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Head-up displays (HUD) are emerging as key components of intelligent vehicles, requiring wide-
depth, large-area, and high-efficiency dynamic imaging, which remains difficult to realize with tra-
ditional refractive optics. Computer-generated holography (CGH) with diffraction optics offers a
promising solution to these technical demands. However, CGH optimization based on the fast
Fourier transform (FFT) face limitations such as zero-padding redundancy, coupled sampling inter-
vals, and incompatible near- and far-field propagation models. Here, we report a holography-based
multi-plane HUD by using a matrix multiplication (MM)-assisted diffraction algorithm that restruc-
tures the Fresnel integral into two sequential matrix operations, thus eliminating zero-padding and
enabling fully decoupled sampling between object and image planes. Compared to FFT-based angu-
lar spectrum methods, the MM approach significantly improves computational speed and memory
efficiency for hologram design, which is validated by demonstrating dual-plane holography with a
size ratio exceeding 100:1 and unified reconstruction across Fresnel and Fraunhofer regimes within a
single computation. A prototype HUD system is demonstrated successfully to exhibit multiple-plane
holographic virtual images that can be mixed with real-world objects at three independent planes.
The technique might be one of potential candidates for next-generation intelligent vehicle displays.

I. INTRODUCTION

Vehicle-mounted head-up display (HUD) technology
projects critical driving information directly into the
driver’s line of sight, effectively reducing the frequency of
visual focus switching compared to traditional dashboard
interactions and significantly improving driving safety
(Fig. 1(a)). Since its transition from military aviation
to civilian automotive applications [1], HUD has demon-
strated transformative potential in visualizing driving in-
formation [2, 3]. Early automotive HUD systems, based
on geometric optical architectures, used the windshield to
project a virtual image formed through multi-folded op-
tical paths into the driver’s field of view [4-6]. However,
these systems were constrained by single-plane projec-
tion (Fig. 1(b)), requiring drivers to refocus to align vir-
tual information with real-world scenes prolonging cog-
nitive latency during human—machine interaction. Ad-
vanced HUDs employ multi-plane projection, incorporat-
ing short-focal and long-focal channels to display vehicle
data for human-machine interaction and environment-
merged information for safe driving, respectively [7-9].
Yet, this necessitates a dual optical path architecture
(Fig. 1(c)), increasing system bulk and cost. Such phys-
ical stacking of multiple optical channels further intro-
duces engineering incompatibilities with compact vehicle
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cabin, posing a major bottleneck for technological up-
grades. Consequently, achieving fully three-dimensional
light fields within the current geometric optics-based
HUD architecture remains a fundamental challenge.

Diffraction-based spatial imaging techniques, par-
ticularly computer-generated holography (CGH), offer
promising solutions to these challenges. Leveraging
multi-plane diffraction properties of optical wavefronts,
CGH enables advanced functionalities such as continu-
ous zoom imaging [10], dynamic multi-focal-plane imag-
ing [11-16] and three-dimensional display [16-22]. Con-
sequently, it has emerged as a promising approach for re-
alizing multi-plane imaging within a single optical path
for HUD applications (Fig. 1(d)). In recent years, the
rapid progress of deep learning has further broadened this
landscape. Deep-learning-based CGH models, trained on
large-scale datasets and optimized through carefully de-
signed loss functions, have demonstrated impressive ca-
pability in producing accurate, efficient, and low-cost
color holograms with depth information [18, 23-29]. In
hologram design, diffraction calculations are typically
implemented using fast Fourier transform (FFT) algo-
rithms, significantly reducing computational complexity
compared to direct numerical integration [30-32]. How-
ever, FFT-based approaches suffer from an inherent con-
straint: they require equal sampling densities at both the
object and image planes, enforce central alignment along
the optical axis, and are susceptible to aliasing artifacts
if the sampling precision is inadequate. Although deep
learning neural models can estimate diffraction fields effi-
ciently and even offer flexibility in setting optical param-
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