 mm (d) Sampling interval under 0.5 mm
1.0 1.0
o 0.8 o 0.8
= =
] o
2o6f £0.61
Y G
=] ]
% 04 % 041+
E E
=02k Z ool
0 I ) ) | . . . J J 0 | L. . . | | | L. L
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

ATRLAE HORAE A T 1 mm i SRAF 6] B X 27 R GRS MTF 5200 He R 33 IR Dy R A [ o K
T T A S R A AR G RO PERE B 2E FE 0.5 mm SRAR [ BE T L ARl 7 ih e P R EE MR A HUD L% &
GER UGS IE MTF {575 20 Ip /mm TR T 0.9, CHE AT R AT & 6 (D 7 o PRIl 1 S/ 0 B SR A 1] i
Xt MTF #8272 48 B A R RHE Wik 23 38 I 3300 18] 151 6 Ce) AIAT 6 (D S R AL E] B T 0.5 mm BiF X Rz ) 2R 48
MTEF ik, n] LUR 1, ARG MTFE [EAHET 0.5 mm B HUZ & A T 403000 28 £k, % 38 O 15 5 1Y $2 7 1%
ARKAGE L HIE . 0.5 mm #9 5R FE ] B 2 LW 2 B3 2R 8 S0 9 HUD OG22 &R 42 0] G 45 4 LU
0.5 mmIGZ R AL BRI, Bt 58 B B0 46 45 K 19 s 5 AN 7 Ca) s 51 18T RMS 24800 2,452 pm, F H &
G AR /ANT 106, W 7(b) NG R AT UE L, R 1.2 ik py 7y e @t it i) HUD RV IG 45 A R 4F
6 2 PR BE . WD 4R 45 FA 2 AT 0 B 00T 19, HUD Dt RS TAE R 28 6° <37, N 75 2tk — 2 ik, A

Spatial frequency/(cycles -mm")
(e) Sampling interval under 0.3 mm

Spatial frequency/(cycles -mm")
(f) Sampling interval under 0.1 mm

B6 FRXFERTH HUD W 4 k ¥ & 4ty MTF s &
Fig.6 The MTF plots of the HUD initial optical layout at different sampling ray intervals

B AW R 25 K A AN B B G2 PR BE S AT DLAE T — 20 B AL AR kS A

0922002~ 6



HAAP LS5 < A R A Sk R AR A BT A 220

OBJ: -3.0000 (deg) F-Tan(Theta) distortion
3.0

Rred
* '+
L,

+ tepet * o+ 2.0

o ey gt
> *
O- 0w0
- veapnes 3 L0
* settes b
* :.,.." *
* e
.‘v.' O
-1.0 0 1.0
IMA: 0.000, 0.212 mm Percent
(a) Spot diagram of the initial HUD system (b) Distortion curve of the initial HUD system

B 7 HUD W% % 580 2 5| B Anwr & &
Fig.7 Spot diagram and distortion curve of the initial HUD system
2.2 HUD XZFRFEHMHUL
2.1 FHIER HUD #I R G A 2035 6° X 3°, 78 96 24 B i H 1k v it — 2 i e Ak, VID % &l
2.5 m, MMM VID H[FPeE 7GRS EMTZ B RN

W=2XL Xtan(FZH) €))

H =L X [tan(F yyax) — tan(F vy ) D)
Kb W MBI H BB ESE. L HIEBRUE . Fy 8 X WA KA Fyuax A1 Fyan 78500 Y 6] 8
i ff1 09 e KA R dse /ME.
AR ) (O ATHE RN SF R 260 mm X 130 mm, 3% 34 B, A2 R AR i K 5% i Xof 6
TR BRI WA 23 R s /N 5 R R 9 57 . K R 400 P RIS SR B 1 6 8 4 1) 8 8 O 0 T R D e 2O AR 7S
FH HUD G2z R GtnlEl 8 i ] LUE thiZ RE 4 BiE I H RGBT %1 Eyebox X, {1
WAL TE IR Bl [ N A Bl R A LR 0 I M AR A L.

3

H8 hfhEi HUD k¥ % 4%
Fig.8 The optimized HUD optical system

43 HUD 6o 2 88 0 AR B = EAT PEAS . A RS IR RN SF 75 mm X 42 mm, 73 FEF S 854 X
480, 1] LI 8 T R ~F2 k1 0.087 8 mm ., Y2k RSk IR 3R £
1
f—m (10)

Kb, p REBITRAT.
AT HUD RGERIN R 3 B3R 20 6 1p/mm, & 9 NIZRGETIES M T i S50 &L H RMS
HARTE 7.184~10.727 pm JEHE NS0, I H MTF {H7E 6 lp/mm F KT 0.9, 30 A7 G4 BR . an &l 10 froR.
KRGLL Eyebox fE R FLAE , #7K A AR EFL 2 e FLAR G, H 2 A5 B NIR 76 Eyebox N 9 4>
DA B Ah ) RSN T, 18T 11 () i 7 - 21 6 [ BBl AR e i AL L ZE AR AR 47 19 HUD S R4 A £ 8 45 f A
0N HR WL 245 X3 35 A1 04 jE A A% 00 an il 11 (b) s,

0922002-7



D/ R S 14

OBI: Q.OOOO,—] .5000 (deg) OBIJ: 0.0000,-3.0000 (deg) OBJ: 0.0000,-4.5000 (deg) OBJ: 3.0000,-1.5000 (deg)

4 i an

IMA.: 0.000,-41.425 mm  IMA: 0.000,-60.633 mm IMA: 0.000,-70.207 mm IMA: 41.907,-39.869 mm

100.00

OBJ: =3.0000,-1.5000 (deg) ~ OBJ: 3.0000,-3.0000 (deg) OBJ: -3.0000,-3.0000 (deg)

IMA: -41.907,-39.869 mm IMA: 41.695,-59.220 mm IMA: —41.695,-59.220 mm

OBJ: 3.0000,-4.5000 (deg) OBJ: —3.0000,-4.5000 (deg) ~ OBJ: 1.5000,-3.0000 (deg) OBIJ: —1.5000,-3.0000 (deg)

a a -

IMA: 41.462,-77.918 mm  IMA: -41.462,-77.918 mm  IMA: 20.826,-60.283 mm  IMA: -20.826,-60.283 mm

B9 Mttty HUD k¥ R4 A7 A
Fig.9 Spot diagram of HUD optical system after optimization

1.0 —
0.8
P~
5 ————— Diffiaction limit (3.-1.5) DEG
806 —————= (0,-1.5) DEG = - - - (3,-3)DEG
Gy
°c —T— = == (0,-3) DEG (3,-4.5) DEG
é 04 = —--—--(0,-4.5) DEG === -(-3,-15DEG.
§ 02 ————— (1.5,-3) DEG ——= === (-3,-3) DEG
“r ———— (-1.5,-3) DEG —————= (-3,-4.5) DEG
0 ] ] 1 ] 1 ] 1 ] 1
0 0.6 12 1.8 2.4 3.0 3.6 42 4.8 54 6.0
Spatial frequency/(cycles-mm™")
B 10 fh1t)5 89 HUD &% % 4 MTF # 4
Fig.10 The MTF plot of the final HUD optical system
x v
g |
Bl e
) > _’_
< |
4 é
80 mm I
(a) Nine typical positions of human eye in the Eyebox (b) HUD final system

H11 2E&M T HUD L¥ A4
Fig.11 HUD optical system with multi-configurations
MR LB 45 5, 43 A NIRTE Eyebox P £ MK AL 8 A0 9 WEEE A% B0, e MTF {H7E 6 1p/mm ¥
T 0.5, 880 ST A R LS X R B AEAE B T AR BN T 206, 6 12 3 NBRAZ T Eyebox H1ib
PLR YA TH X 5 A L R4y & b i i MTE Rz e A2 i £, th T8 A RGO T YOZ V- 6 FR LA G )
TEZE b AR b A L I B A [ 4 R B & TRV RE L 22 A A T A B R R A AR B i 18T 12 (a) ~ 12
(o)l LA H 5 AR Al 0 38 850 457 B X6 7 () MUTF I IR A8 359 55 vty 07 8 22 00O KX Be 25 R B L 9%
0922002- 8



HAAP LS5 < A R A Sk R AR A BT A 220

HUD 627 £ 48 009 U5 B i 2 AR AL 58 W4 1 225K, HLAE Eyebox AT R B AL 5 W 28 8/

F-Tan(Theta) distortion

1.0 45
4.0
0.8}
= .
o [ T — 3.0
206+ e
=
£04f 20
=
=l
=
E 0.2 - 1.0
0 I 1 1 ) L L L 1 1 0
0 06 12 1.8 24 3.0 3.6 42 48 54 6.0 -2.0 2.0
Spatial frequency/(cycles-mm™") Percent
(a) MTF plot and distortion curve at the center of the Eyebox
F-Tan(Theta) distortion
1.0 45 (Theta)
4.0
o, 0.8 .
5 ...............
------------ 3.0
£06- .
G
<
Eoal 20
=
=l
=
=02t 1.0
0 l I ) | | ] I ! ! 0
0 06 12 1.8 24 3.0 3.6 42 48 54 6.0 20 0 2.0
Spatial frequency/(cycles-mm™") Percent
(b) MTF plot and distortion curve at the upper left and right corner of the Eyebox
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(c) MTF plot and distort MTF plot and distortion curve at the upper left and right corner of the Eyebox
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Fig.12 MTF plots and distortion curves of human eyes at five typical positions in Eyebox
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(b) Eyebox moves backward 70 mm
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Fig.13 MTF plots and distortion curves corresponding to the positions with the worst image quality

when the Eyebox moves forward and backward by 70 mm
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