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Benefiting from prominent performance in various scientific fields, metasurface research has been flour-
ishing over the past decade. Huygens’ metasurface, as an emerging subcategory of metasurface, can
theoretically achieve full control of electric field distribution within the subwavelength scale. Driven by its
outstanding manipulation capacity, the three-dimensional holography utilizing broadband Huygens’ meta-
surface is demonstrated in the microwave regime in this paper. For the broadband working properties, two
types of equivalent circuit are integrated into the design of Huygens’ meta-atom. Besides, for high image
quality, the modified weighted Gerchberg-Saxton (GSW) algorithm is implemented for specific interfa-
cial phase distribution. The proof-of-concept experiments show notable microwave holographic images,
with an 86.2% transmittance efficiency, a 62.7% imaging efficiency, and an 88.1 signal-to-noise ratio at
12 GHz. The proposed holography extends the route to broadband microwave applications in security,

data storage, and antenna systems.
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I. INTRODUCTION

Digital holography, a promising paradigm of imaging
technology, can reconstruct fictitious objects with a desired
intensity and phase information [1]. Traditional holograms
are created by recording interference patterns between
the light scattered by the object in real space and the
coherent reference beam [2,3]. Instead of cumbersome
devices and sophisticated equipment, digital holography
achieves reconstruction of a hologram by directly produc-
ing the interference wave front according to diffraction
theory. Conventionally, digital holography relies on phase
accumulation through propagation generated by chang-
ing either the thickness or the refractive index of the
material layer [4]. However, it faces the challenges of
low-resolution imaging, high-order diffraction, and a com-
plex fabrication process [5]. As nanofabrication technol-
ogy progresses, the emerging metasurface technology can
provide spatially varying phase discontinuities within the
subwavelength scale. As an ensemble of the elaborately
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designed meta-atom array, metasurfaces present a broad
range of applications in directional radiators [6,7], pla-
nar lenses [8], vortex-beam generators [9—11], thin-film
cloaking [12], and digital holograms [13,14]. Metasur-
face holography can significantly improve the image qual-
ity and robustness against fabrication tolerances [15—17].
However, the design of metasurfaces mainly depends on
the theory of symmetric and asymmetric resonances [18] or
Pancharatnam-Berry phase elements [19,20], which hardly
satisfy the indices of both a high transmittance efficiency
and a broadband working range simultaneously.

The concept of Huygens’ metasurface presents an
improvement in transmittance efficiency and phase cov-
erage. By integrating orthogonal electric and magnetic
dipoles into each meta-atom, Huygens’ metasurfaces
can fully control the amplitude and phase of transmis-
sion and reflection coefficients [21]. There is always a
trade-off between the manipulation efficiency and the oper-
ating bandwidth in the different designs of microwave-
transmission-type metasurfaces. For multilayer metasur-
faces [22], a higher number of layers can compensate
a larger phase-delay variation and achieve a wider
bandwidth but results in much greater energy losses.
An alternative solution is a metasurface designed from
Pancharatnam-Berry (P-B) phase elements, which can
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ensure broadband functionality and a full phase shift of
the cross-polarized transmitted wave. However, its cross-
coupling efficiency cannot be more than 25% in theory
from a single-layered metasurface [23]. In contrast, Huy-
gens’ metasurface can balance the above contradictory
factors by elaborately designing the resonance properties
of electric and magnetic dipoles. Hence, Huygens’ meta-
surface opens the door to solving the limitations of conven-
tional metasurface design and has been applied to versatile
research fields, such as beam refraction [24], focusing
[25,26], beam shaping [27,28], and three-dimensional (3D)
imaging with depth retrieval [29].

Here we propose and experimentally realize a 3D holo-
graphic imaging technique utilizing a broadband Huygens’
metasurface. By modulating the overlap of the electric
and magnetic resonances, 16 Huygens’ meta-atoms with
a 2w transmission-phase range are arranged to produce
the phase profile obtained by the modified holographic
Gerchberg-Saxton (GSW) algorithm. As shown in Fig. 1,
the Huygens’ metasurface hologram, composed of 77 x 89
meta-atoms, is elaborately designed for the holographic
imaging of a 3D inverted pyramid, which can be seg-
mented into three subplanes at different focal lengths. In
particular, compared to the optical holograms of 800 x 800
pixels [16], the total physical dimensions of microwave
holograms limit the amount of components due to the
relatively large working wavelength. If the total quan-
tity of Huygens’ meta-atoms swells to the same order
of magnitude as the optical hologram, more sophisticated
patterns containing thousands of focal points can be real-
ized, which can be regarded as giving a true sense of 3D
holography, instead of discrete multiplane imaging. Hence,
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FIG. 1. A schematic diagram of the hologram structure and the
reconstruction procedure of the microwave 3D imaging utilizing
Huygens’ metsurface.

the Huygens’ metasurface holography proposed here is a
proof-of-concept experiment to verify the feasibility of the
designed scheme and estimate the image quality. Accord-
ing to the experimental results, the designed 3D microwave
holographic imaging can be observed in a broadband band-
width, in which the efficiency and quality of the imaging
are maintained at a high level. Compared to our pre-
vious study on metasurfaces encoded with a designated
phase profile for a single two-dimensional pattern [30], the
proposed scheme can integrate three diverse holographic
images into a single Huygens’ metasurface design, with
the merit of a larger information capacity. Overall, the
subwavelength Huygens’ meta-atoms promise the efficient
manipulation of transmitted microwave low-noise inter-
ference, high-spatial resolution, and high-density informa-
tion storage of reconstructed multiplane images, opening
the way toward microwave holography with high perfor-
mance.

I1. DESIGN OF HUYGENS’ METASURFACE
HOLOGRAPHY

Microwave digital holography can be generated by
encoding phase profiles into a set of Huygens’ meta-atoms.
Huygens’ metasurface can be regarded as the physical
implementation of Huygens’ principle through the use of
a metasurface. By integrating designated electric and mag-
netic dipoles into meta-atoms, an arbitrary wave front can
be realized under normal incidence [31]. For full cov-
erage of the required transmission phase, the design of
Huygens’ metasurface incorporates two types of meta-
atom. Figures 2(a) and 2(b) illustrate two basic structures
of transmission-type Huygens’ meta-atoms with the same
period and thickness. A split-ring resonator on one side of
the meta-atom plays the role of a magnetic dipole with
a surface current flowing in a loop. On the other side,
the LC series resonator operates as an electric dipole with
the main surface current flowing along the resonator. The
manipulation of the transmitted electric field is based on
the modulation of the resonant overlap induced by the
electric and magnetic dipoles [32]. For low transmitted
energy losses and a broad operating bandwidth, the rela-
tive permittivity of the dielectric substrate is first chosen
as 2.2 to decrease the value of the resonant quality fac-
tor. Second, since the decrease of the capacitance in the
equivalent circuit in Fig. 2(a) leads to an evident increase
of the value of the quality factor, the shunt-capacitor cir-
cuit model is added to the traditional Huygens’ meta-atom
design to keep the equivalent capacitance at a high value.
Therefore, the single and shunt capacitance can guaran-
tee both a relatively low quality factor and a sufficient
modulation range of the electric resonance property. By
appropriately changing the lengths /, and /,,, the overlap
of the electric and magnetic resonances can be adjusted
for the designated operating bandwidth and transmission
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FIG. 2. The design of the transmission-type Huygens’ meta-
surface. (a),(b) Schematic views of the proposed Huygens’
meta-atoms and the simulated surface current along the metal-
lic patches on both sides of the dielectric substrate (&, = 2.2,
tand = 0.002). (c),(d) The simulation results of 16 extracted
meta-atoms with different geometrical parameters, /,, and /..
Each stripe indicates the transmission amplitude (c) and trans-
mission phase (d) of each meta-atom. In particular, the green,
purple, and blue dotted lines in (d) illustrate the same phase step
among the 16 meta-atoms at 10, 12, and 14 GHz, respectively.

phase coverage. Figures 2(c) and 2(d) show the simulation
results obtained from the CST MICROWAVE STUDIO com-
mercial software. A group of 16 meta-atoms with two basic
types of equivalent circuit model is extracted, for use as
holographic construction components. The transmission-
phase coverage reaches 27 and the transmission amplitude
stays above 0.55 within the 10-14 GHz operating fre-
quency range. The phase shift is quantified as high as
16 values to optimally fit the continuous phase mapping
of the hologram and reduce the undesired coupling effect
between adjacent meta-atoms. As illustrated in Fig. 2(d),
although the transmission phase varies with frequency, the
phase step stays approximately the same over the whole
band of interest with a relatively high transmission ampli-
tude, especially at 12 GHz. These characteristics obtained
from Huygens’ meta-atoms further demonstrate the wider
phase-shift coverage than multilayer structures [22] and
the higher manipulation efficiency than metasurfaces using
the P-B phase mechanism [23]. Therefore, the proposed
Huygens’ metasurface can make an excellent trade-off
between transmission efficiency and phase-shift variation
in the microwave regime. Moreover, due to the low quality
factor of resonance, the transmission-phase shift induced
by the oblique incidence is relatively consistent among
the proposed 16 meta-atoms, which enables holographic

imaging over a wide range of incidence angles. More
details can be found in the Supplemental Material [33].
The next step is the achievement of 3D microwave
holography with the proposed Huygens’ meta-atoms. The
modified weighted GSW algorithm is adopted here to
obtain the holographic phase distribution [34,35]. Instead
of directly calculating the desired wave front, the GSW
algorithm constructs an iterative loop between the imag-
ing object and the hologram plane via the propagating
function to optimize image performance and decrease the
electric field intensity differences among the foci step by
step. Moreover, due to the limited focal length with respect
to the microwave wavelength, the function of the electro-
magnetic propagation is modified as a Green’s function
instead of the traditional Fraunhofer diffraction generally
used in the optical regime [30]. Figure 1 shows the holo-
gram structure and theoretical reconstruction procedure of
the 3D imaging utilizing the modified GSW algorithm.
E,, is defined here as the electric field intensity of the
m®™ (m=1, ..., M) focal point and ¢, denotes the phase
shift of the n™ (n=1, ..., N) meta-atom under normal
incidence. The iteration algorithm proceeds as follows:

B!
mf,;,:wfn—l“—_ln m=1, ...,M), (1)
|En |

u e whER!
¢ = arg (Zm_l T |Ep71| n=1,...,N),

@

where 77 is the distance between the n'" meta-atom and the
mth focal point and superscript p represents the p™ iter-
ative step. (|E‘,'il_1 |} denotes the average focal intensity in
the (p — 1)™ step. According to Egs. (1) and (2), the weight
factor w,, is introduced to reduce the intensity differences
among the M foci. In particular, the initial condition is
set as

wh=1, ¢)=—"—". A3)

The lower-right quadrant in Fig. 1 illustrates the theo-
retical 3D holographic imaging at 12 GHz based on the
proposed modified GSW algorithm. The calculated results
verify that the GSW-based holography can achieve focal
uniformity and high image quality.

III. EXPERIMENTAL CHARACTERIZATION OF
HUYGENS’ METASURFACE HOLOGRAPHY

To investigate the performance of the proposed
Huygens’ metasurface holography, a 3D image is
designed to project onto different planes (z; = 125 mm,
z5 =300 mm, and z3 =400 mm, respectively) at 12 GHz.
Based on the modified GSW algorithm, the required phase
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FIG. 3. The design of the hologram based on the modi-
fied GSW algorithm. (a) The overall hologram pattern of the
constituent meta-atoms. (b) The calculated phase distribution.
(c) The experimental setup for measuring the Huygens’ metasur-
face hologram. (d) The simulation results of the 3D holographic
imaging at 12 GHz.

profile for imaging is encoded into the Huygens’ metasur-
face. Figures 3(a) and 3(b) depict the overall hologram pat-
tern of the constituent meta-atoms and the calculated phase
map under normal incidence, respectively. The hologram
covers an area of 310 mm x 310 mm with 77 x 89 meta-
atoms. As a proof of concept of the proposed holography,
the Huygens’ metasurface sample is fabricated using a
commonly used printed circuit board in the microwave
domain and experimentally measured.

For quantitative evaluation of the holography, three
parameters are adopted here. To describe the transmis-
sion property of Huygens’ metasurface over the frequency
bandwidth, the transmittance efficiency is defined as the
ratio of the total transmitted energy to the incident energy
within the size of Huygens’ metasurface [36]. To charac-
terize the image quality, the signal-to-noise ratio (SNR)
is introduced as the ratio of the peak intensity in the
image to the standard deviation of the background noise
[37]. Besides, the imaging efficiency is assumed to be the
fraction of the focal intensity referenced to the transmit-
ted intensity in the imaging plane [38]. In particular, to
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FIG. 4. The experimental results of the electric field intensity
distribution in three planes: (a) 12 GHz; (b) 10 GHz; (c¢) 14 GHz.

evaluate the total performance of multiplane holographic
imaging, the above parameters are calculated as the aver-
age of each imaging plane. For the experimental validation
measurements, the setup consists of a feeding horn antenna
to provide the quasiplane wave incidence of the holo-
graphic Huygens’ metasurface sample and of a near-field
probe to measure the transmitted electric field point by
point, as illustrated in Fig. 3(c).

Figure 3(d) presents the results of simulations performed
utilizing the CST MICROWAVE STUDIO commercial software
and the image features agree well with the theoretical pre-
dictions. Moreover, Fig. 4(a) depicts the experimentally
observed images at designated focal lengths for the fre-
quency of 12 GHz. The transmittance efficiency reaches as
high as 86.2%, proving the efficient manipulation capac-
ity of the proposed Huygens’ metasurface. The imaging
efficiency is measured to be 62.7% and the value of SNR
to be equal to 88.1, respectively. To highlight the charac-
teristics of the holographic image obtained with our pro-
posed concept, a comparison with other metasurface-based
designs is carried out. Table I presents the experimental
imaging parameters of some representative research stud-
ies on metasurface holography. Owning to the optimized
phase algorithm, the refined transmission-phase step and
few losses in transmission, the transmittance and imaging
efficiency of the proposed scheme are obviously notable
compared to other transmission-type metasurface holo-
grams. In contrast, the last two designs in Table I illustrate
the outstanding manipulation efficiency of reflection-type
holographic imaging, due to the relatively simple design of
the meta-atom, which commonly utilizes the metal film on
the bottom face of the substrate as a perfect reflector.

Due to the broadband property of the proposed Huy-
gens’ metasurface, the 3D holographic imaging designed
at 12 GHz can also be observed from 10 to 14 GHz, as
shown in Figs. 4(b) and 4(c). In the working bandwidth, the
phase step of Huygens’ meta-atom is approximately con-
stant, as shown in Fig. 2(d), while the phase accumulation
along a specific propagation path varies with frequency.
Therefore, the imaging performance is closely related to
the working frequency. The in-plane four-focus imaging
is first designed for analysis, as illustrated in Fig. 5. For
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TABLEI. A summary of previous research studies on metasurface holography.

Working Transmittance Imaging

frequency (reflection) (diffraction) Overall
Reference (wavelength) Type Polarization efficiency efficiency efficiency
Ni et al. [4] 676 nm Transmission Linear e 10%
Liet al [38] 657 nm Transmission Insensitive e 15.88% e
Walther et al. [39] 905 nm Transmission Insensitive 4.1% 2.56% 0.11%
Wang et al. [40] 633 nm Transmission Circular ~50% 19% ~9.5%
Zhao et al. [41] 785 nm Transmission Insensitive 86% 23.6% 20.3%
Chong et al. [36] 1477 nm Transmission Insensitive 82% 40% 32.8%
This work 12 GHz Transmission Linear 86.2% 62.7% 54.0%
Lietal [17] 7.8 GHz Reflection Linear e e 60%
Zheng et al. [14] 825 nm Reflection circular 94% 80% 75.2%

identical imaging over a broad frequency band, the focal
length of each imaging plane varies with the operating fre-
quency and the relationship between the location of the
image and wavelength can be derived as Az = constant
under the paraxial approximation [18]. Meanwhile, at the
same focal length, the imaging pattern will be enlarged
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FIG. 5. Variation of the four-focus imaging performance with

frequency. (a) A reconstruction of identical imaging at 10 GHz
(blue), 12 GHz (red), and 14 GHz (green). (b) The focal length
over the 10-14 GHz frequency range. The blue hexagrams
denote the theoretical results based on microwave propagation
of the Green’s function. The red square dots represent the sim-
ulation results and the black curve is calculated based on the
approximate proportional relation. (¢) The imaging performance
at the same focal length of 100 mm at 10 GHz, 12 GHz, and
14 GHz. (d) The magnification coefficient over the 10—14 GHz
frequency range. The blue hexagrams denote the theoretical
results, the red square dots represent the simulation results, and
the black curve is calculated based on the approximate inverse
relation.

with an increase in frequency, as can be clearly observed
in Fig. 5(c). Based on the same approximation method, the
magnification coefficient is inversely related to the oper-
ating frequency. The simple and direct description of the
relationship between the imaging feature and the operat-
ing frequency shows good agreement with the theoretical
reconstruction and simulation results.

Figures 4(b) and 4(c) present the experimentally
observed 3D imaging results at the bandwidth edges of 10
and 14 GHz. The measured focal-length variation accords
well with the above-derived equation A * z = constant. The
transmittance efficiencies are measured to be 75.1% and
68.6% at 10 and 14 GHz, respectively, proving the broad-
band manipulation of the proposed Huygens’ metasurface.
The imaging efficiencies are 49.6% and 47.3%. Addition-
ally, the values of the SNRs are 83.7 and 85.0. Small devi-
ations from the theoretical designs can be observed in the
measured focal locations, since the fabrication tolerances
of the permittivity and the geometric dimensions influence
the electromagnetic response of Huygens’ metasurface.

Overall, the measured results show that the designed 3D
microwave holographic imaging can be observed over a
broad frequency bandwidth, in which both the efficiency
and the quality of the imaging are maintained at a high
level. Hence, the prominent performance of the proposed
Huygens’ metasurface holography based on the modified
GSW algorithm provides a promising route for the design
and reconstruction of 3D imaging. Actually, the proposed
holography can be regarded as the multipoint focusing
utilizing the optimized algorithm and as subwavelength-
scale control on the interface. In microwave communi-
cation, the focusing points in the near field, regarded as
independent channels, can greatly satisfy the substantial
demands of the emerging 5G technology for “huge capac-
ity, huge connections, and extensive applications” [42].
Hence, the proposed holography offers a mechanism to
help achieve more accurate and elaborate control of the
microwave electromagnetic field, rather than the tradi-
tional far-field manipulation, which will make great sense
in the fields of short-range communication, detection,
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security, data storage, and information processing. In par-
ticular, the broadband method of integrating slightly differ-
ent equivalent circuits into Huygens’ meta-atom designs
and the analysis of the imaging feature variation with
frequency can extend toward higher frequencies, such as
the terahertz and optical regimes (details can be found
in the Supplemental Material [33]). Moreover, the multi-
plane images can be postprocessed with a state-of-the-art
Hessian-matrix penalty for further optimization to achieve
significant improvement of the image quality, as is shown
in detail in the Supplemental Material [33].

IV. CONCLUSION

In conclusion, we demonstrate a 3D microwave holo-
graphic imaging over the 10-14 GHz frequency band
with physical implementation and numerical processing.
To overcome the restriction of a narrow operation band-
width based on the resonance mechanism of Huygens’
metasurface, equivalent circuit designs and a low substrate
permittivity are adopted here to decrease the quality factors
of the resonances. According to the simulation results, the
transmission-phase range of the proposed Huygens’ meta-
atoms reaches 27 and the transmission amplitude stays
above 0.55 within the 1014 GHz frequency range, which
demonstrates the relatively broadband and efficient fea-
tures in the microwave regime compared to the designs
of Refs. [22] and [23]. Next, 16 Huygens’ meta-atoms
are extracted to accomplish the phase map based on the
modified GSW algorithm to realize the phase-encoded
holograms, which can provide focal uniformity and high
imaging performance. The obtained results agree well with
the theoretical analysis and the characteristic parameters of
the imaging, verifying the feasibility and potential applica-
tions of the proposed design scheme. The proposed Huy-
gens’ metaholography paves the way for 3D broadband
display, beam shaping, smart antenna systems, and other
broadband microwave applications. Besides, the introduc-
tion of amplitude manipulation will enable the additional
functions on phase-only holography, such as artifact-free
imaging and control of surface textures [43]. Moreover, the
concept can be readily applied to other frequency ranges as
well and implementations would be possible with suitable
fabrication technologies.
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