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Abstract

Three-dimensional holographic imaging technology is increasingly applied in biomedi-
cal detection, materials science, and industrial non-destructive testing. Achieving high-
resolution, large-field-of-view, and high-speed three-dimensional imaging has become
a significant challenge. This paper proposes and implements a three-dimensional holo-
graphic imaging method based on trillion-frame-frequency all-optical multiplexing. This
approach combines spatial and temporal multiplexing to achieve multi-channel partitioned
acquisition of the light field via a two-dimensional diffraction grating, significantly enhanc-
ing the system’s imaging efficiency and dynamic range. The paper systematically derives
the theoretical foundation of holographic imaging, establishes a numerical reconstruction
model based on angular spectrum propagation, and introduces iterative phase recovery
and image post-processing strategies to optimize reproduction quality. Experiments using
standard resolution plates and static particle fields validate the proposed method’s imaging
performance under static conditions. Results demonstrate high-fidelity reconstruction ap-
proaching diffraction limits, with post-processing further enhancing image sharpness and
signal-to-noise ratio. This research establishes theoretical and experimental foundations for
subsequent dynamic holographic imaging and observation of large-scale complex targets.

Keywords: ultrafast imaging; holographic imaging; high time resolution; high spatial resolution

1. Introduction
With the continuous advancement of modern science and technology, obtaining pre-

cise structural information and dynamic evolution patterns of complex objects in three-
dimensional space has become a critical requirement across numerous fields [1,2]. In
biomedicine, 3D imaging assists physicians in performing non-invasive in vivo diagnostics
and pathological analysis [3–5]. In industrial inspection, 3D topography measurement
provides reliable foundations for product quality control and defect identification [6–8].
In fluid mechanics and plasma physics, 3D dynamic observation is essential for under-
standing complex motion processes [9,10]. Traditional two-dimensional imaging tech-
nologies, limited to providing projection information, struggle to meet the demands of
these applications for full-information, high-resolution, and real-time capabilities. Conse-
quently, three-dimensional holographic imaging has emerged as a frontier and hotspot in
recent research.

The fundamental principle of holographic imaging was first proposed by Gabor in
1948 [11,12]. Its core concept lies in recording and reproducing both the amplitude and
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phase information of the object light. By superimposing the object light with a reference
light on the recording surface, the three-dimensional information of the object can be
encoded within the interference pattern. Subsequent reconstruction relies on optical or
numerical methods to analyze the hologram, thereby restoring the object’s spatial structure.
Compared to traditional imaging methods, holography’s greatest advantage lies in its
ability to achieve full-information recording—simultaneously capturing both amplitude
and phase information—making it uniquely valuable for precision measurement and 3D
reconstruction [13–15]. However, conventional holographic imaging methods still face
significant limitations in practical applications. First, imaging speed is constrained. The
frame rate of conventional detectors is insufficient for observing high-speed dynamic
processes, such as intracellular transient reactions, ultrafast fluid motion, or laser plasma
evolution [16]. Second, the trade-off between resolution and field of view has long con-
strained system performance. Due to the finite spatial bandwidth of detectors, pursuing
high resolution often sacrifices field of view, and vice versa, resulting in poor imaging
performance for large-scale targets [17]. Third, insufficient signal-to-noise ratio becomes
particularly pronounced with weak-signal samples or complex scatterers [18,19]. Recon-
structed images are often plagued by noise and artifacts, rendering them unsuitable for
quantitative analysis and precision measurements.

To address the aforementioned issues, scholars worldwide have proposed various
improvement strategies. For instance, the off-axis holographic method introduces an angle
in the reference light to separate the real image and its conjugate image in the frequency
domain, thereby effectively mitigating the twin-image problem [20–23]. Phase-shift digi-
tal holography, meanwhile, enhances the accuracy and stability of phase reconstruction
by superimposing multiple phase-shift holograms [24–26]. However, off-axis structures
reduce spatial bandwidth utilization, while phase-shifting methods require multiple ex-
posures, limiting their application in high-speed dynamic scenarios. In recent years, with
advancements in computational optics and algorithm optimization, numerical propagation-
based multi-plane phase recovery methods have garnered significant attention [27–30].
This approach achieves high-quality reconstruction with a single exposure by utilizing
multi-plane intensity constraints, yet it still suffers from issues such as noise sensitivity and
insufficient robustness. Phase retrieval from multi-plane intensity measurements has been
extensively investigated in the field of digital holography and computational imaging. A
variety of algorithms have been developed to recover complex wavefronts from intensity-
only data, including Gerchberg–Saxton-type iterative methods [31], transport-of-intensity
approaches [32], and angular-spectrum-based multi-plane propagation techniques. To
overcome the limitations of single-plane constraints, Pedrini proposed reconstructing the
optical wavefront from a sequence of interferograms recorded at multiple propagation
planes, which established the experimental basis for intensity-only wavefront recovery [33].
Almoro further extended this framework by introducing sequential intensity measurements
of volume speckle fields, achieving complete wavefront reconstruction without reference
interference [34]. Subsequent studies have focused on enhancing algorithmic robustness
and spatial diversity. Almoro introduced a deformable mirror to produce single-plane
multiple speckle diversities for improved convergence stability [35]. Migukin formulated
multi-plane phase retrieval as a variational optimization problem under intensity-only
Gaussian noise, yielding more stable solutions [36]. Buco et al. applied adaptive inten-
sity constraints to accelerate convergence and suppress noise amplification [37], while
Xu et al. demonstrated that using unequal inter-plane distances can further enhance detail
reconstruction and convergence efficiency [38]. Together, these works form the foundation
for modern computational holography, illustrating that multi-plane intensity constraints
significantly improve the fidelity and stability of numerical phase retrieval.
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Against this backdrop, this paper proposes and implements a trillion-frame frequency-
domain all-optical three-dimensional holographic imaging method. The core innovations
of this method include the following aspects: A strategy combining spatial and temporal
multiplexing is employed in the optical architecture innovation. This method utilizes
two-dimensional diffraction gratings and filters to achieve segmented acquisition of wide-
spectrum light fields, thus overcoming the limitations of the spatial-bandwidth product of
traditional detectors. An iterative phase recovery framework based on angular spectrum
propagation is proposed in the algorithm optimization. By imposing consistency constraints
on multiple propagation distances, the phase ambiguity problem in single-frame intensity
measurement is effectively alleviated. In terms of post-processing enhancement, a dual-
channel post-processing strategy is proposed for the different characteristics of amplitude
and phase. This method achieves significant improvements in objective indicators while
improving visual image quality.

2. Theory and Experiment
2.1. Theory

The fundamental concept of three-dimensional holographic imaging lies in simultane-
ously encoding the amplitude and phase information of an object into a single intensity
image by recording the interference fringes between the object light and the reference
light. This enables the reconstruction of the object field through numerical propagation
and phase recovery algorithms. In a typical coaxial holographic experimental setup, the
object light O(x, y) and the reference light R(x, y) interfere at the recording plane to form
an interference pattern [39,40]. According to the principle of superposition, the light field
intensity on the recording surface can be expressed as:

I(x, y) =| O(x, y) + R(x, y) |2
=| O(x, y) |2 + | R(x, y) |2 +O(x, y)R ∗ (x, y) + O ∗ (x, y)R(x, y)

(1)

where two of these cross-components carry the object light phase. Since CCD/CMOS
sensors are only sensitive to intensity, phase cannot be directly measured and must be
restored during the reconstruction phase. During numerical reconstruction, the holo-
gram is illuminated with reconstructed light, and the transmitted (or diffracted) field
contains three components: a DC background, the true image, and the conjugate image.
In coaxial structures, these three components overlap in the frequency domain, making
separation through simple spectral filtering difficult. This makes twin image suppression
and phase recovery critical to system success. In contrast, off-axis structures rely on carrier
frequencies to achieve separation in the frequency domain, but this comes at the cost of
sacrificing effective spatial bandwidth. The subsequent theory and algorithms in this paper
focus on stable reconstruction under coaxial configurations. To numerically describe the
free-space propagation of light fields and achieve three-dimensional reconstruction, this
paper employs the Angular Spectrum Method (ASM) [41–43]. This method performs a
two-dimensional Fourier transform on the incident field U(x, y, 0) to obtain the angular
spectrum A( f x, f y) = F{U(x, y, 0)}. This spectrum is then multiplied in the frequency
domain by the propagation transfer function:

H( fx, fy; z) = exp[i2πz

√
1

λ2 − f 2
x − f 2

y ] (2)

Thus, the angular spectrum at propagation distance z is obtained as:

A( f x, f y; z) = A( f x, f y; 0) · H( f x, f y; z) (3)
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By applying the inverse Fourier transform, the light field distribution at propagation
distance is obtained as:

U(x, y; z) = F−1{A( f x, f y; z)} (4)

where k = 2π/λ represents the wave number, and represents the wavelength of the
incident light. Furthermore, the square root term in the above formula corresponds to
the propagation phase factor in free space. For the high-frequency portion satisfying
(λ f x)2 + (λ f y)2 > 1, the propagation factor becomes imaginary, and the corresponding
spatial frequency component exhibits exponential attenuation, physically corresponding to
an evanescent wave. ASM is equally applicable to both near-field and far-field scenarios and
can be efficiently implemented using FFT, making it highly suitable for batch processing and
three-dimensional calculations in digital holography. Considering the numerical aperture
and pixel sampling conditions of this system, we employ a band-limited angular spectrum
strategy in our implementation to mitigate high-frequency folding and noise amplification
introduced by discrete sampling, thereby ensuring the stability of the propagation operator.

Phase recovery remains a core challenge in coaxial digital holography. Single-plane
Gerchberg–Saxton (GS) iterations are prone to local minima convergence when noise or
model mismatch exists, and struggle to fully suppress twin images [44]. To address this,
this paper introduces a multi-plane intensity consistency constraint: by acquiring high-
precision axial scans of intensity Im(x, y) at multiple defocus distances z, the object plane
complex field is solved using an objective function that minimizes data consistency while
incorporating prior regularization:

min
U(x,y,0)

=
M

∑
m=1

∥∥∥|U(x, y; z)|2 − Im(x, y)∥2 + λR(u) (5)

The first term ensures consistency between the reconstruction field and experimental
measurements across multiple planes, while the second term represents a priori regular-
ization, where λ is the regularization weight. We treat angular spectrum propagation
as a forward operator, introducing multi-plane constraints within the alternating steps
of “forward propagation-amplitude replacement-backward propagation.” Regularization
terms are handled using either the Alternating Direction Method of Multiples (ADMM) or
Proximal Gradient Decomposition (PGD) mechanism, ensuring data consistency and prior
constraints are satisfied in each iteration. Comparative results from practical optimization
are presented in Section 3.

2.2. Experimental

To validate the applicability of the aforementioned theoretical model and reconstruc-
tion algorithm in real-world systems, we constructed a femtosecond laser-based coaxial
digital holographic platform. Experiments were conducted around a closed-loop system
comprising light source and broadening, beam splitting and spatial division, sample load-
ing, spectral imaging and recording, and multi-plane acquisition strategies. The system
design aimed to balance broadband multiplexing and spatial sectioning capabilities while
maintaining coherence and stability, achieving sufficient sampling rates and dynamic range
at the detection end to support the numerical conditions for 3D reconstruction.

The experimental optical setup is shown in Figure 1. The light source and broadening
stage employed a Ti:sapphire femtosecond amplification system delivering ultrashort
pulses centered at 755 nm with a pulse width of approximately 230 fs. To achieve the
desired temporal stretching and spectral broadening, the pulse successively passed through
350 mm of SF11 glass and 300 mm of SF10 glass (positive dispersion), yielding an effective
pulse duration of about 1.5 ps. This broadband time–frequency expansion facilitated spatial
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multiplexing while minimizing temporal distortion induced by nonlinear effects. The beam
was then collimated and shaped via dielectric mirrors, and an adjustable aperture was
used to suppress higher-order diffraction and stray light, ensuring high spectral purity at
the source.

Figure 1. Schematic Diagram of the Experimental Optical Path. Ti:sapphire femtosecond laser
(755 nm, 230 fs), SF11 (350 mm) and SF10 (300 mm) dispersion media, a 2 × 2 Dammann diffraction
grating (DOE) with ~80% efficiency, narrow-band filters positioned at the 4f spectral plane, a 4f
imaging system composed of two achromatic lenses with focal lengths of 75 mm, and a CCD camera
(3648 × 5472 pixels, 2.4 µm pixel size, 12-bit dynamic range).

In the beam-splitting and spatial/frequency-division module, the incident beam il-
luminated a 2 × 2 Dammann diffraction grating (DOE) designed for 755 nm operation,
producing four uniform diffraction spots with an efficiency of approximately 80% and
channel uniformity deviation below 5%, the grating design is shown in Figure A1. The
zero-order diffraction was spatially filtered at the Fourier plane to prevent background
interference and maintain balanced energy distribution. Narrow-band interference filters
were placed at the 4f spectral plane according to diffraction orders, enabling combined
spatial–frequency multiplexing that preserves coherence within each sub-channel while
enhancing parallel acquisition capability. A photo of the optical path setup is shown in
Figure A2.

After interaction with the sample, the light field entered the spectral imaging and recording
module, where a 4f system projected the spectrally encoded sub-beams onto the detection plane.
A CCD camera (resolution = 3648 × 5472 pixels, pixel size = 2.4 µm × 2.4 µm, 12-bit dynamic
range, 6 fps) captured multi-plane intensity distributions with near-diffraction-limited
spatial sampling. To further improve image uniformity, each frame was corrected using flat-
field calibration and background subtraction to compensate for pixel nonuniformity and
low-frequency environmental scattering. All optical elements were mounted on a vibration-
isolated optical bench, and alignment was verified through a precision micrometer stage to
maintain long-term stability. This configuration effectively balanced computational load
with data redundancy, improved convergence of phase retrieval, and established a robust
foundation for subsequent studies, including those assessing the influence of DOE design
and frame reduction on 3D reconstruction quality.

According to the experimental parameters, we know that the rate originates from
the optical time–wavelength mapping mechanism in the system. The broadening of a
femtosecond pulse in a dispersive medium can be expressed as

τp,out =

√√√√1 +
16(ln 2)(φ′′)2

τ4
p

τp (6)

where φ′′ is the accumulated group delay dispersion. When a pulse with a central wave-
length of 755 nm and a pulse width of 230 fs passes through a 0.35 m SF11 and a 0.30 m
SF10, the pulse width broadens to approximately 1.5 ps. After filtering with a 2.2 nm
bandwidth, the shortest equivalent exposure time for a single channel is approximately
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976 fs. The temporal recording window and the inter-channel temporal separation are
determined by the wavelength-to-time conversion relations:

∆T = ∆λwindow · z · D, ∆t = λDOE · z · D. (7)

where D is the dispersion parameter, z is the propagation distance within the disperse
medium, and ∆λwindow and λDOE denote the overall spectral window and the wave-
length spacing between adjacent channels, respectively. With ∆λwindow ≈ 7 nm and
λDOE ≈ 2.3 nm, the corresponding temporal recording length and inter-frame delay are
calculated to be ∆T ≈ 2.86 and ∆t ≈ 939 fs . Accordingly, the effective optical frame rate of
the system can be defined as

feq =
1

∆t
≈ 1.06 × 1012 frames/s (8)

3. Results and Discussions
As described in the theoretical section, in an on-axis holographic system, the light

from the object and its conjugate image propagate in the same direction. This prevents
their complete separation in the spatial frequency domain, leading to the phenomenon
of “ghosting.” While this characteristic poses challenges for phase recovery, the on-axis
structure offers higher spatial bandwidth utilization compared to off-axis holography,
enabling full utilization of the detector’s sampling potential. Therefore, we first compare
the off-axis and on-axis holographic spectra, as shown in Figure 2.

Figure 2. Comparison of coaxial and off-axis holographic spectra. (a) Coaxial holographic spectrum.
(b) Off-axis holographic spectrum. (c) Comparison of spectral center cross-sections.

As shown in the figure, under coaxial conditions, the intensity of the recording plane
is Hon(x, y) =| O(x, y) + R |2. Its Fourier spectrum can be decomposed into the sum of
the zero-order DC term |R|2, the autocorrelation term F

{
|O|2

}
, and the cross-term near

the origin F{O} and F{O∗}. Since the reference light is an in-plane wave along the axis,
the cross-term carries no carrier frequency [45,46]. Consequently, it strongly overlaps
with the zero-order term and the conjugate term at the center of the frequency domain
(Figure 2a), manifesting as highly concentrated energy near the origin and a steep spectral
dynamic range (the “coaxial” curve in Figure 2c exhibits a sharp peak). This overlap makes
it difficult to effectively separate the true image from the conjugate image using simple
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bandpass filtering. It is the fundamental reason why “twin images” and strong zero-order
background are difficult to suppress in coaxial holographic reproduction.

In contrast, the off-axis geometry introduces a carrier frequency ( f0x, f0y) onto the

reference light, causing the intensity cross-term Hoff(x, y) =
∣∣∣O + Rej2π( f0x x+ f0yy)

∣∣∣2 to shift
in the frequency domain around ± f0. Figure 2b (right) clearly shows symmetrical energy
peaks appearing at ± f0 (marked by red dashed lines in the text), achieving significant
spatial frequency separation from the zero-order DC component. The central row slice in
Figure 2c similarly exhibits a double-peak structure at fx = ± f0. This separation enables
the sideband corresponding to the true image to undergo narrowband pass filtering and
spectral shifting for alias-free reconstruction. This effectively suppresses contamination
from the zero-order and conjugate images, significantly enhancing the signal-to-noise ratio
and contrast of the reproduced image.

Trillion-frame three-dimensional holographic imaging reconstruction employs angular
spectrum diffraction theory. Figure 3 illustrates the evolution of light field distribution at
different propagation distances based on the angular spectrum method. The amplitude
component reveals that the initial field retains a morphology similar to the object plane
aperture in the near field U0(x, y). As the propagation distance increases, the light field
gradually undergoes diffraction broadening, with edges becoming blurred and energy
diffusing outward. When propagation reaches the millimeter scale, the spot size signifi-
cantly enlarges, local details gradually vanish, and typical far-field diffusion characteristics
emerge. The phase distribution reveals the phase evolution patterns of the light field during
free-space propagation. Within the near-field range, phase fluctuations primarily correlate
with the initial object-light structure. As propagation distance increases, phase fringes
gradually tend toward concentric arc-shaped or radial distributions, reflecting the evolution
trend of spherical wavefronts. Overall, the simulation results visually demonstrate that
the angular spectrum method can accurately describe the continuous transition of the
light field from near-field to far-field. This provides theoretical justification and method
validation for holographic reconstruction and three-dimensional light field analysis based
on numerical propagation.

Figure 3. Light field simulation results at different propagation distances.

For the final phase recovery, we propose an iterative phase recovery framework based
on angular spectrum propagation. This framework combines the free-space propagation
process of light waves with numerical optimization, progressively correcting lost phase in-
formation during the iteration. Figure 4 presents a comparison of simulated reconstruction
results from three typical phase recovery algorithms under the angular spectrum propaga-
tion model and Poisson noise conditions. It can be observed that while the single-plane
Gerchberg–Saxton (GS) method can recover the general outline of the target, the inherent
ill-posedness of single-view intensity measurements results in noticeable ghosting and
noise ringing in the reconstruction. This leads to significantly low amplitude PSNR/SSIM
values and a phase RMSE as high as 1.45 rad. The Multi-plane Alternating Projection
(MP-AP) method effectively mitigates ambiguity by introducing amplitude consistency
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constraints across multiple propagation distances. This significantly improves amplitude
metrics (PSNR = 22.0, SSIM = 0.841) and reduces phase RMSE to 1.41 rad, though residual
local artifacts and streaks remain observable. In contrast, Multi-plane TV-Regularized
Proximal Gradient (MP-TV-PGD) imposes a total variation constraint in the object domain,
effectively suppressing high-frequency noise and artifacts while preserving overall struc-
ture. This approach significantly reduces phase RMSE to 0.96 rad, demonstrating higher
phase recovery accuracy. However, constrained by the smoothing effect of regularization,
the amplitude PSNR (21.6) and SSIM (0.822) were slightly lower than those of MP-AP. In
summary, multi-plane propagation combined with appropriate regularization can signifi-
cantly enhance the robustness and accuracy of phase recovery while ensuring amplitude
fidelity. Different algorithms exhibit distinct advantages in amplitude and phase metrics.

Figure 4. Comparison of Phase Recovery Performance Under Simulated Data. (a) Amplitude.
(b) Phase. (c) Amplitude-error. (d) Phase-error.

After completing the optical system setup and data acquisition, this paper conducted
experimental validation using resolution charts. The experimental results centered on
evaluating two-dimensional imaging performance, multi-plane holographic reconstruction,
and post-processing effects, with a systematic discussion of the method’s performance
based on quantitative metrics.

In the resolution plate experiment, we first evaluated the system’s two-dimensional
imaging performance at the focal plane, as shown in Figure 5. After broadening, beam
splitting, and filtering, the femtosecond laser illuminated a standard resolution plate. The
transmitted image recorded by the CCD clearly demonstrated aperture effects: without
an aperture, the image background exhibited visible scattered fringes and low-frequency
fluctuations, resulting in insufficient high-frequency line contrast. When an aperture was
introduced into the optical path, stray components were effectively suppressed, the back-
ground flattened, high-frequency line edges exhibited steeper transitions, and overall clarity
significantly improved. Estimations matching the system’s pixel scale and magnification
indicate a lateral resolution approaching 2.8 µm, consistent with the observed ability to
resolve the finest lines. Objective evaluation based on the same dataset further supports
this observation: under identical conditions, introducing an aperture ring increased the
signal-to-noise ratio from approximately 36.4 dB to 44.6 dB, while the structural similarity
index rose from about 0.78 to 0.91. This demonstrates that spectral clipping and stray
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light suppression provide a direct and stable contribution to enhancing high-frequency
structures and suppressing background fluctuations.

 

Figure 5. Experimental results of coaxial holographic two-dimensional imaging. (a) Imaging results
without an aperture. (b) Imaging results with an aperture.

To achieve high spatio-temporal resolution 3D reconstruction, we set multiple defocus
positions in front of and behind the object plane during the experiment, pro-gressively
acquiring defocus holograms. Using a precision displacement stage to con-trol the distance
between the CCD and the sample, we recorded continuous defocus patterns at 100 µm
increments, capturing multi-plane intensity distributions spanning from the focal point to
the far-focus position. The acquisition of defocused holograms essentially captures angular
spectra of the object field at varying propagation distances, providing redundant informa-
tion essential for phase recovery. As shown in Figure 6, typical defocused holograms exhibit
distinct interference fringe structures, with fringe spacing progressively decreasing as de-
focus increases. These interference fringes con-tain phase-modulated information of the
object’s complex amplitude, providing foun-dational data for subsequent phase recovery
and 3D reconstruction. Prior to formal re-construction, all images undergo preprocessing
operations such as flat-field correction and background removal to eliminate detector re-
sponse inhomogeneities and external optical noise, ensuring the accuracy and consistency
of holographic data. The figure displays four representative defocused holograms. As the
defocus distance increases from near to far, the fringes become progressively denser and
the interference contrast gradually intensifies. This clearly reveals the spatial frequency
evolution pattern in-duced by defocusing, which directly reflects the phase modulation
characteristics of the object-image wavefront.

Based on the collected multi-plane defocused holographic data, the object’s complex
amplitude field is numerically reconstructed using angular spectrum propagation com-
bined with an iterative phase recovery algorithm. The reconstruction process involves
multiple iterations of forward and backward propagation in the frequency domain, progres-
sively optimizing the complex amplitude distribution of the object field through combined
intensity and phase constraints. Figure 7 presents the overall reconstruction result of the
resolution plate. As shown in Figure 7a, the reconstructed image effectively restores the
structural information of the resolution plate, with the stripe distribution exhibiting high
consistency with the experimental object. This demonstrates that the adopted algorithm
achieves high-fidelity reproduction of the object’s two-dimensional projection information
under static conditions. Furthermore, the experiment separately extracted and analyzed
the amplitude component of the wavefield. As shown in Figure 7b, the reconstructed ampli-
tude exhibits intensity distribution characteristics consistent with the geometric structure
of the resolution plate in the grayscale image. The pseudocolor image provides a more
intuitive observation of signal intensity contrasts across different regions. Particularly in the
high-frequency stripe areas, the system’s imaging performance after stray light suppression
becomes evident, with sharper edge transitions. The recovery of amplitude information not
only validates the accuracy of the two-dimensional imaging experiment but also provides
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reliable amplitude constraints for subsequent phase reconstruction. In addition to ampli-
tude information, the experiment also reconstructed the phase distribution of the object
field. In addition, we conducted a three-dimensional particle field holographic experiment,
as shown in Figure A3. Therefore, the trillion-frame-frequency all-optical three-dimensional
holographic imaging method proposed in this paper demonstrates promising potential in
theoretical modeling, algorithm design, and experimental validation. With further advance-
ments in optical design, algorithm optimization, and hardware technology, this method
is expected to play a significant role in broader scientific and engineering applications,
including biomedicine and ultrafast dynamics.

Figure 6. Defocused hologram. (a) 500 um. (b) 1000 um, (c) 1500 um. (d) 2000 um.

 

Figure 7. (a) Holographic image reproduction. (b) Reconstruction amplitude. (c) Phase reconstruction.

4. Conclusions
This paper proposes and systematically validates a three-dimensional holographic

imaging method based on trillion-frame all-optical phase division. Theoretically, the
holographic imaging principle is derived and an angular spectrum propagation model
is established. Algorithmically, an iterative phase recovery framework combining multi-
plane intensity consistency with total variation regularization is introduced. Experimentally,
imaging tests using resolution plates and static particle fields demonstrate the method’s
effectiveness and robustness under static conditions. For post-processing, the proposed
dual-channel enhancement strategy for amplitude and phase further improves image clarity
and signal-to-noise ratio. Therefore, the proposed trillion-amplitude all-optical frame-by-
frame 3D holographic imaging method demonstrates promising potential in theoretical
modeling, algorithm design, and experimental verification. With further advancements in
optical design, algorithm optimization, and hardware technology, this method is expected
to play a significant role in a wide range of scientific and engineering applications, including
biomedicine and molecular dynamics.
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Appendix A
In this study, a 2 × 2 Dammann diffraction grating (DOE) was employed to achieve

multi-channel beam splitting. The DOE was designed for a central wavelength of 755 nm
and generated four evenly distributed diffraction spots in a square array, corresponding to
four independent optical sub-channels. The angular separation between adjacent diffraction
orders was θsx = θsy = 2.24◦, and the maximum diffraction angle reached θmax = 9.5◦, as
illustrated in Figure A1.

The DOE was fabricated with a binary π-phase modulation, optimized for equal-
energy output. The first-order diffraction efficiency was measured to be approximately
80%, and the intensity non-uniformity among the four channels was below ±5%. The
zero-order diffraction was spatially blocked in the Fourier plane to suppress background
and improve inter-channel contrast.

This 2 × 2 configuration was chosen to balance angular separation, energy uniformity,
and broadband stability. It provides sufficient isolation among diffracted beams while
maintaining high optical throughput. Although higher-order Dammann gratings (3 × 3,
4 × 4) can theoretically increase the number of channels, their stronger wavelength sensi-
tivity may compromise uniformity. The proposed 2 × 2 DOE thus offers an optimal balance
between efficiency and system robustness for the present experimental conditions.

Figure A1. Damann Grating Diffraction Pattern.
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Appendix B
The system consists of five sequentially interlocked modules: (1) light source and temporal

broadening, (2) beam splitting and spatial–spectral division, (3) sample loading, (4) spectral
imaging and recording, and (5) multi-plane acquisition and reconstruction. Major optical
components include a Ti:sapphire femtosecond laser (755 nm, 230 fs), SF11 (350 mm) and SF10
(300 mm) dispersion media, a 2 × 2 Dammann diffraction grating (DOE) with ~80% efficiency,
narrow-band filters positioned at the 4f spectral plane, and a CCD camera (3648 × 5472 pixels,
2.4 µm pixel size, 12-bit dynamic range). The zero-order diffraction is spatially filtered at the
Fourier plane to ensure uniform energy distribution among the four effective sub-channels.

 

Figure A2. Photograph of the femtosecond laser–based coaxial digital holographic experimental platform.

Appendix C
To verify the robustness and reliability of the system, the two-dimensional imaging

performance of the particle field was evaluated. The experimental light source was a
femtosecond laser, which illuminated the sample after broadening and filtering, and a CCD
camera was used to record the transmission image. The experimental results show that
particle size has a significant impact on imaging quality. For particles with a diameter
of 50 µm, due to their large size, the scattering cross-section is significantly increased,
the imaging signal intensity is high, and a strong bright spot appears on the CCD with
a clearer boundary outline. The experimental results show that the particle field can
still be clearly resolved, indicating that the system maintains good stability under high
dynamic range conditions. After acquiring multi-plane defocused holograms, the particle
field was numerically reconstructed using angular spectrum propagation combined with
an iterative phase retrieval algorithm. This algorithm performs multiple forward and
backpropagation iterations in the frequency domain, gradually optimizing the complex
amplitude distribution of the object field, thereby achieving high-fidelity recovery of
the particle field. Experimental results show that for 50 µm particles, the reconstruction
results have a high signal-to-noise ratio, complete and clear particle boundary outlines,
and accurate restoration of inter-particle distribution characteristics, demonstrating the
system’s robustness and adaptability under a wide range of lighting conditions.

Figure A3. Particle field holography experiment: (a) 2D particle field photo; (b) 3D particle field reconstruction.
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