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Abstract The automotive head-up display (HUD) system is a type of driving assistance technology that visually projects
vehicle information into the driver’s frontal field of vision. To meet the diverse needs of drivers for accessing information at
various distances—ranging from far to near—during driving, we employ a dual free face-off three-reflection system to
design an AR-HUD light path. This design facilitates virtual image distances of 10, 7.5, and 3.5 m, accompanied by
corresponding field-of-view angles of 15° X5, 12° X 3", and 6° X 17, respectively. In this setup, the optical path’s image
plane at the 3.5 m projection distance shows only essential driving information like speed and fuel level; it is a static image
plane. At distances of 7.5 and 10 m, the image planes show additional information such as road conditions, navigation,
and other auxiliary driving information. The image plane at a 10-m projection distance can seamlessly integrate virtual
imagery with the actual road, with the two image planes dynamically switching based on the proximity to obstacles ahead,
effectively alleviating visual fatigue in drivers. Notably, all three light spots at the eye point’s center fall within Airy spots
while achieving a modulation transfer function closely approaching the diffraction limit. Furthermore, the mesh distortion
value is <<5% , and the dynamic distortion value is <(5'.
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Fig.2 Schematic of virtual image size
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Table 1 Design parameters of the optical system

Parameter value
Far: 10; Middle: 7. 5; Near: 3.5
Far: 15X 5; Middle: 12X 3; Near: 6 X1

System parameter
VID /m
FOV /[ (") X ()]

Seeox /(mm>Xmm) 130X 50
Wavelength /nm 550
MTF /(lpsmm ') >0.3@4.7
Distortion /% <5
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Table 2 Fitting data of windshield

Surface X1YO0 X0Y1 X2YO0 X1Y1 X0Y2 X3Y0 X2Y1 X1Y2
Fitting data 0 0 —6.319 0.544 —3.658 —0.079 0.102 0.036

Surface X0Y3 X4Y0 X3Y1 X2Y2 X1Y3 X0Y4 X5Y0 X4Y1
Fitting data —0.011 0.017 0.039 5.5X10°° —9.5X10° —6.7xX10° —1.1X10° —8.8X10"°

Surface X3Y2 X2Y3 X1Y4 X0Y5 X6Y0 X5Y1 X4Y2 X3Y3
Fitting data ~ —2.5X10° —4X10° —1xX10° —3.4X10° —1.1X10° —1.5X10"° —5X10° —1.8x10°
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Fig. 3 Optimized 3D result
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Table 3 Optical path structure design

Surface Radius /mm Thickness /mm Tilt along X /() Tilt along Y /(°)
Far: —10000;
Object field - Middle: —7500; - —
Near: —3500;
Windshield - —450 —62.262 4.955
M, 1034. 833 285 —30. 00 1.976
Far: —342.416
M, —646. 977 Middle: —310. 535 40. 00 —2.909
Near: —181.094
Far: —10.189
Image plane - - Middle: 0 -
Near: 0
T4 R IS5
Table 4 Optimized parameters of M,
Surface X1Y0 X0Y1 X2Y0 X1Y1 X0Y2 X3Y0 X2Y1 X1Y2
Fitting data 0 0 23.501 —0.981 13.197 0.130 1.786 —0.981
Surface X0Y3 X4YO0 X3Y1 X2Y2 X1Y3 X0Y4 X5YO0 X4Y1
Fitting data 0.0027 —0.755 0.268 1.267 1.040 —0.04 —0.406 —1.485
Surface X3Y2 X2Y3 X1Y4 X0Y5 X6YO0 X5Y1 X4Y2 X3Y3
Fitting data 1.125 —0.949 0.126 —0.657 0.47 0.027 —0.186 —1.492
Surface X2Y4 X1Y5 X0Y6 X7Y0 X6Y1 X5Y2 X4Y3 X3Y4
Fitting data 0.181 —0.513 0.541 0.154 0.611 —0.214 —0.092 0.571
Surface X2Y5 X1Y6 X0Y7
Fitting data 0.22 0.138 —0.169
x5 AR 20tk S5
Table 5 Optimized parameters of M,

Surface X1Y0 X0Y1 X2Y0 X1Y1 X0Y2 X3Y0 X2Y1 X1Y2
Fitting data 0 0 35. 844 —1.691 21.44 0. 044 1.716 —0.705
Surface X0Y3 X4Y0 X3Y1 X2Y2 X1Y3 X0Y4 X5Y0 X4Y1
Fitting data 0.76 0.011 0.249 0.979 1.295 —0.802 —0.106 —0.557
Surface X3Y2 X2Y3 X1Y4 X0Y5 X6YO0 X5Y1 X4Y2 X3Y3
Fitting data 0.512 —1.135 —0.081 —2.808 0.129 —0.035 —0.085 —1.723
Surface X2Y4 X1Y5 X0Y6 X7Y0 X6Y1 X5Y2 X4Y3 X3Y4
Fitting data 0. 155 —1.094 4.947 0.032 0.171 —0.016 0.0038 1.138
Surface X2Y5 X1Y6 X0Y7
Fitting data 0.689 0.43 —2.38

1011012-4



F 6155 108/2024 £5 B/BAEXBEFZHE

TR AEE BN 6 R e DhNHR A B a5,
AVl BT A O, LS B J7 1) 2 1, 306 i D 1) o £ AR
P AL 28 5, B 15 BB 0 10 mo A A R A% W 2 vl DA% 5
TE 2 A6 LIRS 800 S 5 & e .

26 T

Table 6  Optimized results of lower perspective

Dy, /m q/C)
3.5 5.5
7.5 3
10 —1.5
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Dot-column diagrams at the centre eye point at different virtual image distances. (a) 10 m; (b) 7.5 m; (¢) 3.5 m
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Table 7 Radius RMS at the centre eye point at 10 m unit: pm
Field 1 2 3 4 5 6 7 8 9
Radius RMS 9.613 23.725 15.192 22.226 30. 569 13.570 27.186 18.552 15.225
#8 7.5 mitf gL IR ALY AR RMS 1
Table 8 Radius RMS at the centre eye point at 7.5 m unit: pm
Field 1 2 3 4 5 6 7 8 9
Radius RMS 19. 874 9. 247 15. 287 28.702 19.134 15. 955 17.981 6.407 10.717
RO 3.5 mif g RO IR ALY AR RMS 1
Table 9 Radius RMS at the centre eye point at 3.5 m unit: pm
Field 1 2 3 4 5 6 7 8 9
Radius RMS 19. 251 16. 764 13.975 26.247 23.951 20. 004 25.098 24.248 21.905
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Fig.5 MTF at the centre eye point at different virtual image distances. (a) 10 m; (b) 7.5 m; (c) 3.5 m
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Fig.6 Grid distortion at the centre eye point at different virtual
image distances. (a) 10 m; (b) 7.5 m; (c) 3.5 m
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Fig.7 Schematic of dynamic distortion
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B B ANAR oAb A5 2 il e ML 0 FE 3 M B . I &S
FIR AL EE S, BVAR & 1) _E A # 50 mm B, ] i 5% M, i
% 20 1. 3697 IR &5 a1 F fw % 50 mm B, il [ 45 M,
JIE RS 2 By 1. 3367
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Table 10 Dynamic distortion at 10 m of projected distance unit: (")
Position P1 P2 P3 P4 P5 P6 P7 P8 P9
Config2-Configl 0.27 0. 60 1.22 0.44 1.82 1.02 0.61 1.70 0.63
Config3-Configl 0.87 0.97 1.94 1.04 2.43 1. 07 0.53 1. 86 0.63
Config4-Configl 0.23 0.34 1.13 0.62 1.91 1.27 1.02 2.14 1.79
Configb-Configl 1.48 1.74 1.94 1. 66 1.81 1.40 0.31 0. 80 0.14
Config6-Configl 0.58 0.41 0.46 0.13 0.30 0.35 1.12 0.58 1.33
Config7-Configl 0.64 0.95 1.04 0.66 2.32 0.97 1.23 2.25 0.95
Config8-Configl 1.86 2. 40 2.87 2.11 3.21 1.72 0.54 2.02 0.55
Config9-Configl 1.08 1.28 1. 85 1.35 2.75 1.27 1. 30 1. 80 0.56
F11 7.5 mAfYEh A wAE
Table 11 Dynamic distortion at 7.5 m of projected distance unit: (")
Position P1 P2 P3 P4 P5 P6 P7 P8 P9
Configl1-Config10 1.03 1.45 1.28 0.76 1.12 0.79 1. 17 1. 19 0.97
Configl2-Config10 1.40 0.81 1.05 0.99 0.89 0.34 1.23 1.21 0.81
Configl13-Config10 1.24 0.81 1.21 1.01 1. 11 1.26 1.05 1.54 1.11
Configl4-Config10 1.24 1.91 1.43 0.83 1.68 1. 06 0.79 0.96 1.01
Config15-Config10 0.10 0.36 0.22 0.95 0.41 1.08 1.23 0.80 1.22
Configl6-Config10 1.37 0.55 1.08 1.59 1.07 1.43 2.27 1. 54 2.24
Configl7-Config10 1.97 3.24 2.07 1.02 2.38 1.51 0.53 1.76 0.51
Config18-Config10 0.92 1.81 1.64 1.29 2.01 0.58 2.07 1.45 1. 34
F#12 3.5 mif Y Zhm s
Table 12 Dynamic distortion at 3.5 m of projected distance unit: (")
Position P1 P2 P3 P4 P5 P6 P7 P8 P9
Config20-Config19 0.67 1.62 1.81 0.73 1.71 1.99 0. 80 1.86 2.29
Config21-Config19 1. 37 1.60 1.18 1.44 1.70 1.31 1.52 1.85 1.55
Config22-Config19 0.66 1.59 1.82 0.70 1.70 2.07 0.73 1.89 2.43
Config23-Config19 1.33 1.59 1. 60 0.76 1.01 1.12 0.63 0.32 0.29
Config24-Config19 0.42 0.25 0.32 0.42 0.25 0.30 0.58 0.38 0.38
Config25-Configl9 1.50 1.52 1. 39 1.54 1. 60 1.45 1.74 1.81 1.70
Config26-Configl9 1.17 1.96 2.07 0.66 1.61 1.77 1.19 1. 86 1.99
Config27-Configl9 2.42 2.57 2.04 2.12 2.26 1.72 1.64 1.95 1.43
" BRI, 5 X A2 RGEEAT N 22000, N 22 HOR
higher eyebox 50 mm /NS H G S T AR A T A R X L A AT R RE
! WG R OB 3 13 /A 2 5V A0
' ®13 RHEAKRIHR
center eyebox 50 mm Table 13 System tolerance allocation
Parameter Windscreen M, M,
Radius of curvature /mm 1 1 1
e 50 mm Spacing /mm 0.2 0.2 0.2
v X direction offset /mm 0.2 0.2 0.2
Y direction offset /mm 0.2 0.2 0.2
iy 130 mm 1 Amount of rotation on the X axis /(°) 0.2 0.2 0.2
Amount of rotation on the Y axis /(") 0.2 0.2 0.2
&8 MR i e 7 7 I
Fig. 8 Schematic of eyebox deflection i 1 Zemax B, B AL HL 1000 4> 52 4 2 kR
5 NEA A 1B RGO b R B ST AR Ik 14 PR
ATLVE ) s [ EOER 4.7 Ip/mm b, A6 R G0

2 1 B 5 S 3 0 TR Ik AR O R S 90% A FIMTE KF 0.5, A RGN 2250 i
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Table 14 Results of Monte Carlo analysis

MTF at10m MTFat7.5m MTFat3.5m

Percentage  virtual image virtual image virtual image
distance distance distance

90% 0. 55338520 0.59094188 0.58008748

80% 0. 55858614 0. 59510540 0. 58269619

50% 0.56767183 0.60199468 0. 58722231

20% 0.57532117 0.60751383 0. 59075959

10% 0.57775279 0.60992915 0. 59234608

HL A IS RE B BT AR A

6

45 e

MR T 2 B B ) 2 O A SRR R e A R A R

HXH ddhm i =R 2%, &it 17— RE
10 m.7.5m.3.5m = Ab A [A] BE & 5% R 19 AR-
HUD & &4, — MG m AL X EE, LH— k%
40, 0] LA A A B A Bh A5 B 4 ) = ] e R
B D) BE A7 R T A i AR R [P0 4 S O RS
SRS M, B2 R R A = A AR IR B A4k, 1y

T ARATR A B R AGTEE A5 5 T AT R R R TR0 A e A

1y 785 W 22 9 AR BEOR o b, B R R 5 By
(14728 4k, 308 ok B 2 R v — A i A YR R S R
PRUEA [R] B i 1025 B B3 A0 e ¢ B0 . s 2, T L
JEASCR T 19 R G0 8 HL B R S A A BB
M2 7 B 6 1) 25 B4 6L, D Rk AR-HUD 9 % €
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