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field of view, large exit pupil diameter, and lightweight structure in high-performance helmet-mounted dis-
plays, an opposite-side oblique projection optical system based on freeform surfaces is proposed, featuring
a streamlined configuration. A reverse ray-tracing method combined with an incremental optimization strat-
egy was employed to refine the surface profiles of the relay lens group and the freeform combiner, effective-
ly correcting astigmatism, distortion, and coma. To reduce structural and assembly complexity, the num-
ber of relay lens elements was limited to five and arranged coaxially. The resulting system achieves a diag-
onal field of view of 50°, an exit pupil diameter of 11 mm, and an eye relief of 40 mm, with the modula-
tion transfer function exceeding 0. 46 at 30 Ip/mm across the full field, while maintaining a total weight of
84.5 g. Tolerance analysis indicates low sensitivity of both MTF and distortion to standard manufacturing
errors, confirming the engineering feasibility of the design. Prototype validation demonstrates clear imag-
ing in both transmission and projection paths, providing a robust solution for compact and easily aligned air-
borne helmet-mounted display systems.

Key words: optical design; freeform surface; helmet-mounted display optical system; catadioptric sys-

tem; large diameter of exit pupil

1 7]

Uu\:

k% WoR & 4 (Helmet-Mounted Display,
HMD) & —fp Sk 8 X s e 8, FEM T AT R
RBAERAR B o il R G Ak BN,
AT SULE AT E AU b B ER 55 64 ] i 000 7
AR o % R S8 B L e 2 B W R B L
H LA ) s R S5 A 817 2 AR BUCE iy
P, B 5 A, 2 T — R RHLAY O
28 78 T

kA Won G RGBT EOR A
IERED NN §iENINCEE S IR DN i
S o T AR 2 B M AR K R S R
AR B ) B T, LA el Sk B 5 Sk A Ok A AR R
A F g i T8 AN 2 2R A3, i Sk A R R G I S
FHAEAZ DRI Z — o SR R R N WA B
1 4 A I 2 T 24 HOR K oo R ons T HL sk 2%
R JE2E RGBT b i an g A s L
P AT S A i E e B R
SV

20t 42 60 4F A4, 56 [ O il 2 B T+ LAY 45
il oK, R TSk A E R . R
17 GURE I 6 AR UM B 0 B e Bl 5 R AT B L
2 EUE AR B R B 52 22 IR AT, AR T Sk 25 B o
NFRY ., AR HMD 2 £ H 39 VTAS
(Visual Target Acquisition Set) , fit 26 7£ F-4 €47
ar B VTAS i A IR 5 B 8 W os &6

PR WEEH 5 R HMD A B B B,
JHMCS 1.0, 5. H ¥ 37 % 20°, i #E 5 50 mm;
4 HMD & e 3] 55 =48, B0 AL 7 5 Oy F-35 %AT
P HMDS' . Cakmakei 2™ $i H 72 1 2% o8 2
Aot RO XY 200 A el R b R %
THHEA 15 mm H B, 3 mm H i, 24°%F £ L
Ytk WOt R G . Zheng &R XY £ T =
B el T R S B T T — K i + T S Sk
W R, T hlE B R R HL . 2018 4F, mE
TSR RO SR A iyl A XY 25 A
i T T B R R Ak A R R4 AR
10 mm H H##E# K F 15 mm. Cheng ™45 2
A5 3ANKLIE I H T T e 5 0 T A v X RO
13k 28 R R G0, XA O 45. 37, i R SF
12 mm X 8 mm, H > 18 mm.,

AN TR ZE R 2 Sk B R RS A R
WMOST-HMD & W 7 #F R e 56 S, Al
PLSZ /N RUAR 5 R Ak B LA % S 1 2 180 4
R AV S /s JoT 5 U7 5 D S AR ME T R i A T B
14 4 €0 358 1 43 R TR 2% 5 3R E 7R B A a0 Ah
B AZ AT G BT LR B 0 o6 g IR Ae L (R
THAR 5 RLAS 1Y BR 48 e AT I TG 2k AE AT UL
WG S BoRGUHE . ERITRABE R R
A S Sk 2 R SR R A D LT A Y 4
R R, R R P s BB A, T
I P A A BE BH O K s s s R i 5
B AT AR FER TR .



o513 3

g SCIRE A5« A Pl T AT S ok 2 s e R 1971

BEAT A B b S S Sk 2 ROt s R GEAT AE
B 15, a5 2% AR B R G HO,
4O 2 2 GE N R IT A G D O S TR R R W T
Je S5 % 22 47 1 X JRE R 9 o P Y SRR K R
TENLECIRZS S L O 188 1 i 2 s , X 3k 28 R
i AL 37 | R A RO e S e S O T B
PERERY ZEK

Bt A R A SO Y — i e ] Al o 4 o7
BiZh 5 A el i 2 T R A A 3 e 2k
s Won e E ARG . MU A il R 22 4 IE fiE
55 2 A MR AL N TSk A R e s RS
f A BRI BT A RAT B RS AL B AN 8 5 5 i o
T H S LI 04 P TR BT 5 TR AT R
25 R 1 [R) I 52 B s 1 23 B35 R TR
Bhrp gkt BB, W ARG A SR A
PEMEEL

2 R OH

2.1 HEHEZS5NGZHHEIRIT
BT R Ak A ROt R WIR C R

L f= —2— 5 S, Hoop o R G Ly %

tan w

B, o B . T REDE B R B Oy
2, BIGTE 7 B o R 2% IR y Bl oR B
IS o N AR R R — 2 o BT LY R A S
EN, RERGARPME REER AL R
GLMERE S5 RGN AR DAFTE FE=/f/D 1
KEZ P FENRGEFRL,D R AR H
AL M o 5B D ZE /KR .

!

__ Y
F#_Dtanw' (1)

L BoR e R vt B rh 3 e
BN FBOR 4R = 22 58 0 AT SRR, DT S 52 B
T HERAR AL m e B B Ok L A
w FAE 0° << w < 90°, AT L 24 F 405 /s 28 515 1

1 ,
%Hﬁ,ﬁﬁD@mo Wil EAHEERS M

Yy f Z 100 56 22, A6 BT ot R o S I RE LA
H 8B 5 BT R AR R SONY B R 42
14 B T micro-OLED £ 7 (1 920X1 08014
% .5 000 cd/m’ Vg {H 5% B, Wil H % S 60~
120 Hz) , B 25 B A &KLYy 68 B JC T % i g

BB Oy sl RAT R R Sk R RS Bl R A R
HMD ) H i 1A 06 25 K T AR B L Ko A
IR R FL 1 28 AR 405 S 1Bl 30 58 5% B /E 2~8 mm P A8
AT i B AR RS N T 10 mm, D6 B X &R 40
W3 0 20 R 50°, KV J5 8 W3 fl ok A2°, 3 7
a] 837 # 2 30°,

H i B A8 e — A e AR B i P
MRS . il R TRAT DU A AL B B S R
i 5 1Y 25 (8] 75 oK, R R 8 R RN F
40 mm"™ . | AT DUBA 8 1O A R G i TR
FRANEE 1R

®1 XFRFEHZITIER

Tab.1 Design specifications of optical system

Parameter Value
FOV/(") 42(H )*30.8(V)
Exit pupil diameter /mm 11
Eye relief /mm 40
MTF value >0. 46@30 Ip/mm

Distortion/ % <32
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Fig.1 Three kinds of reflective helmet display optical systems
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Fig.2 Diagram of structural constraints
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Tab.2 Parameters of initial optical of system structure
Element Surface label Surface type Radius/mm Thickness/mm Material
Combiner 1 Spherical —57.36 —78.00 MIRROR
2 Spherical 102. 10 —3.00
Lens 1 H-ZK5
3 Spherical —981. 569 —1.00
4 Spherical —40.633 —10. 196
Lens 2 H-ZK3
5 Spherical 101. 356 —18. 142
6 Spherical —38. 0470 —5.00
Lens 3 H-QK3L
7 Spherical 207.45 —22.656
8 Spherical —119. 358 —3.00
Lens 4 H-ZK9B
9 Spherical Inf —8.62

Lens 4 Lens3 Lens2 Lens 1

micro-OLED Relay lens

3 e RGEWIA S5 1L iK
Fig. 3 Optical path of initial system design
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Tab.3 Parameters of optical system

Element Surface label Surface type Radius/mm Thickness/mm Material Conic

Combiner 1 Zernike Fringe 78. 80 —134.80 MIRROR 0
2 Even aspherical —24.43 —8.00 D-ZPK7 0

Lens 5
3 Spherical —166. 27 —7.80 — —
4 Spherical —21.60 —5.66 D-QK3L —

Lens 4
5 Even aspherical —71.80 —1.36 — 0
6 Spherical —34.00 —7.40 H-ZPK2A —
Double lenses 7 Spherical —23.40 —5.74 H-ZF73 —
8 Spherical 90. 48 —1.16 — —
9 Even aspherical —62.97 —8.50 D-ZLLAF85A 0

Lens 1
10 Spherical 43.70 —5.40 — —

T 3k 45 57 oy 1) 2 B0 60 A op N TR 08
P B B AT O e ik 3l A0 2 i LA X &R

g5 P A AL RS o ST ONIR 1 FL AR E B
B S AR 2 mm 2 8 mm Z A3 3l , PFAik HR 37 [



513 M

ok SCRE L 4F . A i il T s ek 28 oR s R ST 1975

Modulus of OTF

0
0 30 60 9.0 12.015.018.0 21.0 24.027.030.0
Spatial frequency in clcles per/mm

"Polychromatic diffraction MTF
Zemax

2026-01-04 Zemax opticStudio 18.9

Data for 0.480 0 to 0.650 0 pm
Surface:Image

HMD Right field.zmx |

Legend items refer to field positions Configuration 1 of 1

(a) MTFh£%
(a) MTF curve

2026-01-04 Zemax
Field:42.000 0 w 30.800 0 h degrees Zemax opticStudio 18.9
Image:10.30 w 7.56 h millimeters
Maximu distortion:32.633 4%

Scale:1.000X, Wavelength:0.590 0 um HMD_Right field zmx

Configuration 1 of 1

(b) &M AR
(b) Grid distortion

K5 B ;e Sk 2 Bt s REEERE i

Fig. 5 Performance analysis of off-axis catadioptric helmet-mounted display optical system
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Tab.4 Comparison of design results of off-axis catadioptric helmet-mounted display optical systems

Parameter Our design Design 1" Design 2"
Oblique projection from the op- o o
Structural form o Top-down projection Top-down projection
posite side
Element Count 5 coaxial lens group+1 mirror 10 coaxial lens group—+2 mirror 7 coaxial lens group—+ 1 mirror

Weight/g 84.5 190 /
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Tab.4 Comparison of design results of off-axis catadioptric helmet-mounted display optical systems

Parameter Our design Design 1" Design 2/
FOV/(*) 50 65 52
Exit pupil diameter/mm 11 8 12
MTF >46% @ 30 Ip/mm >30% @ 30 Ip/mm >50% @ 30 Ip/mm

Image source

Design result
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Tab.5 Tolerance values of optical system

Tolerance items El E2 E3 E4 E5 E6
Radius of curvature (Fringe) 3 3 3 3 3 3
Thickness/mm +0.02 +0.02 +0.02 +0.02 +0.02 +0.02
Surface tilt around x axis/mrad 0.145 0.145 0.145 0.145 0.145 0.145
Surface tilt around y axis/mrad 0. 145 0. 145 0.145 0. 145 0. 145 0. 145
Surface decenter in & direction/mm 0.01 0.01 0.01 0.01 0.01 0.01
Surface decenter in y direction/mm 0.01 0.01 0.01 0.01 0.01 0.01
S+ A irregularity (Fringe) 0.5 0.5 0.5 0.5 0.5 0.5

Index 0.001 0.001 0.001 0.001 0.001 0.001
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Changes in MTF values for each field under
different cumulative probabilities
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Fig.8 Changes in MTF values for each field under differ-
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