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Supplemantary Note 1: System design and implementation
Supplementary Fig. S1 illustrates the intrinsic eyebox E, resolution, and field of view (FOV) of
view of the system, without applying the synthetic aperture holography method as:

E = asin

(
λ

d

)
× l, (S1)

FOV = 2× atan

(
S

2l

)
, (S2)

where λ is the wavelength of light source, d is the pixel pitch of the SLM, l is the eye relief which
is approximately same as the focal length of the eyepiece lens. For simplicity, the waveguide
and lens are omitted in the illustration. The intrinsic eyebox size sets the diffraction-limited
resolution of the system, which is determined by the pixel pitch of the SLM as:

δθres ≊
λ

E
. (S3)

Supplementary Fig. S1 Intrinsic eyebox and field of view.

A product of field of view and eyebox size is limited as a bandwidth of spatial light mod-
ulator that can be shown by combining Eq. S1 and Eq. S2, which is essentially the number of
pixels in the SLM. Widely used SLMs have 2K (Full HD) resolution, which provides only about
a 1.8 mm instantaneous eyebox to achieve a 38◦ degree diagonal FOV.

Light source. Holographic displays require a coherence light source to generate and modu-
late a wavefront. High coherency of light is important to achieve high resolution close to the
diffraction limit, however, this also generates coherent artifacts such as speckle. Partially co-
herent light sources can alleviate the speckle issue, however this could degrade the maximum
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Supplementary Fig. S2 Illustration of optical path length difference between adjacent repli-
cated output beam.

resolution. Therefore the light source should be chosen carefully regarding the architecture
of holographic displays. Especially when the laser is combined with pupil-replicating waveg-
uides, there are further unique coherent artifacts that are distinguished from generic free-space
propagation cases. One of the major artifacts is the inter-pupil interference effect.1 When the
coherent wavefront is replicated and out-coupled from the waveguide, the out-coupled wave-
front would interfere with adjacent replicated copies when the optical path length difference
(OPD) is shorter than coherence length of the laser. Assuming that the spectral density follows
a normal distribution, the coherence length of the laser and required bandwidth can be written
as follows:

lc = 0.44
λ2

nδλ
(S4)

δλ > 0.44
λ2 cos(θwg)

2nt
, (S5)

where t is the thickness of the waveguide and θwg is the total internal reflection (TIR) an-
gle in the waveguide. The inter-pupil interference could results in intensity fluctuation by the
vibration of MEMS mirror while operating in a step scanning mode. In practice, the spectral
density of a partially coherent source does not have an ideal Gaussian distribution, and thus the
requirement may vary from Eq. S4. Therefore, we examined two light sources: A fully coherent
diode-pumped solid-state laser with 532 nm center wavelength and 0.1 pm linewidth (Cobolt
Samba 1500) and a partially coherent diode laser with 520 nm center wavelength and 0.8 nm
bandwidth (Fisba Readybeam). When the fully coherent laser is used, a slight perturbation of
input light, in our case, generated by MEMS mirror, caused an artifact at the output illumina-
tion as shown in Supplementary Fig. S3A. The fluctuation in illumination intensity varies up to
40% of the reference status. This artifact is likely to be visible by the user and difficult to be
compensated since the source has uncontrolled, subtle vibration from the MEMS mirror. When
using the partially coherent light source, as shown in Supplementary Fig. S3B, only a slight
perturbation is observed as expected. Based on the experimental result, we select the partially
coherent light source (FISBA READYBeam) to build the prototype.

Angle-encoded Holographic Waveguide. Our holographic waveguide consists of an in-coupler
grating, an exit-pupil expanding grating, and an out-coupler grating, where each coupler is
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Supplementary Fig. S3 A. Captured images of output illumination intensity from the waveg-
uide using a fully coherent light source as a reference status (left), the perturbation of wavefront
caused by MEMS mirror vibration captured at the same position and arbitrary time (middle),
and the visualization of the fluctuation of intensity normalized to the maximum intensity value
of the reference status (right). The high contrast fringe is clearly observed at the overlapped
area of adjacent copies. B. Results using a partially coherent light source, demonstrating a very
subtle intensity fluctuation.

constructed of a uniquely designed volume Bragg grating (VBG). The total thickness of our
waveguide is designed as 0.7 mm including glass substrate and photopolymer film layers. Our
waveguide shares the pupil replication principle that surface-relief gratings (SRGs) use,2 how-
ever, the VBG strategy provides unique benefits in high selectivity and multiplexing capability.
Bragg diffraction in a volume grating occurs only for light meeting specific angle and wave-
length conditions (known as Bragg condition3, 4), as illustrated in Supplementary Fig. S4 A.
The Bragg grating can be specified by its grating vector

−→
KG, where each vector component is

inversely proportional to the volume grating period in each direction. When the input beam
satisfies the Bragg condition, the VBG can diffract the light into a single diffraction order (i.e.,
in one intended direction) with high diffraction efficiency.

Off-Bragg light, in contrast, passes through with no diffraction, as the volume grating re-
mains nearly transparent to non-matching angles or wavelengths. This highly selective diffrac-
tion property enables light to be out-coupled predominantly into a single side of the waveguide,
suppressing the DC noise, in contrast to conventional SRG waveguides which typically show
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over 40% of world-side leakage.5

Supplementary Fig. S4 A. Visualization of a volume Bragg grating. B. Angular selectivity
of our angle-encoded holographic waveguide design and its eyebox support in pupil plane se-
lectivity. The red box indicates the target steering angle range of 8 degrees horizontal and 7
degrees vertical, and its corresponding region in the eyebox domain. C. Fabrication process of
VBG using a two-beam exposure system. D. A photograph of our fabricated sample waveg-
uide, with indicated layout of the couplers. E. Comparison of bi-directional diffraction noise
of a conventional SRG waveguide and ours, experimentally measured for red, green, and blue,
respectively.

We employ an angular encoding strategy that takes advantage of the VBG’s angular selectiv-
ity. Different portions of the target steering angle bandwidth are encoded into each multiplexed

5



grating, recorded with the same pitch but different slant angles. The pitch was designed to be
fixed to ensure a continuously varying optical path for different steering angles as well as to
prevent crosstalk between multiplexed gratings. Supplementary Fig.S4 B shows the simulation
result of our designed waveguide for the green channel. The interval angle between adjacent
gratings’ Bragg conditions is set to be smaller than the intrinsic angular bandwidth generated
from the SLM; 1.8 degrees in this case, so that it can generate a continuous eyebox. For exam-
ple, for our green channel design, in-coupler and out-coupler have a surface pitch of 416 nm
(indicated as px in Supplementary Fig.S4 A), slant angle varying from 26.83 degrees to 30.64
degrees (indicated as θs in Supplementary Fig.S4 A), and exit-pupil expansion (EPE) coupler
has pitch of 294.2 nm, slant angle varying from 42.89 degrees to 54.18 degrees. The simulation
result in Supplementary Fig.S4 B (left) shows that our waveguide collectively covers the target
angular steering bandwidth of 8 by 7 degrees, horizontally and vertically respectively. Supple-
mentary Fig.S4 B (right) shows the simulated eyebox support by calculating a convolution of
angular selectivity with the intrinsic SLM bandwidth, and translated into the eyebox domain by
multiplying with the focal length of the eyepiece lens. We note that Bragg selectivity ensures
each color channel, i.e., red (638 nm), green (520 nm), and blue (460 nm), does not interfere
with each other within the target steering angle range.

Supplementary Fig.S4 C illustrates the fabrication process of our multiplexed VBG. The
process begins by laminating a photopolymer film onto a waveguide substrate (NBK7 glass).
To prevent unwanted polymerization prior to exposure, the sample is prepared in a dark room.
The recording process comprises two steps: pre-exposure and multiplexed exposures. To elim-
inate oxygen inhibition—which can quench free-radical polymerization6—a low-intensity UV
pre-exposure is applied, rendering the film oxygen-depleted and ready for recording. Next,
a two-beam interference setup is used to record the VBGs: a reference beam and a signal
beam intersect within the film to generate an interference pattern that induces polymerization in
high-intensity regions via a reaction-diffusion process, thus forming permanent volume Bragg
gratings. We fabricated a mask to selectively expose areas designated for the in-coupler, EPE
coupler, and out-coupler and block the rest of the area. Sequential recordings are then per-
formed by realigning the optical setup to record gratings for different wavelengths or angles,
resulting in multiple superimposed gratings in the photopolymer volume. The exposure energy
for each recording is gradually increased during multiplexing because the photopolymer ex-
hibits a nonlinear response between cumulative exposure energy and polymerization strength.
The exposure recipe is iteratively tuned to produce uniform efficiencies among the multiplexed
gratings; in our system, typical exposure conditions range from 0.2 mW/cm² to 5 mW/cm² with
exposure times from 250 ms to 5 s. Finally, a UV flood cure6 is applied after multiplexed expo-
sures are completed, polymerizing any remaining monomers and stabilizing the complete holo-
graphic element against environmental changes. After curing, the photopolymer film becomes
optically transparent in the visible wavelength regime as shown in Supplementary Fig. S4 D.
We demonstrate the noise reduction results of our waveguide in Supplementary Fig. S4 E, com-
pared to a conventional off-the-shelf SRG waveguide (Dispelix). The noise is defined as the
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ratio of out-coupled energy diffracted in the unwanted direction to that in the desired direction,
measured by a CMOS sensor at the same distance from the out-coupler on both sides.

Apochromatic holographic eyepiece lens The physical principle of our apochromatic holo-
graphic lens is based on geometric phase holograms, which is one category of Pancharatnam-
Berry phase (PBP) optics. More specifically, it is fabricated with liquid crystal polymer, also
known as reactive mesogen,7 where molecules align according to boundaries set by the surface
and exhibit birefringence to control phase retardation. One can use this to encode and repro-
duce the desired wavefront for one polarization in principle of polarization holography. If a lens
phase profile is encoded, the element is referred to as a geometric phase hologram lens (GPL).
It is known that GPLs have severe chromatic dispersion when used to image broadband or
polychromatic light, because it provides the same phase modulation regardless of wavelength.

To overcome chromatic dispersion and build apochromatic characteristics, we used 6 GPLs
and 3 phase retarder waveplates8, 9 as illustrated in Supplementary Fig.S5 A. The waveplates
manage polarization states to ensure that each layer affects only its intended spectral band while
allowing others to pass through unaffected. In our design, each phase retarder is designed to
work as a color filter for the red, green and blue color band, so that each pair of GPLs pro-
vides optical power to only one color band, and passes the others. In Supplementary Fig.S5 B,
we demonstrate the experimental results of apochromatic performance of our holographic lens
compared to a conventional diffractive PBP lens. It can be clearly verified that our lens focuses
at the same plane regardless of color band, showing no chromatic dispersion, whereas the con-
ventional PBP lens exhibits severe dispersion. To ensure a fair comparison, we matched the
numerical aperture sizes of both cases to be identical (0.18), as the conventional diffractive lens
used in the experiment has a smaller numerical aperture than ours. Focus length of each R, G,
and B is inverse-proportional to its wavelength, where green is 70 mm (ours is 28 mm).

The fabrication process begins with a liquid crystal alignment layer,9 where a transparent
plastic substrate is coated with a photoalignment material and exposed to polarized UV light,
imprinting a spatially varying orientation pattern that determines the lens phase profile. A liq-
uid crystal monomer mixture is then deposited and polymerized under UV light, locking the
geometric phase pattern into a solid polymer film. Multiple GPL lens layers are fabricated sep-
arately and then stacked with phase retarder waveplates in between. The layers are laminated
using index-matched adhesives to minimize reflections and then cured into a unified optical el-
ement. The final stacked PBP lens provides chromatic aberration correction with high focusing
efficiency across red, green, and blue wavelengths, maintaining uniform optical performance
across the full aperture.

Schematic diagram of the prototype. Supplementary Figure S6 shows the overall schematic
diagram of the prototype. The SLM patterns (holograms) generated for specific steering angles
are sent to the SLM in sync with the MEMS mirror and the laser in color sequential mode. The
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Supplementary Fig. S5 A. Configuration of our apochromatic holographic eyepiece lens. Right
circular polarization (RCP), left circular polarization (LCP), geometric phase hologram lens
(GPL). B. Experimental results demonstrating performance of our apochromatic holographic
lens, compared with a conventional diffractive PBP lens. For a conventional PBP lens, the
point spread functions of red, green, and blue colors are captured together at each focus plane
demonstrating its severe chromatic dispersion, while our lens is captured at the single focus
plane.

pupils can be scanned across the entire eyebox or locally around the user’s current pupil size and
position for the efficient use of optical power and temporal bandwidth with the eye-tracking. In
our prototype, the frame rates of each component are as follows: eye-tracker (120Hz), MEMS
mirror (400Hz), laser modulation (20KHz), and SLM (60Hz). Due to the limited refresh rate of
the SLM used in the prototype, experimental images are captured using a long camera exposure
without being synchronized with the eye-tracking camera. However, it is possible to achieve
real-time operation with the use of high-frame-rate SLMs that are commercially available.10

Power and brightness. In our system, the estimated total optical efficiency is calculated as
follows. The fiber coupling efficiency is about 50% due to coupling loss, beam collimation
efficiency is 29% in average. The MEMS and waveguide combined efficiency is about 5%.
Polarization filters and holographic lens result 40% efficiency. In total, the optical efficiency of
the system is 0.3%, from the laser light source delivered to the instantaneous pupil. Targeting
1000 nit brightness and D6511 white balance, the R,G,B laser sources should emit 137, 509,
43 lumens per watt, and the required average optical output power for each color is 2.28, 1.27,
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0.74 mW, respectively. Assuming a wall-plug efficiency of 8, 4.8, 5%, each requires 28 mW,
27 mW, 15 mW for R,G,B, resulting in a total battery power of 70 mW. This is an estimated
value of our current prototype, and each efficiency has a room for improvement. For example,
the waveguide illumination efficiency could be an order of magnitude higher in theory, and wall
plug efficiencies can be also higher than our current off-the-shelf devices.

Computer
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SLM Driving 
Board

Holograms

Modulation
Signal Mirror 
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Laser DriverSync

Display 
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Supplementary Fig. S6 The schematic diagram of our prototype. The SLM patterns (holo-
grams) generated for specific steering angles are sent to the SLM in sync with the the MEMS
mirror and the laser in color sequential mode. The pupils can be scanned across the entire eye-
box or locally around the user’s current pupil size and position for the efficient use of optical
power and temporal bandwidth with the eye-tracking.

Details of experimental setup. We test our algorithmic framework on the thin prototype setup
shown in Fig. 1 of the manuscript and the benchtop setup shown in Supplementary Fig. S7. For
the benchtop setup, we use a refractive eyepiece lens and a surface relief grating waveguide,
and expand the beam path using multiple 4-f systems to ablate the DC term from the surface
relief grating waveguide, while maintaining the same geometric parameters as those of the thin
prototype setup that uses a holographic waveguide and eyepiece. For both thin and benchtop
prototypes, we employ the same off-the-shelf devices: Fisba Readybeam for the laser source,
Mirrorcle devkit for the MEMS mirror, and Holoeye PLUTO-2.1-VIS-016 for the SLM. Our
results demonstrate that our waveguide and wave propagation model generalize well regardless
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of the type of waveguide. We use a FLIR Grasshopper3 GS3-U3-123S6C camera for capturing
images.

MEMS
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SLM
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(3-axis)
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Supplementary Fig. S7 Benchtop setup configuration. Three 4-f systems are used to relay the
MEMS mirror to the in-coupler of the pupil-replicating waveguide, waveguide out-coupler to
the SLM, and SLM to the refractive lens plane, respectively. The relayed planes are set to have
identical geometric configurations to the thin prototype. Note that the high-order noises of the
SLM are not filtered out intentionally, to match the optical characteristics of the thin prototype.
L: lens, BS: beam splitter.
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Supplemantary Note 2: The theory of partial coherence
Partial coherence is the key to achieving high-quality results in large-étendue holographic dis-
plays, as we demonstrate in the manuscript, because it unlocks light fields with high-rank mutual
intensity, and serves as the foundation for our wave propagation models and CGH rendering.
In the following notes, we elaborate on the theory of partial coherence, and how it inspires our
waveguide and wave propagation models.

In this note, we first motivate the use of partial coherence for the general image formation
model in holographic displays and present it as the generalized version of both incoherent and
coherent image formation models. We then discuss the discrete form of the image formation
model in more detail, because it is more relevant to our practical implementation and provides
more insights into the degrees of freedom. Specifically, we follow the celebrated results of
the linear algebraic theory of partial coherence12 and discuss the theory further in the context of
holographic displays, clarifying how the rank of mutual intensity is affected by optical elements
designed for étendue expansion. Finally, we empirically validate the relationship between the
rank of mutual intensity and image fidelity for light fields using a toy example simulation.

The conventional image formation model for holographic displays is based on the scattering
equation for a coherent wave, where each point on a wavefront acts as a source of spherical
wavelets, following the Huygens–Fresnel principle.13 While this convolutional model generally
applies to most imaging and display scenarios, our focus here is on the simplest form of light
transport: diffraction of quasi-monochromatic waves. Let’s assume a planar wavefront u0 =
a0e

jϕ0 . As it propagates by a distance z, the wavefront evolves as

uz

(
ξ, η, λ̄

)
= h

(
x, y, λ̄

)
∗ u0

(
x, y, λ̄

)
, u0,z : R2 7→ C, (S6)

where λ̄ is the center or mean wavelength which we will omit if not necessary, ∗ is the con-
volution, and h is the Rayleigh–Sommerfeld diffraction kernel.14 Note that this is equivalent
to the angular spectrum method formulation assuming perfect coherence.13 In this model, the
intensity measured by a sensor or the human retina is

|Iz|2 = |uz (ξ, η)|2 = |h (x, y) ∗ u0 (x, y)|2 . (S7)

Unfortunately, this simple image formation model fails to accurately represent the physical
measurements obtained from most setups, and this model mismatch sets a lower bound on the
error observed in experimental results. The recent Neural Holography framework attempts to
address this gap, by parameterizing the potential cause of the mismatch and learning it using
data-driven approaches.10, 15, 16 In these approaches, understanding how to effectively model
and parameterize the propagation pipeline from the Spatial Light Modulator (SLM) to viewers’
eyes plays a crucial role in achieving optimal performance. This mismatch is addressed using
coherent parameterized wave propagation models that rely on the ability of convolutional neural
networks to learn the arbitrary characteristics of the setup.10, 15, 16
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While these models have shown promising results for many holographic display systems,1, 10, 15–18

they become prohibitive when applied to large-étendue holographic display systems. This is be-
cause they require thousands of phase–intensity pairs and multiple refinement stages, where new
phases are iteratively generated from the trained model and this process can take several days.
Even in small-étendue settings without any expansion, this limitation remains significant, and
it is exacerbated in a larger étendue setting. The substantial data and time requirements partly
stem from the explicit representation and convolutional neural network themselves, which also
struggles to generalize to unseen phase–intensity pairs.

In this work, we develop an intuitive yet simple approach for modeling the wave propa-
gation in holographic displays, inspired by the theory of partial coherence.19 Specifically, we
propose a CNN-free solution for scalable modeling of holographic display systems, developing
a new wave propagation model that propagates an approximated mutual intensity instead of a
single wavefront. Through low-rank factorization of the mutual intensity, the problem reduces
to learning just a handful of wavefronts and propagating each of them, a method that offers
several advantages, including better generalization to unseen phases, angles, and depths, and a
reduction in the number of required training phases and time (See Supplemental Notes 3 and
4).

To begin with, we first note that Equation S7 may not accurately capture the time-varying
nature of the wave, which can be represented as u(x, y; t). This wave oscillates at a much higher
frequency than the detector integration time (ν̄ = c/λ̄ ≫ 60Hz). Consequently, it becomes
necessary to integrate the instantaneous intensity, denoted as |uz (ξ, η)|2, over a specific period
of time. As a result, the image intensity can be described as follows

|Iz (ξ, η)|2 = ⟨|uz (ξ, η)|2⟩t = ⟨|h (x, y) ∗ u0 (x, y)|2⟩t (S8)

=

∫∫∫∫
h (ξ1 − x1, η1 − y1)h

∗ (ξ2 − x2, η2 − y2) ⟨u0 (x1, y1; t)u
∗
0 (x2, y2; t)⟩tdx1dy1dx2dy2.

(S9)

=

∫∫∫∫
h (ξ1 − x1, η1 − y1)h

∗ (ξ2 − x2, η2 − y2) J0(x1, y1, x2, y2)dx1dy1dx2dy2. (S10)

We assume that the system is stationary, implying that the impulse response does not depend on
time.

Mutual Intensity. From Eq. S9, we naturally face the concept of the mutual intensity, denoted
as J , which serves as a measure of the spatial coherence of light between two object points.
(From this point onward, we will omit the subscript denoting zero.)

J(x1, y1, x2, y2) = ⟨u (x1, y1; t)u
∗ (x2, y2; t)⟩t. (S11)

Describing a wavefront with this mutual intensity means we are viewing light as a partially
coherent field, as it gives us the intuitive description of the coherence states, such as
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1) Full coherence. If any arbitrary sampling points of the light source is perfectly coherent
to each other, integrating the cross-correlation of them is merely the multiplication of time-
independent terms;

J(x1, y1, x2, y2) = u (x1, y1)u
∗ (x2, y2) (S12)

2) Full incoherence. If any distinct sampling point of the light source is perfectly inco-
herent each other, the cross-correlation of them would vanish as it integrates over time, so

J(x1, y1, x2, y2) = ⟨u (x1, y1; t)u
∗ (x2, y2; t)⟩t = I (x1, y1) δ (x1 − x2, y1 − y2) (S13)

3) Partial coherence. To describe the intermediate state (partial coherence) between these
two extremes, the theory of partial coherence12, 20, 21 expresses a partially coherent wavefront u
in terms of an orthonormal set of coherent modes, {q1, q2, · · · , qm}, referred as the coherent
mode decomposition22, 23

J(x1, x2, x2, y2) =
∞∑

m=1

λmqm (x1, y1) q
∗
m (x2, y2) =

∞∑

m=1

λmJqm(x1, x2, x2, y2). (S14)

Here, λm are the eigenvalues and qm are the eigenfunctions of the integral equation
∫∫

J(x1, y1, x2, y2)qm (x2, y2) dx2dy2 = λmqm (x1, y1) . (S15)

Partially coherent wave propagation models. Note that the mutual intensity of a quasi-
monochromatic wave, regardless of its partial coherence state, can be expressed as a combina-
tion of mutual intensity functions associated with a set of fully coherent wavefronts. With this
decomposition, we can derive a general image formation model using the coherent mode de-
composition, following Goodman14 (Eqs. S16 – S19). Both full incoherence and full coherence
can be encompassed within this model, representing the two extreme cases.

Substituting Eq. S14 into Eq. S10, we obtain
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|Iz (ξ, η)|2 =

∫∫∫∫
h (ξ1 − x1, η1 − y1)h

∗ (ξ2 − x2, η2 − y2)

∞∑

m=1

λmqm (x1, y1) q
∗
m (x2, y2) dx1dy1dx2dy2,

(S16)

=

∞∑

m=1

λm

∫∫∫∫
h (ξ1 − x1, η1 − y1)h

∗ (ξ2 − x2, η2 − y2) qm (x1, y1) q
∗
m (x2, y2) dx1dy1dx2dy2,

(S17)

=

∞∑

m=1

λm

∫∫
h (ξ1 − x1, η1 − y1) qm (x1, y1) dx1dy1

(∫∫
h (ξ2 − x2, η2 − y2) qm (x2, y2) dx2dy2

)∗

,

(S18)

=

∞∑

m=1

λm |h (x, y) ∗ qm (x, y)|2 ,

(S19)

Without the loss of generality, we can assume λ0 > · · · > λn > λn+1 > ... > λinf . Again,
this equation can be applied to two extreme cases which agree Eq. S12 or Eq. S13.

1) Full coherence. Only single mode exists, which means λ0 is only nonzero:

|Iz (ξ, η)|2 = λ1 |h (x, y) ∗ q1 (x, y)|2 = |h (x, y) ∗ u (x, y)|2 , (S20)

which simplifies to the conventional image formation model in Eq. S7.

2) Full incoherence. In this scenario, as the q’s form an orthonormal basis, each qm rep-
resents a single pixel with a delta function at that location. To indicate the activation of a mode,
we will use a two-dimensional index, m and n. Consequently, the integral equation Eq. S15 can
be expressed as follows:

qm,n (x, y) = δ (x−m, y − n) , (S21)∫∫
J(x1, y1, x2, y2)qm,n (x2, y2) dx2dy2 = λm,nqm,n (x1, y1) , (S22)

∫∫
J(x1, y1, x2, y2)δ (x2 −m, y2 − n) dx2dy2 = λm,nδ (x1 −m, y1 − n) , (S23)

J(m,n,m, n) = λm,n ↔ λm,n = I(m,n) = ⟨|u(m,n)|2⟩ (S24)

Again,
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|Iz (ξ, η)|2 =

M∑

m=1

N∑

n=1

λm,n |h (x, y) ∗ qm,n (x, y)|2 =

M∑

m=1

N∑

n=1

λm,n |h (x, y) ∗ δ (x−m, y −m)|2 (S25)

=

M∑

m=1

N∑

n=1

I(m,n) |h (x−m, y − n)|2 , (S26)

= |h (x, y)|2 ∗ ⟨|u(x, y)|2⟩ (S27)

Thus, at this point, we arrive at the fundamental results of coherent and incoherent light
transport: in an incoherent display system, the linearity holds in terms of intensity; the impulse
response of such a system corresponds to the squared magnitude of the amplitude impulse
response.14

Discrete fields and effective degrees of freedom
The above continuous equations can also be established within the simple framework of linear
algebra. In this section, we will focus on the case of discrete wave fields, as it is the typical
way we handle them. Additionally, we will explore the core insight that captures the essential
property of coherence. It is also relevant to the discussion of degrees of freedom, which are
often constrained by a discrete number of pixels, whether they are in displays or sensors. Hence,
working within the framework of discrete representations offers an elegant and less redundant
approach to dealing with partial coherence.

We can span any 2D band-limited wavefront into a 1D vector - [f(1, 1), f(1, 2), · · · , f(m,n)]
as [f(1), f(2), · · · f(mn)], so effectively we restrict our discussion to the 1D case, while the ex-
tension to higher dimensions is straightforward. In this 1D case, the mutual intensity can be
represented as a two-dimensional matrix as J ∈ CN×N , where N = mn is the number of con-
trollable SLM pixels that we will assume in this subsection (i.e. number of degrees of freedom).

Given this matrix representation, the coherence mode decomposition of an arbitrary mutual
intensity matrix J can be described by a singular value decomposition:

J = QΛQH , (S28)

where Λ is a diagonal matrix consisting of the singular values λi and Q ∈ CN×N is an orthonor-
mal matrix with columns qi:

Q =
(
q1, q2, · · · , qN

)
, (S29)

which is equivalent to Eq. S14.
Note that Eq. S28 represents rank-N construction of the matrix J . The matrix representation

of the mutual intensity provides a convenient way to assess the level of coherence in a partially
coherent field. A fully coherent field, characterized by a single mode, can be represented as a
rank-one matrix. Conversely, a fully incoherent field has no nonzero values off the diagonal,
having rank N.
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Linear operators on mutual intensity. The discrete representation offers several useful in-
sights. For example, we can obtain the intensity as the trace of the mutual intensity matrix, I =
tr (J), or as the sum of the eigenvalues. In this subsection, we will examine various optical op-
erations from the perspective of linear algebra in detail. Specifically, we will explore the role of
several operations commonly used in holographic display systems, including wave propagation,
phase mask application, time-multiplexing, beam steering, pupil replication, and lenslet arrays.
We analyze how these operations can impact the rank of the wavefront, which essentially deter-
mines the independent degrees of freedom required to represent the spatial-angular space. The
key insight we gain here is that certain operations do not increase the rank, thus preserving the
effective degrees of freedom needed for faithfully reconstructing scenes.

1) Linear Propagation of Mutual Intensity. The linear propagation model of the coher-
ent wavefront can be described as a matrix-vector multiplication form;

fo = Hfi, (S30)

where each row of H represents the point spread function (PSF) or propagation kernel and fi is
the input field and fo is the output field. For the input and output mutual intensity, Ji and Jo

described in Eqs. S28 and S29, the propagation is

Jo = HJiH
H (S31)

= HQΛQHHH (S32)
= HQΛ(HQ)H (S33)

=
N∑

i

λi(HQ)i(HQ)Hi , (S34)

As in the continuous description, the output mutual intensity is the linear sum of the mutual
intensities of all propagated modes, weighted by their eigenvalues. Note that the propagation
does not change the rank since the number of modes is conserved.

2) Time multiplexing on mutual intensity. Based on the definition in Eq. S11, it is ev-
ident that the mutual intensity represents the average of individual mutual intensities at each
time slot. This can be represented by stacking each wavefield in columns, as

F =
(
f1 f2 · · · fn

)
, (S35)

And multiply it with its transpose. The rank increases with the number of distinct columns, so
with n frames, the upper bound of the rank is set to n, and the partially coherent wavefronts can
approximate the light field using a rank-n approximation. However, this does not hold true if
the same fields are used repeatedly over time.

JF = FFH (S36)
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3) Oversampling in mutual intensity. We note that oversampling (repetition) of any op-
tical field does not increase the rank of its mutual intensity.

fO = Of . (S37)

Here O is the oversampling matrix, which duplicates each entry k times. For example, when
we sample it twice we use

O2 =




1 0 · · · 0
1 0 · · · 0
0 1 0 · · ·
0 1 0 · · ·
...

...
...

...
0 0 · · · 1
0 0 · · · 1




. (S38)

As oversampling does not increase the effective degree of freedom, so does not increase the
rank of mutual intensity. It can be formally derived from the rank inequalities:

JfO = OffHOH = OJfO
H. (S39)

rank(JfO) = min(rank(O), rank(Jf ))(∵ rank(AB) ≤ min(rank(A), rank(B)) (S40)
= rank(Jf ), (S41)

since rank(O) = N .

4) The role of a mask (element-wise multiplication) in mutual intensity. Some previ-
ous works24 apply a phase mask, often with smaller feature sizes, to the system to expand the
étendue. The coherent field is multiplied element wise after oversampling. This element-wise
multiplication is equivalent to multiplying by a diagonal matrix, with the mask values on its
diagonal. Note that the following inequality holds even when the pitch of the mask is smaller
than the pixel pitch of the wavefront. Applying a mask does not increase the effective degrees of
freedom of the system.

JfO·m = (diag(m)fO)(diag(m)fO)
H = (S42)

= diag(m)JfOdiag(m)H = (mmH)⊙ JfO . (S43)
rank(Jf ·m) ≤ rank(mmH)rank(JfO) (∵ rank(A⊙B) ≤ rank(A)rank(B)) (S44)
= rank(JfO) (S45)
= rank(Jf ) (S46)
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5) The role of pupil replication in mutual intensity. The role of pupil replication can
be analyzed in a similar manner to the previous discussion on oversampling. In this case, pupil
replication involves duplicating the entry with a certain shift (perhaps with subsequent changes
following propagation). We can formulate the matrix that carries out this operation, denoted
as R; fr = Rfi. The same rank analysis is applicable here; however, since the rank of R is
bounded by N , it also maintains the existing rank without increasing it.

6) The role of backlight steering in mutual intensity. Backlight steering could be mod-
eled as multiplying a phase ramp ejk·r. In discrete cases, if the angle exceeds the bandwidth
with N pixels support, it cannot fully express the steering due to aliasing. One can dramatically
oversample each pixel to support that steep angle. However, using the Fourier property, we can
merely shift (migrate) the whole spectrum in Fourier domain, with the shift amount of k, and
express this operation in a system matrix S. Note that, solely with the steering, the number of
non-zero entries of fs is still N , while it could access the wider range of the Fourier spectrum
in k space.

fs = F−1SFf ∈ R(n+k)×n (S47)

However, with time multiplexing, where we stack the field profile in column dimension (See
Eq. S35), we can determine each shift ki to not overlap in rows, where we get the number of
rows as max(kt) for t = 1, ...T where T is the number of frames. In this case, while the number
of rows of Fs =

(
f1 f2 · · · fT

)
could be arbitrary within the limit of the steering system,

the rank, or the nonzero rows, is limited up to nT .

Validation
In this section, we empirically test the relationship between the rank and the effective degrees
of freedom discussed in the previous section by supervising the wavefront through example
operations, such as mask-based étendue expansion and synthetic aperture generation (steering
+ time-multiplexing), for producing a target light field of 25× 25 views, which covers an 8× 8
mm2 eyebox. In this setting, it corresponds to an eyebox that is 5 × 5 times larger than what
an SLM supports, and we simulate the mask right in front of the SLM with a pixel pitch that
is five times smaller for mask-based étendue expansion. In practice, we encounter higher-order
copies, and we must account for these higher orders.25 For all methods, we simulate 5 × 5
higher orders and jointly optimize the target light fields.25 We use the same pixel pitch and
green channel from our hardware setup but with a smaller resolution of 600 × 600 to fit the
memory requirements for the mask-based étendue expansion (Note that our method is scalable
and not constrained by memory). To this end, we optimize complex-valued wavefronts using
the same loss function (Eq. 5 in the main manuscript, see Supplementary Note 5), and examine
the light field fidelity for various aperture sizes (See Supplementary Note 8).
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Supplementary Fig. S8 Comparison of the effective degrees of freedoms of various holo-
graphic display setups using the average PSNR (in dB) of the reconstructed light fields in
intensity. We simulate and compare the light field to the target, across the extended étendue
of 8mm × 8mm, for all aperture sizes.

Supplementary Figure S8 shows the average PSNR (in dB) of the reconstructed light fields
in intensity of various holographic display setups across the extended étendue of 8mm × 8mm,
using all aperture sizes. We observe an interesting trend here: systems with rank-1 operations,
even with the étendue expansion, do not significantly improve the performance in generating
light fields, regardless of aperture size. Specifically, the mask-based expansion allows access to
a larger étendue, thereby improving performance for smaller aperture sizes, but it significantly
reduces contrast and lowers performance for larger apertures. As expected, only high-rank
operations enable a partially coherent wavefront to generate high-fidelity light-field reconstruc-
tions. We also simulate the same high rank for mask-based expansion (green solid line), which
only marginally improves performance, indicating that the increased bandwidth does not fully
translate to effective degrees of freedom (See Supplementary Note 8) in this system. Notably,
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Supplementary Fig. S9 Qualitative comparison of the effective degrees of freedoms of various
holographic display setups using the reconstructed light fields. We simulate and compare the
light field to the target, across the extended étendue of 8mm × 8mm, for all aperture sizes. The
interval between each viewpoint is fixed to that of target light field views, i.e. λ

5p
.

this trend has been observed in multiple studies,23, 26 but we are the first to validate it in a large-
étendue, high-resolution setting.

Supplementary Figure S9 presents the reconstructed light fields for various holographic
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display setups. Each row corresponds to a light field generated with a different aperture size,
ranging from 1.6 mm to 8 mm. The first column represents the smooth phase method using a
central view image, which concentrates all energy at the center of the eyebox. Consequently, the
light field visibility is limited by the aperture size, like a pinhole camera scenario. In this setup,
the light field can be seen from all viewpoints if an aperture size larger than approximately 4 mm
is used. The second column shows the same hardware setup but with our rendering approach.
Since the system generates higher orders, it typically provides optimization access to a larger
étendue than what the SLM bandwidth allows. By simulating higher orders, the optimization
redistributes the energy to fit the light fields for all aperture sizes (driven by our loss function, see
Supplementary Note 5), thus enabling a larger effective étendue, even with the same hardware.
The mask-based expansion inherently accesses a larger étendue, but it suffers from low contrast
in all cases. The last column shows our system, which cover the entire effective étendue with
the highest image fidelity, demonstrating the larger effective degrees of freedom. We discuss
this further in Supplementary Note 8. Note that our setup is straightforward to extend this to
other color channels, while the mask-based method should jointly account for this, which would
result in a worse performance.
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Supplemantary Note 3: Waveguide models
In this note, we present several novel waveguide models designed to mitigate aberrations and
interference artifacts in our system. The waveguide generates the incident beam that is mod-
ulated by the SLM, but is prone to significant aberrations and interference artifacts due to the
complex wave propagation inside the waveguide. As a result, accurately modeling waveguide
propagation has been a long-standing challenge in this field. Recent studies have demonstrated
modeling the complex waveguide propagation of coherent light1 using a interferometric calibra-
tion system. However, this approach does not account for partial coherence, a critical aspect of
our system when using partially coherent light that arises from optical path length differences
between output beams. To our knowledge, there is currently no established method for model-
ing partially coherent wave propagation within waveguides. A straightforward approach might
be to learn each separated beam based on its angle. However, this method is not scalable for
large étendue and partially coherent settings, and it does not generalize well to unseen angles.

To address this, we first develop a fully physics-based waveguide model which inspires our
neural implicit waveguide model. In this note, we demonstrate advantages of this implicit neural
representation of wavefronts, in terms of fast convergence, while revealing the full potential in
the next Supplementary Note: when combined with a mutual-intensity-based wave propagation
model, it generalizes well to unseen depths, angles, and phases, while requiring an order of
magnitude less data.

Explicit representations. The most straightforward approach to representing waveguides is
to explicitly store the output wavefront at all incident angles using a tensor as below. Each
element in the tensor corresponds to the output wavefront for a particular incident angle. While
this representation is straightforward and can work well in certain cases, it may not be practical
if the number of incident angles is large, as it can lead to a significant increase in memory
requirements. One way to get around it is to allocate a small number of angles for the explicit
wavefront tensor and use interpolation to estimate the values for intermediate angles within the
memory limits.

uwg ∈ CH×W×N×K , (S48)

where H and W is the resolution of the wavefront, N is the number of calibrated angles, and
K is the number of channels to approximate the mutual intensity.

Physics-based representations. Note that we usually need to adopt a wide range of angles,
typically around 20◦. In explicit models, this requires storing wavefronts at over 100 discrete
angles, resulting in billions of parameters and making the memory requirements prohibitive.
To address this, we develop a physics-based waveguide model that parameterizes key proper-
ties such as diffraction efficiency of gratings and geometrical parameters, instead of learning
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Supplementary Fig. S10 Illustration of physics-based modeling of a waveguide. A. The side
view visualization of the waveguide slab shows the propagation from the input grating to the
output grating. The out-coupled beam (in blue shades) and the leaked beam at the in-coupler (in
red shades) are visualized. The coordinates of the input coupler, out-coupler, and the next patch
are also displayed. B. Visualization of the modules for the physics-based waveguide model.
The propagation between the gratings is modularized as the Grating2Grating module, which
consists of a series of TIRProp modules.

the whole output wavefronts. By learning these parameters, we can generate the wavefront at
arbitrary angles at runtime. In this model, the wavefront out of the waveguide is described as
the output of a function, which is conditioned on the incident angle θin and is based on physical
principles.

uwg,θin = WGθin (uin) , WG : CMi×Ni 7→ CH×W , (S49)

where uin is the input field of the waveguide, with a resolution of Mi ×Ni.
Our model aims to accurately simulate the wave propagation inside the waveguide and

diffraction at grating couplers, which has traditionally been approached using either ray approx-
imation methods or computational electromagnetics tools such as the Rigorous coupled-wave
analysis (RCWA). These approaches, however, can be either inefficient or inaccurate. Here, we
simulate the internal waveguide propagation and grating effects using wave optics.14 One of
the challenges we face is simulating internal wave propagation at large angles, as this exceeds
the bandwidth of the simulation. However, we observe that when a wave is propagated at a
large angle, the bandwidth is simply shifted rather than extended. This insight enables us to
accurately simulate wave propagation by combining the shifted angular spectrum method with
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the shifted sampling window and affine transform, which takes into account geometric param-
eters, similar to Eq. S58. In this way, we are able to accurately model wave propagation at
large angles. Grating effects, on the other hand, can be influenced by both spatial variations in
the grating due to fabrication imperfections and the angular response of the grating itself. The
former can be modeled using a complex-valued mask, while the latter can be simulated using
the RCWA. It is worth noting that the RCWA coefficients often have a smooth envelope, which
can be modeled through simple convolution with a kernel of small support.

If there are no interactions with gratings at the surfaces, the series of propagations with n to-
tal internal reflections can be represented as a single propagation with a distance that is n times
longer. However, when the field comes into contact with the output grating or the input grating
again, a portion of the light is out-coupled or leaked by the gratings (Supp. Fig. S10A). We pro-
pose modeling this series of actions as a recurrent module to represent the propagation through
the waveguide. This physics-based model consists of a series of Grating2Grating modules,
which represent the propagation from one grating to another. Each of these Grating2Grating
modules performs the propagation between every other total internal reflection recurrently,
which we have abstracted as TIRProp. A single TIRProp module takes in a 2D wavefield of
the in-coupler and the coordinate of the center of the input field, and outputs information about
the wavefield at the next interaction with the same surface: the out-coupled field, the remaining
field to continue, and the coordinate of the continued field.

Our physics-based model offers several key advantages. First, it is fully analytical and there-
fore differentiable, which enables us to parameterize various geometric and physical parameters
such as grating pitch and diffraction efficiency. These parameters can be learned using camera-
in-the-loop training but also can be optimized for various purposes in waveguide design. Ad-
ditionally, the model can accommodate a wide range of input angles beyond the sampling limit
using the shifted angular spectrum method and geometric transformations and is suitable for a
pupil-steered holography system. Lastly, it requires less memory than explicit representation
while still offering robust generalization to untrained angles.

Algorithms 1–3 describe our physics-based waveguide model. While this model provides
useful insights into wave propagation in waveguides, such as the lateral shift of the output due to
phase shifts from the steered input and phase discontinuities, we note that it lacks the degrees of
freedom necessary to model all the imperfections in the setup, such as distortion and warping.
This motivates the need for a more flexible model that is agnostic to the geometric parameters
of the waveguide and offers additional benefits.

Implicit neural waveguide representation. An affine transformation or warping of each re-
flected patch, which corresponds to the patches through different numbers of total internal re-
flections, occurs as a function of the steered angle. Importantly, the transformation of each copy
differs because the propagation distance will be proportional to the tangent of the angle. The
multiple copies are either coherently added up or incoherently added up based on the optical
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ALGORITHM 1: Physics-based waveguide model

N : Number of gratings
uin : input field
ei : diffraction efficiency of ith grating, i = 1, . . . , N.
pi : grating pitch of ith grating, i = 1, . . . , N.
ci : coordinate of the center of ith grating, i = 1, . . . , N.
θin : incident angle on the incoupler
n : the refractive index of the waveguide

u1 ← uin
θ1 ← sin−1(sin(θin)/n) // Snell’s law
foreach i in 1 . . . N do

// Propagation from a grating to the next grating
ui+1, θi+1 ← Grating2Grating (ui, θi, ei, ei+1, ci, ci+1,pi)

end
return uN+1

ALGORITHM 2: Grating2Grating
uprev : input field
θprev : incident angle on the input grating
eprev : diffraction efficiency of the input grating
enext : diffraction efficiency of the output grating
cprev : coordinate of the center of the input grating
cnext : coordinate of the center of the output grating
p : grating pitch of the input grating
n : the refractive index of the waveguide

θnext ← sin−1(sin(θprev) + λ
np) // Grating equation

u← uprev
r← cprev
uout ← 0
while field is between gratings do

// propagation between contact at one surface
u, r, uoc ← TIRProp (u, r, θnext, eprev, enext, cprev, cnext)
uout ← uout + uoc

end
return uout, θnext

path difference (OPD). One can manually consider the fact and implement so that only adjacent
copies interfere, but this would be computationally intensive. Moreover, one needs to fine-tune
every model based on waveguide specifications which could be cumbersome.
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ALGORITHM 3: TIRProp
uprev : input field
rprev : coordinate of the input field
θ : propagation angle
eprev : diffraction efficiency of the input grating
enext : diffraction efficiency of the output grating
cprev : coordinate of the center of the input grating
cnext : coordinate of the center of the output grating
t : the thickness of the waveguide

rnext ← rprev + 2ttanθ
unext ← Shifted ASM (uprev, 2t, θ)
uleaked ← unext · Affine Transformcprev→rnext (eprev)
uoc ← unext · Affine Transformcnext→rnext (eprev)
unext ← unext − uleaked − uoc
uoc ← Affine Transformrnext→cnext (uoc)
return unext, rnext, uoc

Here, based on physical insights, we propose a novel representation of the waveguide lever-
aging emerging neural representations.27 In our waveguide model, we query by inputting the
coordinates of the output pixels and the steered angle, forming multiple (K) channels of incident
partially coherent wavefronts

uwg,u0 (r,u0) = WG (r,u0) , WG : R4 7→ CK×1. (S50)

One significant advantage of using implicit neural wavefronts is that warping can be effi-
ciently achieved by querying different coordinates. Specifically, we first pass the angles and
spatial coordinates to a small coordinate transform multilayer perceptron (MLP), which outputs
the warped coordinates for each channel. These coordinates are then input into a multiresolution
hash-based MLP,27 producing multiple features that are decoded by a decoder MLP. Another
benefit is that it is agnostic to any specific configuration. When outputting multiple channels,
we can increase the output of the decoder MLP without significantly increasing the number of
model parameters (see Table 1 in the main manuscript). However, this approach may limit the
model’s ability to output arbitrary modes, so we employed multiple implicit neural waveguide
representations for larger modes (e.g., K = 16 for the prototype).

The output of this model is a multi-channel wavefront, representing incident wavefronts at
the Spatial Light Modulator (SLM), residual to the steered illumination angle. We manage the
angle separately and input it into the off-axis wave propagation operator, while the residual
phase is learned through training, as shown in Figure 2 in the main manuscript and Supple-
mentary Figure S14. It is worth noting that the model has effectively learned the physics; for
example, the abrupt change at the boundary of patches.
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Supplementary Fig. S11 Convergence Curve of PSNR During Waveguide Model Training.
We show the convergence curve for training three models using 1000 phase–intensity pairs,
including the previous state-of-the-art CNN-based model (TMNH),10 and the partially coherent
wave propagation model (See Supp. Note 4) with explicit and implicit waveguide model. The
models using explicit representations require hundreds of thousands of iterations to converge,
while ours requires fewer than an order of magnitude of iterations (50k vs 1M) to converge,
with better performance, uniquely enabling scalable training for a large étendue.

Comparison of waveguide models. Our waveguide model offers several benefits over previ-
ous state-of-the-art parameterized wave propagation models10, 15, 28 and uniquely enables scal-
able training for a large étendue. These benefits include fast convergence, better generalization
capability requiring fewer training images for comparable performance, and generalization for
unseen angles. While we will demonstrate most of these advantages in the next note, here we
provide a direct comparison of our models against the previous state-of-the-art explicit CNN-
based models.10

In Supplementary Fig. S11, we highlight one of the key benefits of implicit waveguide
models. Specifically, we trained waveguide models using a dataset from the prototype (Figure
2 in the main manuscript) to evaluate their efficacy and performance, and the dataset consists
of 1000 phase–intensity pairs. We evaluate them on a validation set of 300 pairs. Notably, our
model converges much faster, requiring fewer than an order of magnitude of training iterations,
which enables training in the large-étendue setting. Note that, while the difference between
performances of these models in validation PSNR is only slightly different, the CNN-based
model (TMNH) does a poor job of predicting intensity for unseen phases (See Figure 2 in the
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manuscript). We attribute this to the CNN easily learning the spatial variance across the incident
wavefront, which may not be physically accurate and fails to generalize to unseen phases. We
also note that the explicit representation tends to fall into local minima more easily leading to
slightly worse performance as shown in Supp. Fig. S11 (red line vs green line).
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Supplemantary Note 4: Partially coherent wave propagation
models
In this note, we describe in detail the full partially coherent wave propagation model developed
for our system. First, we use the Wigner distribution function (WDF),29 as it provides a more
intuitive description in the spatial frequency domain using convolutions, though the counter-
part for the mutual intensity can also be derived. Next, we propose computationally efficient
methods for handling the mutual intensity, following the same approach as in Eq. S14.

The full image formation model from the laser to the retina is as follows. The input beam
for the waveguide, with an incident angle of u0, propagates through the waveguide, which
generates a partially coherent wave denoted as its WDF WWG(r,u−um), which we approximate
with our waveguide model. The wave modulated by a phase-only SLM can be computed as the
convolution of WWG and the WDF of the SLM modulation WSLM in the frequency domain.

WSLM (r,u) =

∫∫ ∞

−∞

〈
e
iϕ
(
r+ r′

2

)
e
−iϕ

(
r− r′

2

)〉
e−i2πr′udr′, (S51)

Wi (r,u) = WSLM (r,u)⊛u WWG (r,u− um) , (S52)

where r, u and ⊛ denote spatial and frequency coordinates and the convolution operator, re-
spectively.

Next, this partially coherent wave is propagated in the free space, by the distance z to form
the desired mutual intensity around the focal plane of the eyepiece. This can be simulated as
the spatial convolution with the WDF of propagation kernel, hz. Finally, the light field intensity
observed through an aperture p can be computed as the four-dimensional convolution with the
aperture WDF, Wp. These operations are all linear, thus we can simply average over time when
we scan over the synthetic aperture with multiple phase patterns.

l(r,u) = ⟨Wi (r,u)⊛r Whz (r,u)⊛r,u Wp (r,u)⟩ , (S53)

=

〈
WSLM (r,u)⊛u WWG (r,u− um)︸ ︷︷ ︸

SLM modulation

⊛rWhz (r,u)

︸ ︷︷ ︸
wave propagation

⊛r,uWp (r,u)

︸ ︷︷ ︸
intensity through aperture

〉
. (S54)

With these equations, we can map phase patterns shown on the SLM {ϕ}with instantaneous
aperture positions {um} to the image that a user would observe with a pupil p positioned at u
while focusing at a particular depth, z. Note that, with the assumption of an ideal waveguide
with uniform output, paraxial free-space propagation, and a large pupil, the model becomes
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the Radon–Wigner transform29 l (r) =
〈∫

WSLM (r− λz(u− um) du
〉
. Our wave propagation

model uniquely characterizes and learns the partially coherent nature of the system, in the form
of WWG and Whz , instead of a single coherent wavefront.

While this representation is computationally prohibitive to deal with, it provides rich in-
sights into the behaviour of the signal in the spatial frequency domain, such as the migration
of the energy, which motivates the use of bandwidth migration for coherent wave propagation
models described in the next section.

Efficient wave propagation for synthetic apertures. The incident beam for creating syn-
thetic apertures can be modeled with a wave vector k as plane waves ejk·r, but when the angle
is steep enough, this approach exceeds the bandwidth the simulation supports and this causes
aliasing. To accurately model wave propagation, one must oversample the pixels to accom-
modate the high-frequency plane wave, which, unfortunately, demands excessive computation
and is often prohibitive. To address this challenge, we employ bandwidth migration leveraging
Fourier properties. In this subsection, we describe an efficient diffraction calculation method
that carries the same cost as the angular spectrum method.13 Note that we first deal with a
single coherent, quasi-monochromatic wavefront, but we discuss its expansion to the partially
coherent extension in the next section.

First, multiplying a plane wave to a wavefront f is equivalent to a coordinate shift in the
Fourier domain:

S (f,u0) = f (r) ej2π(u0·r), (S55)

F
(
f (r) ej2π(u0·r)

)
↔ F (u− u0) , (S56)

where S,F and F denote the steering, Fourier transform operator, and the Fourier trans-
form of the wavefront, respectively. r and u represent coordinates in the spatial and Fourier
domains, respectively. As mentioned, one can oversample the wavefront in the spatial domain,
to avoid aliasing. However, the energy of the oversampled wavefront in the Fourier domain is
concentrated in the central part, and the other parts are zero, which simply indicates this strat-
egy is inefficient. The steering operation just steers the energy in the spatial angular domain,
where we are interested in. Thus, we opt to migrate the energy in the Fourier domain, and
sample at off-axis coordinates, as proposed by Matsushima et al.30 Subsequently, by shifting
the wavefront geometrically, we can seamlessly add up each mode of partially coherent wave-
fronts sequentially in the spatial domain (or across the field-of-view). This approach allows us
to compute it at nearly the same computational cost as the original diffraction calculation:

f (r− r0)↔ F−1
(
F (u) ej2π(u·r0)

)
, (S57)
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Please note that Eq. S57 is essential not only for sampling the useful wavefront but also for
preventing aliasing in the Fourier domain through the application of a linear phase ramp. By
sampling at shifted coordinates, we can efficiently introduce spatial shifts without encountering
aliasing. When considering the propagation kernel, the final wave propagation at a steered angle
can be described as follows:

Pz (S (f,u0)) (r− r0) = F−1
(
F (u− u0)Hz (u− u0) e

j2π(u·r0)
)
, (S58)

Here, Pz denotes a wave propagation operator, such as the Fresnel diffraction or the angular
spectrum method,13 and Hz represents the propagation kernel for propagation distance z in the
Fourier domain. Equation S58 represents the wavefront propagated and sampled at the off-
axis coordinates.30 Again, to seamlessly merge these wavefronts, we geometrically shift the
intensities and linearly add them up in a larger canvas in a reference coordinate system. In
Supplementary Figure S12, we present an example of seamless rendering. As the illumination
is directed at an angle θ, the center of the wavefront shifts in the spatial domain to r0 = z tan θ.
We illustrate three examples in the second row. To achieve a seamless merge of content across
the field of view (FOV), it is essential to render the correct content as shown in the third column
of the first row. Otherwise, inconsistent merging occurs, leading to incorrect rendering, as
shown in the second column. Supplementary Figure S12B demonstrates the same principle
in 2D and 4D (light field content). As expected, when the light field is merged seamlessly, it
exhibits the right photometric effect,31 such as the natural defocus behavior as shown in the top
right.

Partially coherent wave propagation model. In this section, we describe our partially co-
herent wave propagation model. We also give the description in the phase–space optics, because
it naturally connects to the theory of Synthetic Aperture Holography that we will present in the
next Supplementary Note. For a more comprehensive background of the phase–space optics,
we refer to Testorf et al.29

In our model, we first approximate the partially coherent wavefront (mutual intensity) out of
the waveguide, as a set of multiple coherent modes fwg = {f1, f2, · · · , fM}, known as coherent
mode decomposition.22, 23 The aforementioned off-axis wave propagation can be used for each
mode, and we can simply sum them up in intensity to calculate the observed image at any given
plane. From the phase–space optics perspective, the propagation of mutual intensity is a linear
operation where its Wigner distribution function (Eq. S84) is convolved the Wigner counterpart
of the diffraction kernel. The steering operation S shifts the entire energy in the Wigner domain
at the amount of steered angle u0:

WP(S(f,u0)) (r,u) = Wf (r,u− u0)⊛r Wh (r,u− u0) , (S59)
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where P ,S,⊛r denotes the propagation, steering, and convolution over spatial dimen-
sion, respectively and h is the propagation kernel, such as the Rayleigh–Sommerfeld kernel.13

Eq. S59 shows that the light distribution is uniquely defined in the spatial angular domain by
the propagation and steered angle. The observable light field can be obtained by convolving the
WDF with the WDF of the synthetic aperture function, which shares the same bounding box.32

As the wavefronts propagate, the lateral shift of the wavefront across the FOV is far beyond the
range supported by the simulation. Consequently, we migrate the bandwidth and geometrically
shift the entire light field to seamlessly merge multiple modes, which uniquely allows us to ac-
cess to simulate large Etendue at the same memory footprint (See Methods and the Full image
formation section below.).

Modelling aberrations at large étendue using implicit neural representation. Pupil aber-
rations are usually modeled using Zernike polynomials.15 While a natural extension of this to
a large étendue setting might be to use an MLP to predict the Zernike coefficients, this method
struggles to support high-frequency aberrations (see Supplemental video). We use our implicit
neural wavefront model to model the pupil aberrations at the Fourier plane. This approach can
serve as a drop-in replacement and generalizes well to unseen angles due to its inherently con-
tinuous nature (see Supplementary Fig. S13). Similar to Equation S50, we model the aberration
A with our implicit model WF:

A (u,u0) = WF (u,u0) , WF : R4 7→ R, (S60)

In the Wigner domain, this is equivalent to

WP(f) (r,u) = Wf (r,u)⊛r Wh (r,u)⊛r WejA (u,−r) , (S61)

Monotonic, angle-dependent, nonlinear response of the SLM. Note that often the SLM’s
response is nonlinear and spatially varying, and significantly affect the image quality of holo-
graphic displays.15, 28 To address this challenge, several technique and modeling have been
proposed. In our work, we extend Peng et al’s modeling to even adopt the angle dependent
response, by using the spatially varying code per pixel, that is generated by our implicit neural
representation INR that takes steered angle as input, outputting a spatially varying code. We
also additionally constrain the MLP to be monotonic, with Lipschitz constraint.33

c (r,u) = INR (r,u) , INR : R4 7→ R, (S62)
ϕSLM (r) = MLPLUT (V, c) (S63)
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Full image formation model and its training. Now we have a full model for the wave prop-
agation in our system, and we aim to retrieve the mutual intensity function of the partially
coherent wavefront that is incident on the SLM, while we jointly optimize other parts, such
as the Aberration and LUT to better characterize the system. The mutual intensity function is
four dimensional which is computationally prohibitive to be stored using an explicit discrete
representation, and we propose to learn the lower-rank approximation of the mutual intensity,
parameterizing the multiple wavefront modes for rank-M : {f1, f2, · · · , fM}.

To retrieve the partially coherent wavefront, we capture the intensity (or amplitude) of the
resulting mutual intensity at the target plane acaptured with a sensor, at an arbitrary steered MEMS
angle u0. It is important to note that we only capture at a single plane to retrieve the wavefront,
and we do not require any interferometric setup. Starting with the multiple wavefronts, these
wavefronts are multiplied by the SLM field ejϕSLM as described in Eq. S63. Then, we add angle-
dependent DC terms for each mode, which is also outputted from the waveguide models as
separate channels:

fk
SLM = fk

wg · ejMLPLUT(V,c) + uk
DC, for k = 1, ...,M. (S64)

Next, these wavefronts are propagated using the off-axis propagation described in Eq. S58,
while we also sample at off-axis coordinates. Thus, this propagation is approximately identical
to typical diffraction at the same computational cost, as long as it is within the bandwidth
limit. Note that we simulate higher orders following Gopakumar et al.25 Simultaneously, we
geometrically shift the entire intensity to account for the propagation. Consequently, we use a
larger canvas that exceeds the size of the original wavefront, specifically lSLM + z tan (θmax) for
the maximum steering angle θmax. The shifted intensities are added up in this large canvas after
shift, and the loss function with respect to the captured intensity is calculated. Please note that
acaptured is transformed to this reference frame using the homography at the nominal angle:

fk
target = Pz

(
S
((
fk

SLM, z
)
,u0

))
(r− r0) , k = 1, · · · ,M., (S65)

aout =

√√√√
M∑

k

∣∣fk
target

∣∣2. (S66)

In conclusion, in our training procedure, we optimize the model parameters using the partial
Wigner projection at each full synthetic aperture generated by a steered illumination, for a loss
function

min
{fWG,fDC},MLPLUT,WF

J∑

j=1

∑

u∈U

L (aout, acaptured) , (S67)

where J is the number of (SLM phase, captured image) pairs and U is the set of steered angles
in the dataset.
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Our partially coherent model offers numerous advantages over conventional single-mode
wave propagation models and even surpasses the performance of state-of-the-art CNN-based
models. One of the most primary advantages is the generalization capability, which stems from
its inherent linearity in the mutual intensity domain. As a result, the model shows comparable
performance even with a magnitude less amount of data and training time. To demonstrate this,
we compare our model with the recently proposed hybrid–physical wave propagation model
by Choi et al.10 on datasets of different sizes. We trained models on datasets with different
numbers of pairs, ranging from 10 to 10000, and evaluated the model’s performance on a test
set of a fixed size (100 pairs). As shown in Fig. 2D in the manuscript.

Calibration and dataset acquisition. While most of the aberrations are learned in our model,
we first calibrate the angles to capture the dataset and put it in the rectified coordinate. We cal-
culate the homography between the sensor plane and the image plane as in previous works.10, 15

From this homography relationship or the mean shift of dot patterns with respect to the central
angle, we can calculate the angle of illumination. Note that there are severe aberrations and one
can adjust the effective propagation distance depending on angles. The residual aberrations are
learned in the model as the form of the phase profile in the Fourier plane. (See Supplementary
Figure S13). Captured images are transformed into a coordinate that corresponds to the central
angle, and appear to be similar to what we see in Supplementary Figure S12B. This uniquely
ensures that our method merges the intensity over multiple apertures seamlessly.

Ablation study. Table S1 shows an ablation study to demonstrate the efficacy of each compo-
nent in our model. Specifically, we trained each model using 300 phase-intensity pairs captured
at 72 angles and evaluated them on the training and test sets from the same angles, as well as on
9 held-out angles that were not included in the training set. While each component adds perfor-
mance, it clearly shows that modeling partial coherence is the key to learning wave propagation
in the setup.

Visualization of the partially coherent wave propagation model. In Supplementary Fig. S13A,
we show experimentally captured resolution chart images for different pupil positions. Naı̈ve
steering approaches (center) have severe aberrations at the edge of the extended eyebox due to
angle-dependent aberrations and incident beam profiles. These effects are not easily modeled by
existing, approximately shift-invariant CNN-based models. Using our implicit model, we can
efficiently calibrate the system, achieving high image quality uniformly across the extended exit
pupil, as shown in the inset. In Supplementary Fig. S13B, we show the visualization of learned
aberrations (A) for the extended exit pupil. Note that this learned representation is inherently
continuous and generalizes well to unseen pupil positions, as demonstrated by the extensively
sampled pupil positions shown here. Each aberration map includes higher-order aberrations;
the central region is cropped and shown in Fig. 3B of the main manuscript.
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In Supplementary Fig. S14, we show the visualization of learned waveguide intensity for the
extended exit pupil. Note that this learned representation is inherently continuous and general-
izes well to unseen pupil positions, as demonstrated by the extensively sampled pupil positions
shown here and the supplementary video.

Generalization capabilities of the implicit neural waveguide model. In Supplementary
Figs. S15 and S16, we provide additional experimental results using 2D target images cap-
tured at multiple distances. Here, our model was trained on a single depth and a single aperture
state (with the full aperture open) but achieves high-quality experimental results across varying
conditions, demonstrating the generalization capabilities of our neural implicit model. In Sup-
plementary Table S2, we also provide quantitative results measuring the peak signal-to-noise
ratio (PSNR) and structural similarity (SSIM), averaged over five test images, showing that our
method generalizes well across all tested conditions. We attribute this strong generalization
ability to the physics-inspired nature of our model, which does not rely on any convolutional
neural networks.

In Supplementary Fig. S17 and Table S3, we provide experimentally captured results ob-
tained with multiple pupil sizes. Our model is trained on the full aperture at the center while
achieving robust results for all pupil sizes.

Supplementary Table S1 Ablation study on our partially coherent wave propagation models
on multiple angles. All models are trained on 72 angles. Peak signal-to-noise ratio (PSNR) is
evaluated for train and test sets and 9 heldout angles.

Models Train Test Heldout

ASM 26.6 dB 26.6 dB 26.8 dB
+ High-order 27.3 dB 27.6 dB 27.4 dB
+ SLM wavefront (implicit) 29.8 dB 29.9 dB 30.0 dB
+ Fourier phase 30.7 dB 30.8 dB 30.9 dB
+ LUT 31.6 dB 31.7 dB 31.4 dB
+ DC 31.7 dB 31.8 dB 31.7 dB
+ partial coherence (2 modes) 32.8 dB 32.9 dB 32.7 dB
+ partial coherence (3 modes) 33.5 dB 33.6 dB 33.3 dB
+ partial coherence (4 modes) 33.6 dB 33.7 dB 33.4 dB
+ partial coherence (6 modes) 34.1 dB 34.2 dB 33.8 dB
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Supplementary Fig. S12 Illustration of geometric shifts across FOV and its seamless merging.
Note that when correctly rendered with the light field, it shows the natural defocus blur as shown
in B.
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Supplementary Table S2 Quantitative evaluation of captured experimental results across vary-
ing depths reported in diopters (D). We report (PSNR (in dB) / SSIM) values averaged over
five test images. Our model consistently achieves an average PSNR of over 20 dB across all
depths, outperforming the baseline angular spectrum method (ASM) by 5 dB. Notably, despite
being trained only on images captured at 0D, it robustly maintains high image quality across all
untrained depths. All results are captured with a pupil size of 5mm diameter.

Model
Distance

0D (inf) 0.6D 1.2D 1.8D 2.4D 3.0D

ASM 16.2 / 0.41 16.2 / 0.41 16.2 / 0.41 16.2 / 0.42 16.1 / 0.41 16.1 / 0.41
Ours 21.3 / 0.58 21.3 / 0.59 21.2 / 0.59 21.0 / 0.58 20.8 / 0.57 20.8 / 0.59

Supplementary Table S3 Quantitative evaluation of captured experimental results across vary-
ing pupil sizes. We report PSNR (in dB) and SSIM values averaged over five test images. Our
model consistently achieves an average PSNR of over 20 dB across all pupil states, outper-
forming the baseline angular spectrum method (ASM) by 5 dB. Notably, for all states, we do
not adaptively change phase patterns; instead, our synthetic aperture holography generates a
true light field, ensuring high quality across all aperture states. Moreover, our model is not
specifically trained on these pupil states—it is trained on a full aperture state of 30mm diame-
ter, including all higher orders, allowing it to flexibly account for all pupil states when used for
CGH.

Model
Aperture size (diameter)

8mm 5mm 4mm 2.5mm

ASM 15.5 / 0.39 16.2 / 0.41 15.9 / 0.41 15.7 / 0.40
Ours 21.0 / 0.60 21.3 / 0.58 21.3 / 0.59 21.6 / 0.58
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Synthetic Aperture Holography

+4mm+4mm +4mm

+4.5mm

u

Conventional Holography Conventional Holography with steering

-4.5mm

+4.5mm

u

-4.5mm

+4mm

-4mm

Learned aberrations AB

A Exit-pupil expansion

Supplementary Fig. S13 A. Experimentally captured resolution chart images for different
pupil positions. Naı̈ve steering approaches (center) have severe aberrations at the edge
of the extended eyebox due to angle-dependent aberrations and incident beam profiles.
These effects are not easily modeled by existing, approximately shift-invariant CNN-based
models. Using our implicit model, we can efficiently calibrate the system, achieving high
image quality uniformly across the extended exit pupil, as shown in the inset. Green
boxes denote angles that are not trained, demonstrating its generalization capability. B.
Learned aberrations (A) for the extended exit pupil. Note that this learned representation
is inherently continuous and generalizes well to unseen pupil positions, as demonstrated
by the extensively sampled pupil positions shown here. Each aberration map includes
higher-order aberrations; the central region is cropped and shown in Fig. 3B of the main
manuscript.
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A. Learned waveguide intensities
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B. Captured waveguide intensities 
propagated to the sensor plane

Supplementary Fig. S14 A. Visualization of the learned waveguide intensity for the ex-
tended exit pupil. Note that this learned representation is inherently continuous and gen-
eralizes well to unseen pupil positions, as demonstrated by the extensively sampled pupil
positions shown here. Each waveguide intensity is calculated as the sum of the coherent-
mode intensities. B. For reference, we additionally show the captured waveguide intensi-
ties (at the image plane) with a blank phase pattern on the SLM, whose trend matches the
learned waveguide intensities.
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0D (∞)
(trained)

0.6D (1.67m)
(untrained)

1.2D (0.8m)
(untrained)

1.8D (0.6m)
(untrained)

2.4D (0.4m)
(untrained)

3.0D (0.33m)
(untrained)

ASM Ours

Supplementary Fig. S15 Experimental results of a resolution chart captured at multiple
distances. We capture experimental results of CGH methods using the angular spectrum
method model (left) and our trained model (right). Note that our model is trained only on
images captured at 0D (the top row), yet it achieves high image quality across all depths,
demonstrating the generalization capabilities of our model.
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0D (∞)
(trained)

0.6D (1.67m)
(untrained)

1.2D (0.8m)
(untrained)

1.8D (0.6m)
(untrained)

2.4D (0.4m)
(untrained)

3.0D (0.33m)
(untrained)

Supplementary Fig. S16 Experimental results of a natural image captured at multiple
distances. Phase patterns are optimized using our implicit neural waveguide model, which
is trained only on images captured at 0D (top row). Our mutual-intensity-based implicit
neural waveguide model maintains high image quality across all depths, demonstrating
strong generalization capabilities.
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(untrained)

5mm pupil
(untrained)

4mm pupil
(untrained)

2.5mm pupil
(untrained)

Supplementary Fig. S17 Experimental results of a natural image captured with varying
pupil sizes. The phase patterns are optimized using our implicit neural waveguide model,
which is trained exclusively on images captured with the full-aperture state (30 mm) and
not on any of the other pupil sizes shown here. Our mutual-intensity-based implicit neural
waveguide model preserves high image quality across all pupil sizes, demonstrating strong
generalization capabilities. Note that, our CGH algorithm optimizes the higher diffraction
orders, which contributes to lower contrast for a larger pupil.
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Supplemantary Note 5: Synthetic Aperture Holography
In this note, we elaborate on the theory of the rendering part of Synthetic Aperture Holography
(SAH) systems and its extension to large-étendue settings; our SAH variant uses a waveg-
uide with scanning elements, which we refer to as Synthetic Aperture Waveguide Holography.
First, we develop the theory of SAH through the lens of phase–space optics, which provides
rich insights into the behavior of partially coherent wavefronts. Specifically, we formulate the
computer-generated holography (CGH) as a coherence retrieval problem, as an extension of the
classical phase retrieval.34 From this perspective, we discuss various types of CGH supervisions
and revisit its analogies in phase–space optics. The direct outcome of this is a complete loss
function for SAH, which we introduced in Eq. 3 in manuscript. Consequently, we discuss the
conventional 2D, 3D, and 4D CGH within the phase–space optics framework, clarifying how
they constrain the mutual intensity, or the WDF.

Conventional CGH algorithms are often treated as a phase retrieval problem, where they
retrieve a single coherent wavefront (or amplitude, or phase, based on their spatial light mod-
ulators) for the target image. While this approach usually assumes perfect coherence, in most
practical cases, the complete image formation model from the source to the retina would be par-
tially coherent, as we discussed in Supplementary Notes 2–4. In SAH, we extend the concept
of phase retrieval for CGH to coherence retrieval, where we retrieve the mutual intensity of the
light field instead of a single wavefront. Conventional CGH is a special case of this coherence
retrieval, in which we restrict the rank of mutual intensity to be 1. This framework generalizes
the previous image formation models10, 17 and offers rich insights into existing supervisions for
CGH from phase–space optics perspectives.

The goal for SAH is to physically implement the target light distribution, which is parame-
terized by a synthetic image plane (the r(xy) plane) and the pupil plane (the u(uv) plane), using
the partially coherent holographic engine (See Supplementary Figure S20). Under the paraxial
approximation, the value of the irradiance image that appears on the retina is given by31

Itarget =

∫
lGT (r,u)A (u) du, (S68)

where A represents an arbitrary synthetic aperture function at the pupil plane. When a partially
coherent engine generates a Wigner distribution function Wf (or a mutual intensity J) associ-
ated with the M coherent modes f1,...,M , the retinal image resulting from the synthetic aperture
A is the projection of the Wigner distribution of wavefronts that pass through the aperture, along
the angular axis u. Since applying the aperture function at the pupil plane is equivalent to con-
volution with the corresponding filter function p in the spatial domain (for each single mode),
we obtain
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Igenerated =

∫
W({f}m⊛rp) (r,u) du (S69)

=

∫ (
W{f}m (r,u)⊛r Wp (r,u)

)
du. (S70)

In other words, we aim to generate a light field from the partially coherent holographic engine,
namely Eq. S70, to match the target light fieid images in Eq. S68.

Igenerated ≃ Itarget ↔
∫

lGT (r,u)A (u) du ≃
∫

W{f}m (r,u)⊛r Wp (r,u) du. (S71)

Ideally, this could be achieved by matching the integrands:

lGT (r,u)A (u) ≃ W{f}m (r,u)⊛r Wp (r,u) . (S72)

Unfortunately, matching the two in the above equation is challenging for several reasons. Firstly,
calculating the Wigner distribution is computationally prohibitive, which makes the direct opti-
mization of Eq. S72 not feasible. Secondly, due to the quadratic nature of the Wigner function,
optimizing for individual aperture states does not necessarily ensure a match for other aper-
tures. For example, consider that we have optimized the engine for two small apertures. Then,
as soon as we consider the light passing through the union of two apertures, the generated light
field would not match the incoherent sum of target light fields, with the crosstalk as they coher-
ently adds up. Consequently, it is crucial to ensure that the approximation of Eq. S72 is valid
across all potential apertures.

To address these issues, we first note that a holographic display system that would sup-
port M coherent modes would only be able to reproduce the desired light field with a rank-M
representation of the mutual intensity. Thus, we consider the modal expansion of the mutual
intensity, and truncate it to the first M modes, which effectively represents the mutual intensity
in a computationally feasible way. Moreover, we propose to indirectly match finite projections
of the Wigner distribution, blurred by the aperture Wigner function, with the corresponding ir-
radiance image values that is the finite integral of target light fields, for all possible aperture
states U ⊂ U × V , where U × V is the set of aperture functions for given light fields. In other
words, we optimize for the loss function described in Eq. S73, (which is the same with Eq. 3 of
the main paper)

min
{fm}

∑

U⊂U×V

L
(〈∣∣∣∣f(r; z,m)⊛r

∫

u∈U
dp (r,u)

∣∣∣∣
2〉

m
,

∫

u∈U
lGT (r,u) du

)
. (S73)

Here the synthetic aperture function A is replaced as the sum of finite sub-apertures
∫
dp.

As we are optimizing the loss function for a set of wavefronts {fm} (or phase patterns {ϕm}),
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this formulation is similar to the coherence retrieval where the mutual intensity is we discretized
as a Hermitian positive semidefinite matrix.34 It is important to note that this approximation not
only offers a practical method for CGH to approximate the correct light field but also provides
valuable insights into multiple aspects of partially coherent CGH. These include understanding
the role of the synthetic aperture function and offering an interpretable explanation of CGH loss
functions for target distributions through the perspective of phase–space optics.

The role of synthetic aperture function. Equation S70 reveals important insights regarding
the role of the synthetic aperture function. It is important to note that the convolution opera-
tion between the aperture Wigner Distribution Function (WDF) and the main WDF is always
evaluated, even without the integral, when we assess the observable light field. This is the con-
sequence of the uncertainty principle in optics – we cannot observe precisely both the location
and direction of a photon. Indeed, for any Wigner distribution function, the product of the spa-
tial spread and the angular spread – measured as the variance along each axis – has a lower
bound:

∆r∆u ≥ λ

4π
, (S74)

where ∆r,∆u are the variance of the WDF along r and u axes, respectively. It is also note-
worthy that after applying this WDF blur, the observable light field becomes non-negative.32

This implies that this could be understood as a minimal unit of the effective étendue and we
will revisit this interesting and significant relationship between the observable light field and
the effective étendue in Supplementary Note S8.

The blur kernel, namely the aperture WDF, can have a small extent either on the spatial
axis (indicating a large aperture) or on the angular axis (indicating a small aperture), but not on
both simultaneously. This represents each limitation of the 4D supervision (fine angular control
but low resolution) and the 2D/3D supervision (sparse angular control but high resolution),
as they utilize the corresponding evaluation of the observable light field for the loss function
(See Supplementary Figs. S18 and S19). SAH achieves the best of both worlds by jointly
considering these aspects, which we will elaborate on in the following sections.

CGH supervisions through the lens of phase–space optics
In this section, we make it clear that the conventional 2D, 3D, and 4D CGH are trying to
optimize the subsets of SAH loss function, clarifying that how they address ill-posed problems
in CGH that may not fully reproduce the plenoptic function without sufficient prior information.

In 2D and 3D supervision cases, we use full apertures A = 1, or the aperture WDF being
the delta function so we can omit along with the convolution in Eq. S72. This yields

∫
lGT (r,u) du ≃

∫
W{f}m (r,u) du. (S75)
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2D supervision. Note that the above equation exactly corresponds to the conventional 2D
image supervision, where one directly supervises the time-averaged intensity with a 2D image.
For right-hand side, this corresponds to the Wigner projection along the entire angular axis,
where you get the time-averaged intensity. See Supplementary Figures S20 and S21.

3D supervision. From the literature on synthetic light field photography,31 we can obtain
the 3D focal stack using the digital refocusing technique simply by integrating light fields along
sheared axis from the LHS. This provides the incoherent 3D focal stack at depth z

I =

∫
lGT (r− λzu,u) du. (S76)

In phase–space optics, integrating it along sheared axis corresponds to the Radon–Wigner
transform where the Wigner distribution is projected along a sheared axis.29 The shearing op-
eration could be replaced by the convolution with δ (y − ax), which is the form of the Wigner
distribution functions of Fresnel kernel. Thus, from RHS we obtain the intensity image propa-
gated after z using the Fresnel propagation {f}m ⊛r h.

I =

∫
W{f}m (r− λzu,u) du (S77)

=

∫
W{f}m (r,u) δ (r− λzu) du (S78)

=

∫
W{f}m (r,u)⊛r Wh (r,u) du (S79)

=

∫
W{f}m⊛rh (r,u) du. (S80)

This supervision constrains the WDF along the projection with the full aperture, but with several
sheared axes based on the depths. This indirectly provides some degree of spatio-angular control
but lacks accurate view-dependent effects. This is also a common approach for retrieving the
complex wave field using phase–space tomography.35 See Supplementary Fig. S20.

4D supervision. In light-field supervision,10 we assume a finite, fixed pupil size, which
can be efficiently calculated using the Short Time Fourier Transform (STFT).10, 36 This corre-
sponds to a 4D convolution of the WDF with the aperture WDF.32 While this blurring operation
is intuitive and exactly corresponds to Equation S70, it can also be viewed as a finite projec-
tion along the angular axis, with the width corresponding to the pupil size (see Supplementary
Figure S20), resulting in the observable light field, which is always positive.

This light-field supervision guides our optimization using the individual light field for mu-
tual intensity, sampled through the corresponding pupil position and size; however, it does not
account for interference between pupils. This can be understood as the crosstalk term in the
WDF domain,32 mainly due to the coherent image formation model of the hologram. This
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crosstalk significantly lowers the contrast of the images when sampled, as shown in Fig. 4 of
the main manuscript.

ALGORITHM 4: Synthetic Aperture Holography (SAH)

V : a set of viewing directions {vi = sinθi}
W : a set of window functions {wi}
K : number of iterations, ≈ 500
loss(·) : loss function (e.g. L2 loss)
loss bp(·) : backpropagation through loss function
model p( · ; θ) : propagation through parameterized model
model bp( · ; θ) : backpropagation through parameterized model
s : scalar
xSLM : SLM pixels
atarget(·, v) : target image at a viewpoint v
θbl : steering angle using backlight
foreach k in 1 . . .K do
Vk,Wk ← sample (V,W)

{qm} ← model p
(
ejϕSLM ; θbl

)
▷ partially coherent modes

L ← 0
foreach v, w in Vk,Wk do

%% This loop can be run in parallel %%

l(x, v)←
√∑M

m |qm(x) ∗ (w · ej 2π
λ

sin(θ−θbl)·x)|2 ▷ Generalized radiance functions
L ← L+ loss(s · l(x, v), atarget(x, v))

end
{ϕSLM, s} ← model bp(loss bp(L))

end
return ϕSLM

Synthetic Aperture Holography. We present the pseudocode for our Synthetic Aperture
Holography rendering in Algorithm 4. Note that 3D and 4D supervisions are special cases
of this algorithm, depending on the sampling strategy for the sets of viewing directions and
window functions, V andW .

In Supplementary Figure S20, we illustrate the comparison between Synthetic Aperture
Holography (SAH) and conventional 3D holography. In conventional 3D holography (top left),
the full wavefront at multiple depths (represented by red, orange, and purple planes) is su-
pervised by corresponding target images. This method samples across the entire angular axis
following a shearing operation in the spatio-angular domain. When viewed through the Wigner
distribution function in phase optics space, the spatio-angular information of the wavefronts
(illustrated by gray shades) is supervised after being projected along the sheared axes (bottom
left).
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In Synthetic Aperture Holography, we supervise the projections along these axes with finite
width rather than across the full axis. This approach samples specific sub-apertures at certain
positions and sizes (represented by green and yellow), allowing fine control over spatio-angular
information. We consider all possible combinations of these sub-apertures to form a synthetic
aperture, which inspired its own name.

These properties are well demonstrated in Supplementary Figure S21. In Supplementary
Figure S21A, we show the amplitude of the partially coherent wavefronts optimized using dif-
ferent CGH methods, including 2D supervision,15 4D supervision,10 and our method. In con-
ventional 2D holography, the full wavefront is supervised by target images, and the behavior
of the resulting observable light field from the hologram depends on the initialization of the
phase or the pre-assumed target phase profile (bottom epipolar plane images). The light-field
hologram supervises the optimization for light-field view images through the sub-apertures, en-
suring full light-field reconstruction over the full NA while suffering from low resolution when
viewed through the whole aperture (center). Our synthetic aperture supervision achieves the
best of both worlds by considering the synthetic aperture that consists of sub-apertures. In
Supplementary Figure S21B, we show a static eyebox control uniquely enabled by our SAH
supervision. Since our method provides a principled way to generate the light field using par-
tially coherent engines, we can control the eyebox distribution by arbitrarily setting the Fourier
profile of the target light fields. Here, we show that we can control the size of the eyebox using
our optimization. Note that this cannot be done using the light-field supervision, due to the
crosstalk between the sub-apertures that they do not consider. On the right, we show the results
optimized using the stochastic variants of our method,37, 38 following the approach described in
their manuscript, which provides an eyebox shape overfitted to certain pupil shapes and posi-
tions. We attribute this to the gradient descent optimization for the hologram getting stuck in
local minima, while our method is robust to this issue due to its physically correct principle for
reconstructing incoherent light fields using partially coherent engines.

Our waveguide system can shift the entire bandwidth beyond what a typical SLM supports,
enabling supervision over large-baseline light fields when combined with time multiplexing.
This is achieved with only a marginal increase in system thickness, as demonstrated in the
manuscript.
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Supplementary Fig. S18 The role of synthetic aperture function. Here, we demonstrate
the 2D aperture function, a 1D scanline of it, and the corresponding WDF for the scanline
across various sizes of rectangular-shaped pupils. It is important to note that these WDFs
act as kernels for the Wigner distribution when evaluating irradiance values, highlight-
ing a clear trade-off between angular and spatial blurs. For large pupils, we can achieve
diffraction-limited resolution, albeit without control over angle selection. Conversely, us-
ing small pupils results in always blurred images, yet allows for control over angles by
moving the pupils - this merely shifts the entire WDF along the u-axis.
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Supplementary Fig. S19 The role of synthetic aperture function. Here, we demonstrate
the 2D aperture function, a 1D scanline of it, and the corresponding WDF for the scanline
across various sizes of rectangular-shaped pupils. It is important to note that these WDFs
act as kernels for the Wigner distribution when evaluating irradiance values, highlight-
ing a clear trade-off between angular and spatial blurs. For large pupils, we can achieve
diffraction-limited resolution, albeit without control over angle selection. Conversely, us-
ing small pupils results in always blurred images, yet allows for control over angles by
moving the pupils - this merely shifts the entire WDF along the u-axis.
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Supplementary Fig. S20 Comparison between conventional 3D holography and Synthetic
Aperture Holography (SAH). In conventional 3D holography (top left), the full wavefront at
multiple depths (denoted as red, orange, purple) is supervised by target images, corresponding
to constraining the projection of the wavefronts along the entire angular axis after a spatio-
angular shearing operation (bottom left). This approach does not support fine angular variations
of the wavefronts. Additionally, the eyebox supported by the system is typically much smaller
than the user’s pupil (gray shades vs. blue shades). In contrast, SAH supervises projections with
finite-width sampling over specific sub-apertures (top right), enabling fine control of spatio-
angular information. The synthetic aperture is formed by combining these sub-apertures and
also encompasses the full wavefront case when all sub-apertures are considered. The waveguide
system extends the effective étendue (bottom right, bold outline) through steering and time
multiplexing, with minimal added system thickness.
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Supplemantary Note 6: Additional simulation results
Supplemental Figure S22 shows the Zemax simulation of our holographic lens demonstrat-
ing the apochromatic characteristics and the conceptual diagram of 3D eyebox expansion we
present in Figure 4 in the main manuscript.

To train a wave propagation model at enlarged étendue, we capture a dataset consisting of
300 pairs of SLM phases and captured images at 9 × 9 angles. We then train the model at 72
angles, leaving 9 angles as held-out data. Unlike previous approaches where only the region
of interest (ROI) is supervised for training, we penalize all the regions where energy can be
present to ensure the model sees the data of the projection in the full spatio-angular domain
(See Supplementary Note 4). The ROI is calculated as lSLM + 2z tan (arcsin (λ/2p)), where
lSLM and p represent the size and pixel pitch of the SLM, respectively. We use the distributed
data-parallel (DDP) of PyTorch for training, with a batch size of 8 on 8 NVIDIA RTX A6000s
and a learning rate of 3e−4.

Supplemantary Note 7: Additional captured results
In this note, we present additional captured results from our prototypes.

In Supplementary Figure S23, we show experimentally captured results of 3D scenes with
varying pupil sizes. Each of the six rows shows one example scene and each of the columns one
pupil diameter setting. The two closeups under each image show the changes in depth of field:
while the sharpness of a focused object (left) remains constant, an out-of-focus object appears
increasingly blurry as the pupil diameter grows (right).

In Supplementary Figures S24–S27, we present additional experimentally captured results
of 3D scenes with various focal states and pupil positions. These results demonstrate high
image quality with refocusing capabilities and parallax effects as further demonstrated in the
supplemental video.

52



Light fields
(Epipolar plane image)

SAH with 
0.03mm eyebox

SAH with 
0.9mm eyebox

SAH with 
1.3mm eyebox

SAH with 
1.8mm eyebox Pupil-aware holography

Full aperture 
supervision (2D)

Sub-aperture 
supervision (4D)

Synthetic aperture 
supervision (Ours)

2D projection

Wigner

Reconstruction with 
full NA

Light fields
(Epipolar plane image)

u

x

+! diff

-! diff

B Static eyebox control

A Comparison of CGH supervisions

Eyebox
visualization

Supplementary Fig. S21 A. Comparison between conventional 2D holography, light-field (4D)
holography, and Synthetic Aperture Holography (SAH). In conventional 2D holography, the full
wavefront is supervised by target images, and the behavior of the resulting observable light field
from the hologram depends on the initialization of the phase or the pre-assumed target phase
profile. The light-field hologram supervises the optimization for light-field view images through
the sub-apertures, ensuring full light-field reconstruction over the entire NA, but suffering from
low resolution when viewed through the whole aperture (center). Our synthetic aperture su-
pervision achieves the best of both worlds by considering the synthetic aperture that consists of
sub-apertures. B. Static eyebox control. Since our method provides a principled way to generate
the light field using partially coherent engines, we can control the eyebox distribution by arbi-
trarily setting the target light fields. Note that this cannot be done using light-field supervision
due to the crosstalk between the sub-apertures they do not consider. On the right, we show the
results optimized using the stochastic variants of our method, which produces an eyebox shape
overfitted to specific pupil shapes and positions.
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A B

C D

Supplementary Fig. S22 A. Zemax Simulation of conventional diffractive lens that suffers
from aberration. B. Zemax Simulation of our holographic eyepiece that demonstrates the apoc-
hromatic imaging characteristics. C. Illustration of eyebox tiling using localized temporal
scanning of exit pupils. Vignetting caused by eye-relief mismatch. Red square represents exit
pupil and black ellipsoid indicates eye pupil. Striped area indicates vignetted FOV which does
not enter the eye pupil. D. Locally tiled eyebox illustrated as green and blue color. Vignetted
FOV enters the pupil with local pupil scanning.
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2.5mm pupil 3mm pupil 4mm pupil 8mm pupil 10mm pupil5mm pupil3.5mm pupil

Supplementary Fig. S23 Experimentally captured results of 3D scenes with varying pupil
sizes. Each of the six rows shows one example scene and each of the columns one pupil diam-
eter setting. The two closeups under each image show the changes in depth of field: while the
sharpness of a focused object (left) remains constant, an out-of-focus object appears increas-
ingly blurry as the pupil diameter grows (right).
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Focused at 2.5DFocused at 1.5DFocused at 0D Focused at 2.0DFocused at 1.0DFocused at 0.5D
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x: +3.3mm

Supplementary Fig. S24 Experimentally captured results of 3D scenes with various focal
states and pupil positions. These results demonstrate high image quality with refocusing ca-
pabilities and parallax effects as further demonstrated in the supplemental video.
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Supplementary Fig. S25 Experimentally captured results of 3D scenes with various focal
states and pupil positions. These results demonstrate high image quality with refocusing ca-
pabilities and parallax effects as further demonstrated in the supplemental video.
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Focused at 2.5DFocused at 1.5DFocused at 0D Focused at 2.0DFocused at 1.0DFocused at 0.5D
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Supplementary Fig. S26 Experimentally captured results of 3D scenes with various focal
states and pupil positions. These results demonstrate high image quality with refocusing ca-
pabilities and parallax effects as further demonstrated in the supplemental video.
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Focused at 2.5DFocused at 1.5DFocused at 0D Focused at 2.0DFocused at 1.0DFocused at 0.5D
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Supplementary Fig. S27 Experimentally captured results of 3D scenes with various
focal states and pupil positions. These results demonstrate high image quality with refo-
cusing capabilities and parallax effects as further demonstrated in the supplemental video.
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Supplemantary Note 8: Space–bandwidth product, bandwidth,
and effective étendue
In this note, we elaborate on the concept of the effective étendue in holographic display systems.
Since étendue is highly relevant to (or often referred to as) the space–bandwidth product, or
bandwidth, we first clarify the definition of terms. Next, we define the effective étendue for
holographic displays, emphasizing the difference between the étendue of a system and that of a
signal. This distinction is established in the context of the spatio-angular domain or phase–space
optics.29 We then compare a few étendue expansion approaches within this framework, showing
that our architecture allows for an increase in the effective étendue, with full representation
capability for extended étendue (effective degrees of freedom), whereas other approaches, such
as mask-based étendue expansion,24 fail to achieve increase the effective degrees of freedom,
while it might increase its étendue.

The key takeaway from this section is the distinction between effective étendue and effective
degrees of freedom — the former refers to the amount of observable light field through the
optical system, potentially within a certain time period, while the latter refers to the system’s
capability to express arbitrary light fields with higher image fidelity, also within a certain time
period, for example, one that a human can resolve.

Space–bandwidth product and bandwidth
The optical extent, or space–bandwidth product (SBP), is a measure of the amount of infor-
mation contained in the scene generated by the display system. It is defined as the product
of the area of the spatial region and the two-dimensional bandwidth supported by the optical
system.14, 39 Additionally, it is beneficial to consider the bandwidth (BW), or the SBP rate, as
the eyes receive and average out optical signals over a finite period. The numerical SBP of the
optical system and its BW are defined as:40

|SBPsystem| = AXYBXY , (S81)
BW = |SBP | × f, (S82)

where AXY is the area of the spatial region and BXY is the two-dimensional bandwidth sup-
ported by the system, and f is the frame rate of the signals.

From Eq. S81, it is clear that the numerical SBP of the system corresponds to the 4D vol-
ume of the spatio-angular space (x, y, u, v) supported by the system. Due to the complexity
involved in analyzing and visualizing 4D functions, we focus on the 2D space of the coordi-
nates (x, u) for simplicity, since the extension to 4D is straightforward. The SBP in this 2D
space can be understood as the area within that domain, as shown in Supplementary Fig. S28A.
This boundary represents the maximum extent of the spatial or angular dimensions that can be
modulated (or generated) by the device.39 For instance, in the case of phase-only spatial light
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modulators (SLM), ax denotes the size of the SLM, while bu relates to the maximum spatial
frequency, which is determined by the pixel pitch p of the SLM: bu = λ/p. It is well known
that the numerical SBP of the system is preserved as the number of controllable pixels Nx.41 In
this case, |SBPsystem| = axbu = axλ

p
= Nxλ.

However, we argue that the SBP of the system is not sufficient to describe holographic
display systems in general. To elaborate, we distinguish the SBP of the optical signals from the
SBP of the system. The user observes a set of optical signals generated within a period of time,
rather than the entire combination of signals that can be generated by the system. Especially,
the coherent optical signals do not occupy the entire extent of the SBP at any instantaneous
time, mainly due to the rank-1 constraint in its mutual intensity matrix12 (See Supplementary
Note 2). The bandwidth supported by the optical system sets the boundary for the bandwidth of
an optical signal.

SBPsignal ⊂ SBPsystem (S83)

In order to numerically measure the SBP of signals, we need a different metric than Eq. S81
to represent signal characteristics in the spatio-angular domain. While an optical signal can be
represented with any space–frequency functions*, we use the Wigner distribution function,43, 44

also known as generalized radiance45 in the partially coherent case, which is defined as:

Wf (x, u) =

∫ ∞

−∞

〈
f

(
x+

x′

2

)
f ∗
(
x− x′

2

)〉
e−i2πx′udx′, (S84)

where x and u are the spatial and angular variables, respectively, and f(x) is the optical signal.
This function is interpreted as an energy density function in space and frequency.46 Using the
Wigner distribution function, we can describe the space–bandwidth product of the complex-
valued signal more precisely:

Nonzero area. Following the definition of SBP of the system, we essentially want to measure
the area that WDF of the signal takes in the same domain. This is not straightforward, as the
WDF of a random signal typically appears as in Fig. S28B. Lohmann et al. attempted to define
the SBP of a signal as the area where its WDF is non-zero, while acknowledging that this may
not be precise for certain signals.39 One could also use thresholding to measure it.

Effective area. Instead of measuring the non-zero area, we could measure the effective area
of this representation. The value of the WDF can be interpreted as the amount of a certain
space–frequency component contained in the signal,47 and the square root of the diagonal terms
of its second-order moments mxx,uu is viewed as the effective width dxx,uu =

√
mxx,uu of the

intensity in the x, u direction, respectively. Thus, we argue that we could use the effective area

*the space–frequency functions mostly belong to the Cohen class42
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A B
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Supplementary Fig. S28 A, B. Visualization of the space–bandwidth product in the spatio-
angular domain: A. SBP of the system, which sets the boundary, B. The SBP of the coherent
wavefront (complex-valued signal) can be understood from the signal’s behavior in the spatio-
angular domain; here, the color values denote the value of the Wigner distribution function
of the complex-valued signal. C. Illustration of dynamic allocation of signal in the spatio-
angular domain. Backlight (or frontlight) steers the signal in the spatio-angular domain, and
the effective étendue can be calculated as the area of the projection of these energies along the
time axis over a given time interval. D. Time-multiplexed observable light field in the spatio-
angular domain (horizontal axis is the spatial domain, the vertical axis is the angular domain)
over sufficiently many random wavefronts in static-mask-based system and our system. Here,
we simulate an étendue three times larger using a static mask (left, with a pixel pitch three times
smaller) and a steering operation with time multiplexing (right, with a steering angle three
times larger than the maximum diffraction angle). In mask-based systems, the signal is always
convolved with the Wigner distribution of the mask, resulting in specific patterns that limit
the ability to express arbitrary observable light fields, even with sufficient time multiplexing.
In synthetic aperture holography, the system occupies the full spatio-angular domain and can
express arbitrary light fields if sufficient time multiplexing is available.

of the optical signal in the Wigner domain as the product of the effective widths in spatial and
angular domains for near-eye displays, while it has been discussed in time-frequency analysis
of time signals.48
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Supplementary Fig. S29 Visualization of the space–bandwidth product (SBP) of synthetic
aperture-based holographic display systems in the spatio-angular domain: A. SBP of the basic
system, where the unit for the angular axis is converted in meters, based on the focal length of
the eyepiece, f . B. SBP of the scanned-angle-limited SAH system, where the angular width
of a single point in the field of view is limited by the scanned angle range. C. SBP of the
propagation-limited SAH system, where the angular width is fundamentally limited by the shear
operation in the spatio-angular domain.

|SBPsignal| = dxxduu =
√
mxxmuu, (S85)

M =

[
mxx mxu

mux muu

]
=

1

E

∫ ∫ [
x
u

] [
xT uT

]
W (x, u)dxdu, (S86)

E =

∫
W (x, u)dxdu. (S87)

Effective étendue
While the effective area might provide an intuitive measure, there are corner case scenarios
where this approach fails (such as a few points at the edges). This necessitates a more robust
measure for the effective étendue.

Given that these signals are ultimately projected onto the human retina and integrated over a
certain period of time—during which the human eye may not resolve fine temporal details—in
this paper, we define the term effective étendue as the area of the observable light field32 in the
spatio-angular domain, integrated over a certain period of time.

One important factor to consider is that the relationship between the observable light field
and the WDF, or the complex-valued signal, depends on the aperture state p, which determines
the resolution across both the spatial and angular axes. Therefore, this effective étendue can be
measured for a specific aperture size and may be better analyzed across multiple aperture sizes.
More formally, the effective étendue e for aperture state p over the time period [ti, tf ] can be
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expressed as:

e(l, p) =

∫ ∫ ∫ t=tf

t=ti

1l(x,u,t)>c (x, u, t) dt dx du (S88)

1l(x,u,t)>c =

{
1 if l (x, u, t) > c

0 otherwise
(S89)

where the observable light field l can be obtained using Equation S70. This can be empirically
calculated using light fields presented in Supplementary Figure S8. In other words, the effective
étendue can be understood as the projection of the SBP of signal over time (See Supplementary
Figure S28C). Note that the aperture state (size) p determines the resolution of x and u (See
Supplementary Figures S18–S19).

From this perspective, steering operations do not increase the instantaneous étendue but in-
stead enhance the effective étendue, while a fast spatial light modulator simultaneously increases
the effective degrees of freedom, as detailed in Supplementary Note 2. We also highlight the
potential of these étendue expansion approaches: with sufficient time multiplexing using an
ultrafast spatial light modulator, the étendue steering technique can represent the full-rank mu-
tual intensity. In contrast, static-mask-based approaches are limited by an upper bound in their
ability to express arbitrary signals in the spatio-angular domain. Supplementary Figure S28D
illustrates the time-multiplexed light field over the number of frames which is the full rank
that the system supports. Mask-based expansion is restricted to a specific region of the spatio-
angular domain, as it effectively convolves the WDF with a kernel defined by the mask. On the
other hand, the étendue steering approach can fully explore and express the entire domain.

Eyebox size

As the steering operation steers the étendue (Eq. S59), each point in the entire field-of-view can
only be represented with certain steering angles. We find that this fundamentally limits the eye-
box, or equivalently the blur size, as stated in Equation 6 in the main manuscript. We visualize
the two cases that the eyebox is limited in Supplementary Figure S29. In Supp. Fig. S29A,
we visualize and label the size of the SBP in terms of eyebox size (with the focal length of
the eyepiece f ) and the panel size. The eyebox size is the length along the angular axis, i.e.,
fλ
p

. As the system aims to generate images around the propagation distance z with steering and
time multiplexing, it supports a larger effective étendue, as shown in Supp. Fig. S29B. This
scenario assumes that the eyebox is limited by the scanned angle θscan, and the eyebox size is
given by fλ

p
+ 2f sin θscan. If the system supports a wider steering angle or larger propagation

distances, it would steer the field more in the spatial domain (see Supplementary Figure S12).
Here, the eyebox size is limited by the wave propagation itself, and the size can be calculated
as LSLMf sin θdiff

|z| tan θdiff
≃ LSLMf

|z| , where θdiff is the maximum diffraction angle of the SLM. The approxi-
mation holds for most commercially available SLMs.
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