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effectively tailored to extend the DoF (Fig. 1a). Diverging
from traditional approaches that face limitations related
to the number of concentric rings in the BPF, the E2E-
BPF microscope leverages a deep learning framework that
jointly optimizes the BPF design and the relevant U-net-
based imaging reconstruction network using a vast data-
set10 (Fig. 1b). This synergistic approach allows the design
of BPFs with a larger number of concentric rings, thereby
dramatically extending the DoF by a factor of 15.5 (using
64 design variables) when compared to conventional
optical systems.
The efficacy of the E2E-BPF microscope was evaluated

through numerical simulations and experimental validation.
The authors employed both fluorescently labeled beads and
histological sections of biological tissues as test samples.
Notably, they demonstrated its biological viability by ima-
ging cellular specimens and a thick mouse kidney tissue
section stained with fluorescent dyes—all achieved without
the need for refocusing (Fig. 1c). The results consistently
indicated a substantial enhancement in resolution and
contrast while extending the DoF significantly. In addition,
the time required for image acquisition and processing was
reduced by a factor of 15.5, substantially alleviating the time
burden typically associated with conventional imaging
techniques requiring serial refocusing.
The potential applications of the E2E-BPF microscope

are broad and far-reaching. It offers a highly effective and
scalable strategy for DoF extension in optical imaging
systems. One particularly notable application is in light
sheet fluorescence microscopy, where extended DoF and
high light efficiency are critical6. The E2E-BPF can be
tailored to generate sharp and elongated excitation light

sheets, enhancing the visualization of fluorescent samples
in three dimensions. This opens new possibilities for high-
throughput, high-resolution volumetric imaging without
the need for serial refocusing. Furthermore, the E2E-BPF
platform has the potential to benefit other 3D imaging
modalities, such as optical coherence tomography11 and
photoacoustic microscopy12. These techniques also
demand high-resolution imaging over an extended DoF,
and the E2E-BPF promises to enhance their imaging
performance and broaden their applications.
The impact of this work is significant and multifaceted.

It is poised to revolutionize rapid image-based diagnosis,
optical vision, and metrology by providing a tool that
overcomes the limitations of conventional microscopy.
Looking ahead, there are several exciting directions for
future research. Incorporating system aberrations into the
design framework presents an opportunity to further
enhance image quality. This strategy can be extended to
handle spatially varying aberrations in 3D microscopes.
Additionally, addressing aberrations stemming from
mismatches between immersion liquids and imaging
samples, a common issue in high-NA imaging systems, is
a promising avenue. Importantly, the E2E-BPF platform
exhibits the potential for even greater DoF extension. The
authors have successfully designed BPFs that achieve an
even greater 22.08×-DoF extension using 128 design
variables. This underscores the versatility and scalability
of the E2E-BPF approach, hinting at its continued impact
on the field of optical imaging.
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Fig. 1 Illustration of the concept of E2E-BPF microscopy reported in ref. 8 a Optimization of the deep-learned design of the binary phase filter,
which is initialized with a continuous axisymmetric function, based on the physical model describing the imaging process. b U-net-based image
reconstruction network that is jointly optimized with the binary phase filter in (a). c Comparison of the multicolor fluorescent images of a mouse
kidney tissue section (tubules stained with AF488, F-actin filaments stained with AF568, DNA stained with DAPI) acquired with the standard (bottom-
left) and E2E-BPF (top-right) microscopes, which have standard and extended depths-of-field, respectively
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Deep learning-enhanced microscopy with
extended depth-of-field
Yide Zhang 1✉

Abstract
A computational imaging platform utilizing a physics-incorporated, deep-learned design of binary phase filter and a
jointly optimized deconvolution neural network has been reported, achieving high-resolution, high-contrast imaging
over extended depth ranges without the need for serial refocusing.

Optical microscopy has served as an indispensable tool
across a multitude of scientific disciplines and clinical
applications. Despite its transformative impact, traditional
optical systems are constrained by intrinsic limitations
such as a restricted depth-of-field (DoF). The DoF is a
critical parameter that defines the depth range of an
object that can be sharply imaged by a given optical
imaging system. It is defined as

DoF ¼ n � λ
NA2 þ

n
M �NA

e;

where n is the refractive index of the imaging medium, λ
denotes the wavelength of the light, NA is the numerical
aperture of the objective, M is the magnification factor of
the microscope, and e represents the pixel pitch of the
image sensor. According to the definition, extending the
DoF is feasible by reducing the NA. However, the NA also
dictates the system’s spatial resolution, as governed by the
Abbe diffraction limit, defined as λ/2NA. Therefore, an
intrinsic trade-off exists between extending the DoF and
maintaining high spatial resolution. To accomplish both,
conventional approaches often require a tedious process
of iterative refocusing for different axial positions of the
sample. This compromise poses substantial challenges in
applications like cytometry1, histology2, and endoscopy3,

where the imperative for high-resolution imaging over an
expansive axial range is critical.
To address this issue, recent attention has shifted

towards binary phase filters (BPFs)4–6. These filters,
composed of concentric rings with alternating phases,
offer a promising avenue for extending the DoF without
degrading the spatial resolution of the microscope. What
makes BPFs particularly appealing is their simplicity and
ease of manufacturing. Researchers have been drawn to
explore their potential to overcome the DoF limitations in
conventional optical microscopy. However, designing
BPFs with more than five concentric rings has proven to
be a daunting computational task, characterized by
intricate non-linear equations7. This computational
complexity has, in the past, acted as a bottleneck, limiting
researchers from exploring the full potential of BPFs in
overcoming the DoF limitations in optical microscopy.
In a recently published paper in Light: Science &

Applications, a team of researchers from Yonsei Uni-
versity, Seoul, Republic of Korea, have proposed an
innovative solution to these challenges8. Their approach
termed the E2E-BPF microscope—an acronym for “end-
to-end optimized binary phase filter”—redefines the pos-
sibilities of optical microscopy by enabling high-
resolution imaging across an extended DoF without the
need for serial refocusing. E2E-BPF seamlessly blends
principles of physics with the power of deep learning
techniques9. The key innovation in E2E-BPF is the com-
bination of physics-based principles with deep learning
techniques, leading to the design of a BPF that can be
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effectively tailored to extend the DoF (Fig. 1a). Diverging
from traditional approaches that face limitations related
to the number of concentric rings in the BPF, the E2E-
BPF microscope leverages a deep learning framework that
jointly optimizes the BPF design and the relevant U-net-
based imaging reconstruction network using a vast data-
set10 (Fig. 1b). This synergistic approach allows the design
of BPFs with a larger number of concentric rings, thereby
dramatically extending the DoF by a factor of 15.5 (using
64 design variables) when compared to conventional
optical systems.
The efficacy of the E2E-BPF microscope was evaluated

through numerical simulations and experimental validation.
The authors employed both fluorescently labeled beads and
histological sections of biological tissues as test samples.
Notably, they demonstrated its biological viability by ima-
ging cellular specimens and a thick mouse kidney tissue
section stained with fluorescent dyes—all achieved without
the need for refocusing (Fig. 1c). The results consistently
indicated a substantial enhancement in resolution and
contrast while extending the DoF significantly. In addition,
the time required for image acquisition and processing was
reduced by a factor of 15.5, substantially alleviating the time
burden typically associated with conventional imaging
techniques requiring serial refocusing.
The potential applications of the E2E-BPF microscope

are broad and far-reaching. It offers a highly effective and
scalable strategy for DoF extension in optical imaging
systems. One particularly notable application is in light
sheet fluorescence microscopy, where extended DoF and
high light efficiency are critical6. The E2E-BPF can be
tailored to generate sharp and elongated excitation light

sheets, enhancing the visualization of fluorescent samples
in three dimensions. This opens new possibilities for high-
throughput, high-resolution volumetric imaging without
the need for serial refocusing. Furthermore, the E2E-BPF
platform has the potential to benefit other 3D imaging
modalities, such as optical coherence tomography11 and
photoacoustic microscopy12. These techniques also
demand high-resolution imaging over an extended DoF,
and the E2E-BPF promises to enhance their imaging
performance and broaden their applications.
The impact of this work is significant and multifaceted.

It is poised to revolutionize rapid image-based diagnosis,
optical vision, and metrology by providing a tool that
overcomes the limitations of conventional microscopy.
Looking ahead, there are several exciting directions for
future research. Incorporating system aberrations into the
design framework presents an opportunity to further
enhance image quality. This strategy can be extended to
handle spatially varying aberrations in 3D microscopes.
Additionally, addressing aberrations stemming from
mismatches between immersion liquids and imaging
samples, a common issue in high-NA imaging systems, is
a promising avenue. Importantly, the E2E-BPF platform
exhibits the potential for even greater DoF extension. The
authors have successfully designed BPFs that achieve an
even greater 22.08×-DoF extension using 128 design
variables. This underscores the versatility and scalability
of the E2E-BPF approach, hinting at its continued impact
on the field of optical imaging.
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Fig. 1 Illustration of the concept of E2E-BPF microscopy reported in ref. 8 a Optimization of the deep-learned design of the binary phase filter,
which is initialized with a continuous axisymmetric function, based on the physical model describing the imaging process. b U-net-based image
reconstruction network that is jointly optimized with the binary phase filter in (a). c Comparison of the multicolor fluorescent images of a mouse
kidney tissue section (tubules stained with AF488, F-actin filaments stained with AF568, DNA stained with DAPI) acquired with the standard (bottom-
left) and E2E-BPF (top-right) microscopes, which have standard and extended depths-of-field, respectively
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Abstract
A computational imaging platform utilizing a physics-incorporated, deep-learned design of binary phase filter and a
jointly optimized deconvolution neural network has been reported, achieving high-resolution, high-contrast imaging
over extended depth ranges without the need for serial refocusing.

Optical microscopy has served as an indispensable tool
across a multitude of scientific disciplines and clinical
applications. Despite its transformative impact, traditional
optical systems are constrained by intrinsic limitations
such as a restricted depth-of-field (DoF). The DoF is a
critical parameter that defines the depth range of an
object that can be sharply imaged by a given optical
imaging system. It is defined as

DoF ¼ n � λ
NA2 þ

n
M �NA

e;

where n is the refractive index of the imaging medium, λ
denotes the wavelength of the light, NA is the numerical
aperture of the objective, M is the magnification factor of
the microscope, and e represents the pixel pitch of the
image sensor. According to the definition, extending the
DoF is feasible by reducing the NA. However, the NA also
dictates the system’s spatial resolution, as governed by the
Abbe diffraction limit, defined as λ/2NA. Therefore, an
intrinsic trade-off exists between extending the DoF and
maintaining high spatial resolution. To accomplish both,
conventional approaches often require a tedious process
of iterative refocusing for different axial positions of the
sample. This compromise poses substantial challenges in
applications like cytometry1, histology2, and endoscopy3,

where the imperative for high-resolution imaging over an
expansive axial range is critical.
To address this issue, recent attention has shifted

towards binary phase filters (BPFs)4–6. These filters,
composed of concentric rings with alternating phases,
offer a promising avenue for extending the DoF without
degrading the spatial resolution of the microscope. What
makes BPFs particularly appealing is their simplicity and
ease of manufacturing. Researchers have been drawn to
explore their potential to overcome the DoF limitations in
conventional optical microscopy. However, designing
BPFs with more than five concentric rings has proven to
be a daunting computational task, characterized by
intricate non-linear equations7. This computational
complexity has, in the past, acted as a bottleneck, limiting
researchers from exploring the full potential of BPFs in
overcoming the DoF limitations in optical microscopy.
In a recently published paper in Light: Science &

Applications, a team of researchers from Yonsei Uni-
versity, Seoul, Republic of Korea, have proposed an
innovative solution to these challenges8. Their approach
termed the E2E-BPF microscope—an acronym for “end-
to-end optimized binary phase filter”—redefines the pos-
sibilities of optical microscopy by enabling high-
resolution imaging across an extended DoF without the
need for serial refocusing. E2E-BPF seamlessly blends
principles of physics with the power of deep learning
techniques9. The key innovation in E2E-BPF is the com-
bination of physics-based principles with deep learning
techniques, leading to the design of a BPF that can be
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Real-time reconfigurable metasurfaces enabling
agile terahertz wave front manipulation
Huixian Zhou1 and Cheng Zhang 1✉

Abstract
Real-time controlled programmable metasurfaces, having an array-of-subarrays architecture under the control of one-bit
digital coding sequence, are demonstrated for rapid and precise multifunctional Terahertz wave front engineering.

Metasurfaces, quasi-two-dimensional arrays of sub-
wavelength electromagnetic (EM) structures, have gar-
nered significant attention in recent years. They facilitate
light matter interaction at the subwavelength scales and
empower precise manipulation of fundamental optical
properties including amplitude, phase, and polariza-
tion1–4. Conventional metasurfaces are static and lack
post-production adaptability. In contrast, dynamic meta-
surfaces offer tunable EM responses through various
external stimuli, such as electrical5, optical6, mechanical7,
thermal8, and chemical9 inputs. Such capability places
dynamic metasurfaces at the forefront of advanced
research and technological innovation in the metasurface
field.
Efficiently controlling and manipulating terahertz (THz)

beams is essential for various applications including high-
speed wireless communication, spectroscopic imaging,
and biomedical sensing. This necessitates high-perfor-
mance, rapidly-responsive dynamic THz beam shaping
devices. In the THz frequency range, achieving adjust-
ability poses unique challenges compared to lower fre-
quencies. To date, researchers have exploited candidates
such as liquid crystal (LC)10, two-dimensional material11,
two-dimensional electron gas (2DEG)12, semiconductor13,
and phase-change material14 to replace diode struc-
tures15,16 used in microwave tunable metasurfaces. Elec-
trically controlled THz beam shaping has emerged as a

promising solution, which offers faster response,
increased precision, smaller footprint, and reduced power
consumption. While previous studies12,17,18 have achieved
modulation frequencies up to the gigahertz (GHz) range
and angular scanning precision down to a few degrees,
striking an ideal balance between the response speed and
scanning precision remains a significant challenge.
In a recently published paper in Light: Science &

Applications, a collaborative team led by Prof. Hongxin
Zeng and Prof. Yaxin Zhang from University of Electronic
Science and Technology of China, along with Prof. Daniel
M. Mittleman from Brown University, presents a real-
time controlled programmable metasurface that satisfies
the requirements for fast and precise THz wavefront
manipulation19. The proposed metasurface employs GaN/
AlGaN high-electron mobility transistors (HEMTs) as
active switching components. HEMTs offer several
advantages, including a sizable dynamic carrier density
range, high electron drift velocity, minimal parasitic
capacitance, and low power dissipation. By integrating a
HEMT as the individual meta-atom with an asymmetric
resonant structure and manipulating carrier concentra-
tion in the 2DEG through applied bias, it becomes pos-
sible to switch the resonant delay of an incident THz wave
by 180° with uniform amplitude. This innovative design
enables the implementation of one-bit phase-shifting
metasurfaces while mitigating parasitic capacitance issues
seen in previous studies. Furthermore, it allows for precise
positioning of individual meta-atom element with sub-
wavelength spacing, eliminating the need for integrated
amplification or phase-control circuitry.
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