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Figure 1: Thermally modulated nanophotonic phased arrays (NPAs) use temperature to modulate the phase shift of each pixel. This
makes the NPAs susceptible to thermal proximity effect where heating one pixel affects the temperature of nearby pixels. This leads
to reduced phase modulation accuracy and noise in the observed holograms. 2D Fresnel holograms that suffer from the proximity
effect are shown in figure (a). We propose a proximity effect correction (PEC) method for 2D Fresnel holograms whose results are
shown in figure (b). By leveraging the high refresh rate of the NPAs and displaying the holograms of slices of the 3D scene at their
respective depths in consecutive frames with time-division multiplexing (TDM), 3D scenes can be observed, as shown in figure (c).
The proximity effect level in this figure is σ = 0.66 px.

ABSTRACT

Holographic displays and computer-generated holography offer a
unique opportunity in improving optical resolutions and depth char-
acteristics of near-eye displays. The thermally-modulated Nanopho-
tonic Phased Array (NPA), a new type of holographic display, affords
several advantages, including integrated light source and higher re-
fresh rates, over other holographic display technologies. However,
the thermal phase modulation of the NPA makes it susceptible to the
thermal proximity effect where heating one pixel affects the temper-
ature of nearby pixels. Proximity effect correction (PEC) methods
have been proposed for 2D Fourier holograms in the far field but
not for Fresnel holograms at user-specified depths. Here we extend
an existing PEC method for the NPA to Fresnel holograms with
phase-only hologram optimization and validate it through compu-
tational simulations. Our method is not only effective in correcting
the proximity effect for the Fresnel holograms of 2D images at de-
sired depths but can also leverage the fast refresh rate of the NPA to
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display 3D scenes with time-division multiplexing.
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tion, proximal algorithms, phase-only hologram, Fresnel hologram.
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1 INTRODUCTION

Near-eye displays are witnessing widespread popularity with virtual
and augmented reality (VR and AR) becoming mainstream. Cur-
rently, most VR and AR headsets use stereoscopic vision for depth
cues and the users’ eyes can only focus at one or a small number of
depths. This causes the vergence-accommodation mismatch which
is believed to be one of the underlying causes of visual discomfort
in VR (Kramida [22]). Manual adjustments or special efforts such
as in Wang et al. [59] are usually needed to ensure an enjoyable
viewing experience in stereoscopic displays. Varifocal and light
field displays have been proposed to provide a wider range of focal
distances. However, varifocal displays usually involve mechanical
components which makes them less durable and more difficult to
manufacture. The spatial resolution and range of focal distances
which a light field display can provide are limited because increasing
the pixel density introduces undesirable optical diffraction artifacts.

Holographic displays rely on optical diffraction to recreate the
optical waves of a scene as if they are coming from the real objects.
This allows the user to naturally focus on the correct depth. Holo-
graphic displays recreate the optical waves by controlling the phase
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or amplitude (or both) of the light at each pixel location. Liquid
Crystal on Silicon Spatial Light Modulators (LCoS SLMs) up to mil-
lions of pixels are commercially available and are the most common
holographic display. Recently, Nanophotonic Phased Array (NPA)
has been demonstrated by Sun et al. [56] and Notaros et al. [41] as a
new type of holographic display.

NPAs are phased arrays operating in the visible optical spec-
trum. The fundamental components of an NPA include an optical
power distribution system, a phase modulation mechanism that is
capable of controlling the phase of individual pixels, and antennas
for propagating phase-modulated light into free space. One of the
biggest advantages of NPAs over SLMs is the fast refresh rate. In
one refresh cycle, the NPA heats each pixel to a temperature cor-
responding to the desired phase and lets it cool down to ambient
temperature. The thermal-electric simulation on our NPA design
shows that it can complete a heat-cool refresh cycle within 10 µs.
This suggests that the NPAs are capable of 100kHz refresh rate and
are uniquely suitable for operations such as RGB color-switching
or depth scanning, as well as novel applications that make use of
saccade-based perception such as in Ikeda et al. [16]. The NPA
holographic displays also support a smaller form factor than the
ones that use LCoS SLMs. The light sources can be coupled into
the NPA via an optical fiber, distributed to each pixel, and emitted
by the on-chip antennas making the optical operations such as beam
expansion and polarization in LCoS SLMs unnecessary.

Our NPA design, as well as most other NPAs including the ones
in Doylend et al. [7] and Sun et al. [56], depends on the thermo-
optical effect of the materials to modulate the phase of a pixel,
where the temperature adjusts the refractive index of the material.
However, the use of thermal phase modulation means that heating
one pixel also affects the temperature of the neighboring pixels. This
phenomenon is known as the thermal proximity effect and its impact
on the accuracy of phase modulation and the observed image have
been shown in Sun et al. [57]. A simulated example of the proximity
effect negatively impacting the formed images of Fresnel holograms
can be seen in Fig. 1. The fact that most NPAs only have heating
mechanisms but no cooling capability also makes this problem more
challenging.

Sun et al. [57] proposed a proximity effect correction method
based on the proximal algorithm. This method directly finds the
phase of a phase-only hologram that minimizes the difference be-
tween the desired image and the far-field image formed under prox-
imity effect. This method achieves good correction effectiveness
but is limited to Fourier holograms. Fourier holograms are based
on the Fraunhofer diffraction approximation where propagating a
wavefront to a plane far away (far field) can be approximated with a
Fourier transform. Fourier holograms are fast to compute and are
good for reconstructing 2D images in the far field. However, the
Fourier holograms calculated this way can only be observed in the
far field or at two focal lengths away if placed at the focal point
of a lens. Fresnel holograms, on the other hand, are based on the
more accurate Fresnel diffraction approximation which is applicable
closer to the source than the far field and can specify the depths of
the formed imagery. An illustration of the diffraction approxima-
tions and hologram types can be seen in Fig. 2. For more detail,
please refer to Goodman [14] and Voelz [58]. The closer range is
more suitable for near-eye displays and the ability to specify the
depth allows the users to focus on the correct focal distance. This
is where holographic displays and computer-generated holography
truly shine. Various methods have been proposed to calculate the
2D and 3D Fresnel holograms and display them in SLM-based holo-
graphic displays, including Maimoneet al. [34] and Shi et al. [53].
No proximity effect correction method has been proposed for Fresnel
holograms on the NPA.

In this paper, we present a proximity effect correction method for
Fresnel holograms on nanophotonic phased arrays. This method is

Figure 2: The Rayleigh-Sommerfeld model provides a highly accurate,
but also computationally expensive, diffraction model. It is applicable
within one wavelength from the source. When the propagation dis-
tance is farther, the Fresnel diffraction approximation, which is less
computationally expensive than Rayleigh-Sommerfeld diffraction may
be used. Holograms computed using the Fresnel diffraction are called
Fresnel holograms. They can be reconstructed at the user-specified
depths, such as z1 and z2. The Fresnel diffraction approximation is
considered acceptable when NF = w2

λz
< 30 ( [58]), where w is the

radius of the source field, λ is the wavelength, and z is the propaga-
tion distance. Farther away when NF � 1, the Fraunhofer diffraction
approximation can be used where the propagation can be approxi-
mated with a Fourier transform. Holograms based on the Fraunhofer
diffraction are called Fourier holograms and are the fastest to compute.
In our NPA design, w = 1mm. Given a typical green light wavelength
λ = 530 nm, the Fresnel diffraction is acceptable for z > 62.89mm
and Fraunhofer diffraction is suitable for z � 1886.79mm.

capable of reconstructing 2D images at user-specified depths1. By
making use of the fast refresh rate of the NPAs, multiple 2D images
at different depths can be displayed in consecutive frames, allowing
users to observe a 3D scene. We show through computational simu-
lations that our method is effective in correcting the proximity effect
for Fresnel holograms and is capable of displaying 3D scenes with
time-division multiplexing.

2 RELATED WORK

2.1 Nanophotonic Phased Arrays
The phased array has been an active area of research over the last
century. Phased arrays operating in the microwave spectrum were
first realized in the mid 1940s [11]. The invention of the lasers
and the advancement in high-precision silicon photonics fabrication
have laid the foundation for the nanophotonic phased arrays. Since
then, the NPAs have been widely used in areas such as optical
communications ( [10, 18, 55]) and range finding ( [38, 49]).

The use of two-dimensional NPAs as holographic displays was
first demonstrated in Sun et al. [56]. In this NPA architecture, an
optical directional coupler, a phase shifter capable of 2π phase
shift, and a nanoantenna, have all been integrated into each pixel
of 9 µm2 size. An infrared image containing text was formed and
observable on a 64 × 64 array. Zhou et al. [66] demonstrate the
formation of 3D scenes on a 128× 128 NPA operating at 1550 nm
infrared wavelength. NPAs in the visible spectrum have also been
demonstrated. A static image was shown in Raval et al. [50] on
an NPA operating at 635 nm wavelength. A 3D cube was shown
in Notaros et al. [41] which demonstrated an NPA-based near-eye
holographic display.

However, dynamic phase modulation on a large scale NPA has yet
to be achieved. Most of the NPAs mentioned above use static phase
modulation where the phase shift of each pixel was hard-coded dur-
ing fabrication. As a result, they could not display dynamic content.

1Example code available at https://www.cs.umd.edu/~varshney/NPA FPEC.
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Beam steering with dynamic phase modulation was demonstrated
in Sun et al. [56] on an 8 × 8 array. In this paper, we address the
thermal proximity effect challenge that comes with dynamic thermal
modulation.

2.2 Near-Eye Displays

Head-mounted displays that rely on stereoscopic vision for depth
cues such as [20, 39] can only provide one or a limited number of
focal distances. This divergence from the human visual system leads
to the vergence-accommodation conflict which is one of the main
causes of visual discomfort according to the study by Hoffman et
al. [15]. Varifocal and light field displays are two types of near-eye
displays that are known to provide multiple or continuous focal dis-
tances. A custom varifocal display is demonstrated in Dunn et al. [8]
with a deformable membrane controlled by airtight cavities. Com-
modity focus-tunable lenses have also been used in Chakravarthula
et al. [3] and Xia et al. [61]. Motorized linear stages have been used
to move the optical elements to adjust the focal distance in Akşit
et al. [1] and Kim et al. [19]. Light field displays such as those by
Lanman et al. [24, 60], Maimone et al. [33, 35], Lee et al. [26, 27],
and Yu et al. [64] have also been shown to approximate the human
eye accommodation. However, this approximation is limited by
optical diffraction. Improving this approximation requires a larger
number of pixels. Given the display’s form factor, increasing the
pixel density can lead to undesirable diffraction artifacts. Retinal
projection displays such as those in Mi et al. [6,37] could circumvent
the accommodation problem by directly projecting the image on the
user’s retina.

Holographic displays recreate the wavefront of 2D images
or 3D scenes and can fully address the problem of vergence-
accommodation conflict. Unlike light field displays, increasing
the pixel density further improves the visual quality of holographic
displays. Holographic displays based on LCoS SLMs have been
demonstrated in Maimone et al. [34], Shi et al. [53], Jang et al. [17],
and Kuo et al. [23]. However, the refresh rates and the form factors
of the holographic displays fall short of what the NPA technology
can provide.

Digital holograms must be generated to be displayed on the holo-
graphic displays. Digital holograms can be generally divided into the
Fourier holograms and the Fresnel holograms based on the distance
of the scene to the display and whether the distance is specified. An
example of this distinction can be seen in Fig. 2. The Fourier holo-
gram of a 2D image can be calculated efficiently with the inverse
Fourier transform. Lohmann et al. [30] show that a binary representa-
tion of the Fourier hologram can achieve good reconstruction quality
for text in a 2D image. Fresnel holograms are sometimes referred to
as the physics-based holograms. They are usually calculated by sum-
ming up the interfering optical waves of the collection of spherical
light sources in the scene. Directly computing the Fresnel hologram
from every point is computationally intensive. Various methods have
been proposed to reduce the computation such as a look-up table
in Lucente [31], a distance approximation in Yoshikawa et al. [63],
and stereograms in Lucente and Galyean [32], Xu et al. [62], Shi et
al. [53] and Padmanaban et al. [42].

Recently, some computer-generated holography methods have
been proposed that do not calculate the hologram as the wavefront
from the object recorded on the hologram plane, but use optimiza-
tion methods to find holograms that form the desired imagery when
displayed. Chakravarthula et al. [4, 5] propose the Wirtinger holog-
raphy that computes phase-only holograms that have better visual
quality than previous methods on an SLM-based display. Peng et
al. [47] deploy a camera in the hologram calculation process so the
error of the captured image can be backpropagated to the phase-
only hologram. The camera can also be used to calibrate the light
transportation model of the display. To improve the long hologram
calculation time, Eybposh et al. [9] and Peng et al. [47] use deep

neural networks to deliver high-quality holograms in real-time.
We refer interested readers to surveys by Koulieris et al. [21] and

Kramida [22] for more details on near-eye displays and vergence-
accommodation conflict.

2.3 Proximity Effect Correction
The proximity effect is present in several processes in addition to
thermal phase modulation and various proximity effect correction
methods have been proposed.

In E-beam lithography, the energy deposited at one location may
spill into the surroundings. Parikh [43] and Peckerar et al. [46]
propose a proximity effect correction method based on solving a
set of linear equations defined by proximity effect. To address
negative values that arise from solution of linear equations, which
are physically implausible, Peckerar et al. [36, 46] propose to add a
regularizer term to the cost functions in the deconvolution problem
to penalize negative entries. Non-negative matrix factorization in
Lee and Seung [25] may also be used to address the non-negative
constraint on the solution. We refer interested readers to the survey
by Li [28] for more PEC methods in E-beam lithography.

In voltage cross-talk in LCoS SLMs, the voltage applied to one
pixel may affect nearby pixels. Persson et al. [48] and Gemayel
et al. [12] mitigate voltage cross-talk by taking it into considera-
tion at each iteration of the Gerchberg-Saxton phase retrieval algo-
rithm [13].

In NPA holographic displays, Sun et al. [57] propose two novel
methods. The first method integrates deconvolution into each step
of the iterative phase retrieval algorithm. The second method uses
the proximal algorithm to find the phase-only Fourier hologram that
minimizes the difference of the formed image under the thermal
proximity effect and the desired 2D image through optimization. In
this paper, we address the proximity effect correction on Fresnel
holograms which is more practical and critical to displaying 3D
scenes and objects.

3 NPA HOLOGRAPHIC DISPLAY

This section explains the thermal phase modulation of NPAs and
how the thermal proximity effect is modeled. To the best of our
knowledge, the NPAs are in the design and prototyping stage. The
designs of various NPAs and the differences among them are beyond
the scope of this paper. We refer readers to Sun et al. [56] and Raval
et al. [50] for more information.

3.1 Phase Modulation

Figure 3: The NPA display with the electronic and the optical layers

The schematic of our NPA design is shown in Fig. 3. Every pixel
consists of a tunable thermo-optical phase shifter and an optical
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antenna. The thermal phase modulation works by adjusting the
refractive index of the phase shifter with temperature. The light
source is coupled into the phased array via an optic fiber and evenly
distributed to the antenna of each pixel. As a result, the wavefront
formed on the NPA has uniform amplitude. This means the hologram
has to be phase only.

The thermal phase modulation can be expressed in the linear
equation in Equation 1, where φj is the phase of pixel j and Tj ∈ R+

is its temperature above the ambient temperature.

φj = γTj (1)

The electric-thermal simulation on our NPA design shows that the
γ values for the red (630 nm), green (530 nm), and blue (445 nm)
light are π

175
rad °C−1, π

147
rad °C−1, and π

124
rad °C−1, respec-

tively.

3.2 Thermal Proximity Effect
The thermal proximity effect occurs because heating one pixel to a
temperature corresponding to a certain phase value would affect the
temperature of other pixels in its surroundings. Similar processes
exist in other fields such as E-beam lithography and LCoS SLM
holography. Similar to Peckerar et al. [45] and Persson et al. [48],
we model the thermal proximity effect in NPAs as a convolution in
Equation 2. T is the 2D input temperature profile of the entire NPA
before considering the proximity effect. T̂ is the 2D temperature
profile of the entire NPA considering the proximity effect. K is the
convolution kernel and ∗ indicates the convolution operation.

T̂ = T ∗Kσ (2)

Specifically, the electric-thermal simulation shows that the ther-
mal proximity effect can be modelled as a Gaussian convolu-
tion where the convolution kernel is K = Kσ in Equation 3.
d(i, j) =

√
(i−m)2 + (j − n)2 is the distance between the el-

ement at (i, j) and the center element at (m,n) measured in pixels.

Kσ(i, j) = e
− d(i,j)

2

σ2 (3)

Many factors could affect the convolution, such as the pixel den-
sity and the thermal properties of the materials of the NPA. σ can be
used to characterize the severity of the proximity effect. We derive
σ = 0.66 px based on our simulation. We use the kernel of size
7× 7. In Section 5, we show the images formed under the thermal
proximity effect for varying degrees of severity.

4 FRESNEL PROXIMITY EFFECT CORRECTION

Here, we present a novel proximity effect correction method for
Fresnel holograms on the NPAs. We refer to this method as Fresnel
Proximity Effect Correction (FPEC). This method uses the proxi-
mal algorithm to compute the phase of a phase-only hologram that
minimizes the difference between the desired image and the image
formed at a specific distance under the proximity effect. Since the
mapping between the temperature and phase is linear, we directly
consider the proximity effect and the correction for the phase instead
of the temperature for simplicity.

Since our method focuses on Fresnel holograms and reconstruct-
ing 2D images or 3D scenes, we consider the case of Fresnel diffrac-
tion approximation. Assuming a wavefront E1 is on the NPA, the
wavefront E2 formed by propagating E1 by a distance z can be
calculated as in Equation 4. The two wavefronts E1 and E2 are
parallel to each other. F and F−1 are the Fourier transform and
its inverse. Hzλ(fX , fY ) = eikz · e−iπλz(f

2
X+f2Y ) is the transfer

function in the frequency domain where k = 2π
λ

is the wave number
for wavelength λ. We refer interested readers to Goodman [14] or
Voelz [58] for a detailed derivation of the Fresnel diffraction.

E2(x, y) = F−1{F [E1(x, y)]Hzλ(fX , fY )} (4)

Given the desired image I ∈ R+M×N , we wish to find the non-
negative phaseX ∈ R+M×N that minimizes the difference between
the desired image I and the formed image under the proximity effect,
expressed as g(X) in Equation 5. Let P (X) be the function that
applies the proximity effect to the phase pattern, i.e. E1 = eiP (X)

andP (X) = X∗K whereK is the convolution kernel in Equation 2.
Let U(X) be the intensity of the wavefront which the NPA with
input phaseX forms at a specific distance z from the NPA, U(X) =
|E2|2.

g(X) = ‖U(X)− I‖2F (5)

U(X) = |F−1[F(eiP (X))Hzλ]|2 (6)

We use an indicator function c(X) that penalizes negative entries
to ensure a non-negative solution. The cost function f(X) is defined
as follows:

f(X) = g(X) + c(X) (7)
c(X) = I[0,+ inf)(X) (8)

The FPEC method minimizes the function f(X) in Equation 7
using the accelerated proximal algorithm.

The pseudocode of the FPEC method is shown in Algorithm 1. ω
is an extrapolation coefficient which is used to make the algorithm
converge faster. We use the simple choice of ω = k

k+3
suggested in

Parikh and Boyd [44] where k is the iteration number. τ ∈ R+ is
the step size of the proximal operator proxτc(Y −τ∇g(Y )) defined
in Equation 9.

proxτc(Y − τ∇g(Y ))

= argmin
X
{c(X) +

1

2τ
‖X − (Y − τ∇g(Y ))‖22} (9)

g′τ (Z, Y ) = g(Y ) + tr(∇g(Y )(Z − Y ))T + 1
2τ
‖Z − Y ‖2F and

β ∈ (0, 1) are used in the line search method (Beck and Teboulle [2])
to adjust the step size τ .

The termination condition is met when the g(X) difference be-
tween iterations becomes small. Specifically, we terminate the itera-
tions when the residual change rk defined in Equation 10 is smaller
than a predefined threshold. Xk is the solution in iteration k.

rk =
abs(g(Xk)− g(Xk−1))

g(Xk−1)
(10)

The derivative ∇g of the function g(X) can be computed as in
Equation 11. The technical derivation is provided in the supplemen-
tal material.

∇g = 4Re(S) (11)

S = P (ieiP · F{H · [F−1(Q · F )]}) (12)
Q = U − I (13)

F = F−1[F(eiP (X))H] (14)
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Original No PEC Iterative Fresnel PEC Fresnel PEC

Figure 4: Qualitative comparison of the Fresnel PEC method with the case without proximity effect correction and the iterative Fresnel PEC
method. The original image is presented in the left column for reference. The absolute difference between the reconstructed image and the
original is shown in each image. The thermal proximity effect levels for the images from top to bottom are σ = 0.70 px, 0.80 px, 0.90 px and 1.00
px, respectively. At σ = 0.70 px, the proximity effect causes noise but the images are still recognizable. However, for more severe proximity effect,
the noise overwhelms the images. Our Fresnel PEC method is able to correct the proximity effect and restore the images close to the original
even at such high proximity effect levels. The images in the first and second rows are from the Common Objects in Context dataset [29] and the
CHRONIC dataset (Smits and Faber [54]), respectively. The remaining images are from the LIVE dataset (Sheikh et al. [51,52]).

5 SIMULATIONS

We present computational simulations of our novel Fresnel PEC
method. We conduct the simulations on Matlab on a PC with an Intel
9900K CPU. We use wavelengths 630 nm, 530 nm, and 445 nm
for the red, green, and blue channels. We use color images as the
proposed Fresnel PEC method is applicable to all wavelengths and
color switching can be easily realized by coupling multiple light
sources into the NPA. The NPA is assumed to have the pixel pitch
of 0.01mm and the same resolution as the image. The images are
placed 100mm away from NPA. We terminate the iterations when
rk in Equation 10 remains below 0.001 for 10 iterations.

We compare the proposed Fresnel PEC method with two baselines.
The first is the case without proximity effect correction where the
proximity effect is applied to the phase of the phase-only hologram.
The second is based on the Iterative Proximity Effect Correction
(IPEC) method in Sun et al. [57] which improves upon the iterative
method from Persson et al. [48] and Gemayel et al. [12]. In this
method, we replace the wavefront propagation with the Fresnel
propagation approximation to make it compatible with the Fresnel
holograms. We refer to this method as the Iterative Fresnel Proximity
Effect Correction (IFPEC) method.

5.1 2D Fresnel Holograms

The qualitative results of the FPEC on 2D images are shown in
Fig. 4. As can be seen, the proximity effect results in appreciable
noise in the simulated images. The proximity effect levels in Fig. 4
are σ = 0.70 px, 0.80 px, 0.90 px, and 1.00 px in the four rows
from top to bottom, respectively. For the two baseline methods,
the higher the proximity effect, the noisier the images become. We
also show the noise mask as the absolute difference between the
reconstructed image and the original image as the insets. As can be
seen, the noise due to the proximity effect depends on the original
image and is becomes more prominent with higher proximity effect
levels. Our proposed FPEC method is able to effectively reduce the
noise caused by the proximity effect even at very high proximity
effect levels. Compared with the IFPEC method, our method is able
to better correct the proximity effect and restore the images.

In addition to qualitative reconstructions of the images, we also
quantify our results with the structural similarity index (SSIM) from
Wang et al. [67] and the perceptual similarity from Zhang et al. [65].
SSIM is a well-known image quality metric. The power of the
luminance, contrast, and structure terms we use are all 1. When the
image in question is identical to the reference image, SSIM = 1. As
the image quality decreases, so does SSIM. Zhang et al. [65] find
that some of the loss functions based on the deep features of image
synthesis applications are uniquely suited for expressing the image
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Algorithm 1: Fresnel Proximity Effect Correction
input :X0, I , ω, τ , β
output :X
X = X0;
Xprev = X;
while Within maximum iteration do

Y = X + ω(X −Xprev);
while true do

Z = proxτc(Y − τ∇g(Y ));
if g(Z) < g′τ (Z, Y ) then

break;
else

τ = βτ ;
end

end
Xprev = X;
X = Z;
if Termination condition met then

break;
end

end

quality. The metric d produced by their network2 represents the
perceptual difference. To stay consistent with the SSIM scale, where
larger metric value means better image quality, we use s = e−d to
express the perceptual similarity.

We present the average image metrics of the images from the
LIVE dataset from Sheikh et al. [51, 52] at proximity effect levels
from σ = 0.10 px to 1.00 px. As can be seen, the proposed FPEC
method can effectively correct the proximity effect from σ = 0.10
px to 0.90 px, with only a slight dip in the image quality at σ = 1.00
px. As a comparison, the case without PEC starts to see rapid image
quality degradation starting from σ = 0.30 px, and the iterative
Fresnel PEC method suffers from noise starting from σ = 0.40
px. The two image metrics are largely consistent with each other
with the exception of the iterative Fresnel PEC method at proximity
effect levels at σ = 0.90 px and 1.00 px. In this case, we think that
the perceptual similarity represents the image quality better. Some
examples of such mismatch between the two image metrics can be
seen in the supplemental material.

5.2 3D Scenes using Time-Division Multiplexing
The Fresnel PEC method can effectively correct 2D Fresnel holo-
grams formed at desired depths. This can be used in combination
with the fast refresh rate of the NPA to display 3D scenes. A 3D
scene can be divided into a stack of 2D images at different depths.
The 2D Fresnel hologram of each image can be calculated and the
proximity effect corrected with the Fresnel PEC method at the de-
sired depth. The stack of holograms can be displayed on the NPA in
consecutive frames using time-division multiplexing so that the 3D
scene can be observed.

We present the simulations of such 3D holograms3 in Fig. 6. A
3D volume is divided into a stack of images whose 2D Fresnel
holograms are calculated at their respective depths with the Fresnel
PEC method. Those holograms are reconstructed by propagating
the wavefronts formed at the holograms to a certain distance from
the NPA that corresponds to the user’s focal plane. The average of
those reconstructions is taken as the observation. Holograms of 3D
meshes and point clouds can be computed and displayed in a similar

2https://github.com/richzhang/PerceptualSimilarity
3Volumes are from https://klacansky.com/

open-scivis-datasets and http://www.sci.utah.edu/download/
IV3DData.html

No PEC

Iterative Fresnel PEC

Fresnel PEC

Figure 5: The SSIM and perceptual similarity of the Fresnel PEC
results compared to the case without proximity effect correction and
the iterative Fresnel PEC (IFPEC) method. When there is no PEC, the
image quality degrades quickly with the proximity effect level beyond
σ = 0.30 px. The image quality of the IFPEC method starts to degrade
starting from σ = 0.40 px. The Fresnel PEC method can effectively
correct the proximity effect at almost all proximity effect levels tested,
only to see image quality degrade slightly at extreme proximity effect
level σ = 1.00 px.
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Figure 6: The 3D volume is divided into a stack of images at different depths. The Fresnel holograms of all the images are calculated with the
Fresnel PEC method at their respective depths and displayed on the NPA in consecutive frames so the 3D scene can be observed. We simulate
the observation by reconstructing the holograms at a certain distance that corresponds to the user’s focal plane. By adjusting the focal plane (for
example, the focal plane used in the left image is on the front part of the object while the focal plane used in the right image is on the back part of
the object), different parts of the scene (red or blue inset) are in focus. The top and bottom volumes are divided into 232 and 253 equidistant slices,
respectively. The proximity effect level used is σ = 0.66 px.
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σ = 1.50 px σ = 2.00 px

Figure 7: The FPEC method at higher proximity effect levels where
much noise is observed.

way. The user can focus on different parts of the 3D scene. We
simulate this by adjusting the focal plane accordingly.

6 DISCUSSIONS AND FUTURE WORK

Here we discuss some limitations of our proposed Fresnel PEC
method and propose several directions for future research.

6.1 Larger Proximity Effect
We have shown in our simulations that the proposed Fresnel PEC
method is effective within the tested proximity effect level range
(σ = 0.10 px to 1.00 px). While this is a large and realistic range
where most NPAs including our design fall, it is not difficult to
imagine cases where a more severe proximity effect may arise. For
example, as the pixels on the NPA are more densely packed, it can
be expected that each pixel is affected more by nearby pixels. In
Fig. 5, we see that the image quality of the Fresnel PEC results starts
to decrease at σ = 1.00 px. At higher proximity effect levels, the
image quality would drop more. At proximity effect levels σ = 1.50
px and 2.00 px, the average SSIMs of the results of FPEC are 0.57
and 0.34 while the average perceptual similarities are 0.69 and 0.48.
Examples of the FPEC method at higher proximity effect levels can
be seen in Fig. 7.

6.2 Processing Time
The Fresnel PEC method is an iterative algorithm. Currently, it
takes our implementation 4.28 s to process a 256 × 256 image at
proximity effect level σ = 0.66 px. However, the Fresnel PEC
method is on average 36.18 times faster than the Iterative Fresnel
PEC method while also offering a superior correction effectiveness.
Since the Fresnel PEC method heavily uses the Fourier transform, we
believe that hardware implementation and massive parallelization
can significantly accelerate it. A naive translation to CUDA has
yielded a 15× speedup on an Nvidia RTX 2080Ti GPU. Special
hardware for the Fourier transform such as the on-chip integrated
all-optical FFT with a 26 Tbps data throughput by Nejadriahi and
Sorger [40] may also significantly increase the speed of this method.
Alternatively, it is desirable to investigate how to properly adjust the
convergence condition and the step size for maximum efficiency.

Deep neural networks may also be uniquely suitable for accel-
erating the proximity effect correction. Deep neural networks not
only have a fixed complexity compared to the iterative proximal
algorithms, but they can also encode the proximity effect as part of
the light transportation model such as shown in Peng et al. [47].

6.3 3D Fresnel Holograms
In this work, we demonstrated displaying 3D holograms by using
time-division multiplexing to display multiple 2D Fresnel holograms
processed with the Fresnel PEC method at different depths in consec-
utive frames. Proximity effect correction on 3D Fresnel holograms
where one hologram encodes the entire 3D scene will be an interest-
ing direction for future work. A naive solution would be to calculate
the fully complex or phase-only 3D Fresnel hologram similar to Shi
et al. [53] and Maimone et al. [34] and perform deconvolution on

the phase signal. The non-negative constraint needs to be enforced
in the deconvolution. An alternative is to optimize the observed 3D
scene similar to the proposed Fresnel PEC method. It remains to be
seen how to define the cost function similar to Equation 5 for a 3D
scene.

7 CONCLUSION

The NPAs as holographic displays have the advantages of a small
form factor due to integrated light source and a high refresh rate.
One challenge facing the NPA is the thermal proximity effect present
in all thermally-modulated NPAs. In this work, we present the Fres-
nel proximity effect correction method that can correct the thermal
proximity effect for Fresnel holograms on the NPAs. Compared to
the previous PEC methods for Fourier holograms, this method can
specify where the observed image forms. By adjusting where the
Fresnel holograms forms the observed images and making use of
the fast refresh rate of the NPAs, we can use the time-division mul-
tiplexing techniques to display 3D scenes on the NPA. We believe
that our approach is the first that addresses the proximity effect cor-
rection for Fresnel holograms and makes a meaningful contribution
to the emerging field of NPAs. We hope that it brings this highly
interesting technology for holographic displays closer to practical
use.
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