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Abstract. Typical projectors are designed to programmably display 2D
content at a single depth. In this work, we explore how to engineer a
depth-varying projector system that is capable of forming desired pat-
terns at multiple depths. To this end, we leverage a holographic approach,
but a naïve implementation of such a system is limited in its depth pro-
grammability. Inspired by recent work in near-eye displays, we add a lens
array to a holographic projector to maximize the depth variation of the
projected content, for which we propose an optimization-driven calibra-
tion method. We demonstrate a number of applications using this system,
including novel 3D interfaces for future wearables, privacy-preserving
projection, depth sensing, and light curtains.

1 Introduction

Projectors have found widespread use in the real world today. They are ubiq-
uitous in entertainment and education, used to show movies and messages on
large screens for big audiences [6]. In industrial tasks, they are widely used to
capture extremely accurate depth measurements through structured light [18].
In the modern era, they are rapidly being integrated into wearable devices for
augmented reality tasks like screenless interfaces [1], 3D scanning [42] and more.

A traditional projector is designed to display content on a 2D planar screen
at a particular depth. To do so, a digital-micromirror device (DMD) or liquid
crystal display (LCD) programmably masks light from a bulb, which is then
imaged into the scene by a projection lens to the correct depth. The pattern at
any another depth is simply a blurred version of this in-focus image.

While such a projection model is practical for many tasks, more explicit
programmable control of the projected content at different depths, e.g ., the
projected pattern morphs from one desired image to another with depth, could
be very useful. Such a general purpose, programmable depth-varying projector
would find immediate application in both industrial and artistic settings. For
example, such a system could be used to create novel screenless 3D interfaces,
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Fig. 1: We leverage a holographic projector for forming depth-varying patterns. In
other words, we can program unique content at multiple depths per pixel simultane-
ously. This capability could be useful for future interfaces, depth sensing, and more.

where the projector displays different buttons on objects at different depths.
As part of a wearable gadget, such a device could project private content to
just nearby objects like a user’s arm, while farther objects only see a scrambled
version. On the stage, a foreground image could be shown on moving actors, while
a different background image automatically appears behind them. In industrial
applications, an appropriate depth-varying pattern could be used as a depth cue,
without the need for a stereo baseline. Such a device could additionally form
multiple light curtains flexibly and simultaneously unlike past work [4, 13,51].

However, existing projectors that could tackle these applications come with
various tradeoffs. Coded aperture [20,24,25,31,54] and light field projectors [21]
are limited in programmability, and struggle to form arbitrary content at differ-
ent planes (Fig. 2(a)), e.g ., coded apertures are restricted to an intensity convolu-
tion between an in-focus image and a scaled version of the aperture pattern [20].
Temporal multiplexing can improve the degrees of freedom [21, 31], but at the
cost of lower framerates, increased bandwidth requirements and the need for mul-
tiple spatial-light modulators (SLMs). Furthermore, light is inherently blocked
to form desired patterns, reducing output brightness. Another possibility is mul-
tiple overlapping projectors focused at different depths [5,37], but such systems
again require multiple SLMs, increasing cost and form factor. Alternatively, a
fast focus-tunable lens that is synchronized with a high-speed projector [52, 55]
could be used to temporally multiplex patterns focused at different depths. While
theoretically effective, current focus-tunable lenses are limited in aperture size,
increasing crosstalk between different depths (Fig. 2(b)). Simultaneously, pro-
ducing content at multiple depths requires a high level of temporal multiplexing,
again decreasing framerate and increasing bandwidth requirements.

Holographic projection provides an alternative that avoids many of these
pitfalls. For one, a holographic approach can project depth-dependent content
using just a single pattern on a single SLM [29,33,50,53,56,57], avoiding the need
for time multiplexing. Additionally, holographic setups have far more degrees of
freedom than incoherent approaches [38], increasing resolution and programma-
bility (Fig. 2(d)). Moreover, such systems are light redistributive and can form
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patterns without blocking light, increasing dynamic range [13�15, 47]. Due to
these reasons, a holographic depth-varying projector is a promising solution.

In practice, however, naïvely rescaling a holographic setup to the �eld-of-
view expected of a projector results in limited depth variation. In fact, forming
unique content at two depths requires that these depths are separated on the
order of meters [56], making the desired applications impractical on holographic
systems. In our experiments on a typical SLM, we �nd that achieving a use-
ful amount of depth variation necessitates a large focal length projector lens,
which results in a tiny �eld-of-view. We derive that this relationship between
depth variation and �eld-of-view is fundamentally connected to the étendueof a
holographic projector � a measure of light spread over area and angle. Inspired
by research that tries to tackle the �eld-of-view and eyebox tradeo� of near-eye
displays [2,8,28,30,36], we introduce a lens array into the optical path of a typi-
cal holographic projector to increase depth variation, enabling far more complex
patterns than past work [56]. We develop a novel optimization-driven calibra-
tion for this optic, that tackles challenges like misalignment and aberration that
past approaches ignore. With these modi�cations, we realize a practical, high-
resolution programmable depth-varying projector, that is capable of achieving
all of the aforementioned applications in a single setup.

The contributions of this work include:

� a proof-of-concept system for a depth-varying holographic projector, with
étendue expanded by a lens array;

� an optimization-driven calibration process for this étendue expander;
� a demonstration of multi-plane projection for 3D interfaces, privacy, multi-

layer displays, defocus compensation and artistic applications; and
� an exploration of holographic depth-varying projection as a depth cue, for

which we show techniques for depth capture and light curtains.

2 Related work

Historically, holographic projectors have primarily been explored for their po-
tential compact form factor [7,34,35,46], as they can create a large �eld-of-view
without the need for a lens. In recent work, holographic projectors have seen
a resurgence in computer vision for their inherent light redistribution proper-
ties [13�15,47], which allow for the projection of extremely bright patterns. This
increased contrast enables fast structured light [13], eye-safe 3D sensing [47],
and longer range continuous-wave time-of-�ight (CWTOF) imaging [14]. Some
past work has touched on using holographic projectors to account for projector
defocus [46] by digitally refocusing content, but the level of improvement is small
thanks to the already limited depth variation and therefore defocus of a typi-
cal system. In contrast, our work increases the depth variation of a holographic
projector, which we use to engineer a programmable depth-varying projector.

In a di�erent domain, near-eye display research [10�12,16,17,23,27,32,38,39,
44,45] has shown impressive results using holography to produce 3D accommo-
dation cues, replicating depth maps and focal stacks with the target of realistic
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Fig. 2: Simulated comparison of depth-varying projection solutions. To com-
pare with other potential con�gurations, we simulate the projection of unique content
at two planes. A coded aperture setup with two SLMs [20] (implem. details in supp.),
struggles to form the desired content as shown in (a) . A time-multiplexed focus-tunable
lens and high-speed projector (b) does better visually, but low frequency errors occur
thanks to crosstalk on top of the practical challenges associated with time-multiplexing
(Sec. 1). A holographic system that uses a custom random binary phase mask [28](c)
results in loss of contrast. The o�-the-shelf lens array used in this work (d) performs
similarly to the time-multiplexed case with just a single SLM pattern.

defocus � although inspiring, realistic defocus is not our goal, and can be overly
restrictive for our applications. Our work is most similar in spirit to true 3D
holographic displays, where independent control of every 3D point is desired �
however, most such systems are also limited in depth variation, making them
unsuitable for a projector. Most work in this space focuses on computational
methods to improve the quality of phase retrieval [33,50,57]. Time multiplexing
can be applied to better disambiguate content at di�erent depths [29,53], but it
does not fundamentally improve depth variation. Most akin to our real system,
Yu et al. [56] introduce a thick scattering layer to increase axial resolution, but
their approach requires custom optics, careful interferometric calibration of a
large lookup table and low resolution simple patterns with < 100 sparse points.
In contrast, our system uses simple optics that can be easily calibrated in-setup
with our proposed approach, and we demonstrate it on much more complex
megapixel patterns. More generally, our work shows that the 3D capabilities of
holographic displays are extremely useful for novel projector systems with the
right modi�cations, and expands the use cases of these holographic devices.

3 3D holographic projection

We aim to programmably project content at di�erent depths in the scene using
a holographic projector. We start by discussing the image formation model of
a normal holographic projector, and how it can be extended to project depth-
varying content. Then, we discuss depth variation and étendue-expanding optics.
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Fig. 3: System diagram. (a) shows a naïve approach, while(b) shows an étendue-
expanded version with an additional lens array. (c) shows our real hardware prototype.

3.1 Projection model

Consider the setup given in Fig. 3(a). Laser light collimated by Lens 1 illuminates
a phase SLM at the front focal plane of Lens 2. The Fourier transformF of the
SLM modulation USLM = ej� SLM appears at the back focal plane of Lens 2:

Uback = Ff USLM g: (1)

This Fourier relationship e�ectively redirects light from dark to bright regions of
output patterns, increasing dynamic range over a typical projector [13�15,47].

In practice, di�erent depths in the scene will receive slightly di�erent content,
which can be predicted using wave optics. For example, the angular spectrum
method (ASM) can be used to simulate the light propagation between some
plane U and some other planez away [19], with S = Ff Ug:

P(U; z) =
ZZ



S(f x ; f y )ej 2 �

� z
p

1� ( �f x )2 � ( �f y )2
ej 2� ( f x x + f y y) df x df y ; (2)

gmultiplane (U; z) = P(F (U); z); (3)

where � is the laser wavelength,f x and f y denote Fourier transform frequencies,
and 
 is the support of S, handling evanescent waves. This operatorP can
be expressed as a simple elementwise multiplication in the frequency domain,
allowing for e�cient computation. Eq. (3) determines the appearance of the
projector pattern for di�erent depths in the scene. We can also attempt to invert
this model in order to project desired depth-varying content. In our work, we
solve the following optimization problem using Adam [26]:

min
� SLM

X

k

L
�
D

�
jg(USLM ; zk )) j2

�
; I k

�
; (4)

whereg(�) is the desired forward model such as Eq. (3),L is some loss function,D
is a resizing operator that matches the input and output degrees of freedom [36],
and I k and zk denote the intensity and depth of the kth target.
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Fig. 4: Étendue expansion with a lens array . We visualize the importance of
étendue for depth-varying projection. For a given �eld-of-view (a) , without étendue
expansion, there is a signi�cant amount of crosstalk between two target depth planes.
With an étendue-expanding lens array, the quality of projection is much higher. For a
given depth variation (b) , the e�ective �eld-of-view is very small with a typical SLM.
With étendue-expansion, the �eld-of-view is much larger.

3.2 Étendue-expanded projection

In practice, current holographic systems are limited in étendue. De�ned as the
product of the system's spatial areaA and the solid angle of emitted light, the
étendue E of an SLM with Nx � Ny pixels of pitch � can be calculated as [28]:

sin � =
�
2�

; A = � 2Nx Ny ; E = 4A sin2 � = � 2Nx Ny ; (5)

where � is the maximal tilt angle of the SLM. In recent work, étendue has been
extensively studied for near-eye displays, where it results in a tradeo� between
�eld-of-view and eyebox size. In short, maximizing the area that the human eye
can move and see an image from a holographic display minimizes the size of that
image and vice versa, limiting the practicality of holographic near-eye displays.
A number of approaches have been proposed to increase the étendue of near-eye
displays. In one line of work, multiple laser sources are time-multiplexed to stitch
together a larger FOV [30], but such an approach requires an extremely fast SLM
which is not currently readily available [36]. Instead, recent work has focused on
adding static high-resolution phase masks into the optical path, that e�ectively
spatially multiplex the SLM over a larger FOV [2,8,28,36]. Lens arrays serve as
a low-cost alternative [8,36] to these custom-fabricated phase masks [2,28].

For holographic projectors, étendue e�ectively presents a similar tradeo�
between depth variation and �eld-of-view. To quantify this, we can calculate the
rate of change of a projected pattern with depth by calculating@fjP (U; z)j2g=@z:

ZZ




ZZ




� q
1 � (�f x )2 � (�f y )2 �

q
1 � (�a x )2 � (�a y )2

�

�P � (f x ; f y ; x; y; z)P(ax ; ay ; x; y; z)df x df y dax day

(6)



Holodepth: Holographic Depth-Varying Projection 7

whereP(�) contains all terms inside the integral of Eq. (2). Since large di�erences
betweenf 2

x + f 2
y and a2

x + a2
y are weighed more heavily than small di�erences in

this expression, more depth variation can be achieved by stretching the Fourier
spectrum S of a wavefront, as this increases the maximumf 2

x + f 2
y . In the setup

given by Eq. (3), this operation is directly equivalent to increasing SLM area.
However, naively using a lens to increase the size of an SLM also increases
pixel size, resulting in a smaller �eld-of-view. Thus, like the eyebox in near-eye
displays, depth variation su�ers from a fundamental étendue tradeo� with �eld-
of-view. As a result, on modern SLMs, a holographic projector cannot project
patterns that signi�cantly vary in depth without an excessively small FOV. For a
1920� 1200 resolution SLM with 8µm pixel pitch, we �nd that projecting unique
content spread15 cm apart leads to a projector FOV of about 3:8� .

Thus, we need to expand étendue for a practical depth-varying projector.
For simplicity, we opt for a static element, like a custom phase mask [2, 28] or
lens array [8, 36]. In our simulations (Fig. 2(c),(d)), we �nd that a lens array
preserves more contrast than a random phase mask [28] for depth-dependent
content. Thus, we place a lens array into our optical system at the front focal
plane of Lens 2, and move the SLM forward some distancezarray as shown
in Fig. 3(b). Our étendue-enhanced forward model can then be written as:

genhanced (U; z) = P(F (M (P(U; zarray ))) ; z); (7)

where M denotes the transformation imposed by the lens array. We can then
�nd the best-matching SLM pattern for some target depth-varying pattern using
Eq. (4). With an array with lens pitch 1:0 mm� 1:4 mm and focal length 4:7 mm,
we can expand FOV to about 15� . We visualize the results in Fig. 4.

Lens array e�ects In the context of near-eye displays, Moninet al. [36] showed
that the spatial multiplexing performed by static étendue-expanding optics, like
a lens array, reduces either output contrast or resolution. For depth-varying
projectors, this spatial multiplexing additionally manifests itself in the form of
a structured defocus pattern. Intuitively, a given output point only receives light
from a subset of the SLM thanks to the multiplexing. Since the SLM controls the
angular distribution of light, the defocus pattern will be structured according
to the multiplexing of the SLM. While typically imperceptible in practice, the
contrast of depth variation is reduced when compared to a larger SLM with
equivalent étendue. These e�ects are visualized in the supplement.

Calibrating the lens array In practice, aligning étendue-expanding optics
can be a challenging process, as tiny axial (< 1 mm) and lateral misalignments
(� 1 SLM pixel) can cause a drastic reduction in output quality (Fig. 5(a)).
Existing approaches have typically reduced SLM pixel resolution and introduced
precise alignment processes to mitigate these e�ects [2,28]. Additionally, optical
aberrations further reduce quality [8], but past work has primarily ignored these
e�ects, assuming ideal lenses and masks [2,8,28]. Such artifacts are exacerbated
in low cost o�-the-shelf optics, like the lens array we use in Sec. 4.1.
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