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among wide field-of-view, large exit pupil diameter, and lightweight structure in high-performance helmet-
mounted displays, a opposite-side oblique projection optical system based on freeform surfaces is de-
signed, with a streamlined shape. By employing a reverse ray-tracing approach and an incremental optimi-
zation strategy, the surface profiles of the relay lens group and the freeform combiner were optimized to
correct astigmatism, distortion, and coma. To reduce structural and assembly complexity, the number of
relay lens elements was minimized to five and arranged coaxially. The resulting system features a diagonal
FOV of 50°, an EPD of 12 mm, and an eye relief of 40 mm, with the MTF exceeding 0. 46 at 30 Ip/mm
across all fields, weights 84. 5g. Tolerance analysis indicates that under standard manufacturing precision,
the MTF and distortion control exhibit low sensitivity, verifying the engineering feasibility of the design.
Prototype experiments demonstrate clear imaging for both transmission and projection paths, providing a
high-robustness solution for compact, easily aligned airborne HMD systems.

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

tem; large diameter of exit pupil
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Tab.1 Design specifications of optical system

Parameter
FOV/(*) 42(H )*30.8(V)
Exit pupil diameter /mm 11
Eye reliefl /mm 40
MTF value >0.46@30 Ip/mm
Distortion/ % <32
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Fig. 1 Three different reflective helmet display optical system structures
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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 H-7ZK5
Lensl
3 Spherical —981. 569 —1.00
4 Spherical —40.633 —10. 196 H-ZK3
Lens2
5 Spherical 101. 356 —18.142
6 Spherical —38. 0470 —5.00 H-QK3L
Lens3
7 Spherical 207.45 —22.656
8 Spherical —119. 338 —3.00 H-ZK9B
Lensd
9 Spherical Inf —8.62
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Relay lens
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Fig. 3 Optical path diagram of initial system design
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Table 4 Parameters of optical system

Element Surface label Surface type Rdius/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>
3 Spherical —166. 27 —7.80 — —
4 Spherical —21.60 —5.66 D-QK3L —
Lens4
5 Even aspherical —71.80 —1.36 — 0
6 Spherical —34.00 —7.40 H-ZPK2A —
Double lenes 7 Spherical —23.40 —5.74 H-ZF73 —
8 Spherical 90. 48 —1.16 — —
9 Even aspherical —62.97 —8.5 D-ZLLAF85A 0
Lensl
10 Spherical 43.70 —5.4 — —
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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

Design result

Image source

PER D T 25% , 0F HAEEA L2 RE WY
5 MTF WE T BEAL T 454 5Bl &2 24 B
KRAR$EE 7Tl f7k.
3.2 NESW

IS ZEGTHT RO R I A W, S
2 3 T Y AR B DA O o 3l TR Al 2 8K
P RO B AT A TR AT N 25 40 G B HOm T =
BSORI S PC 25K ik e aok B R T Y [ B DR T2k
P AT AT 1

e X R G AN E L T A i B
IR AR BERCERE TSN ERT S

I 2 0 A AT RE RN D 00 81 23 B AR 28 22, (N 22
Sy AT A A AR MR R 5 A s i il R
& R A SRS TC I AE 2 Ry T ) AR A
i 0> 4% TS 2%, 4 ZEMAX Xt 8 Sl 97 /2 38
HMD St 2% & 4 # 17 Monte Carlo #2 4 , 15 3 30
Ip/mm F MTF 7 A [a] 2B R T 928 b fH
mE 8 pTR . TE B Ry 98% B, MTF &
Kol fig Ak —0.153, [ Af, 78 BEHER N
90% Bf ,MTF e K] fig 48 4k —0.096., L iR
INENTEE R R AR BT BT R o]
(TR

RS AFRGZNEE

Tab.5 Tolerance values of the optical system

Tolerances 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 x 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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(b) Augmented reality experiment result captured at pupil
by camera
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