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Abstract

The conventional generalized Snell’s law (GSL), derived from classical laws of optical reflection and refraction, governs
wavefront manipulation via phase gradients but neglects higher-order spatial harmonics inherently excited by the
mutual coupling among meta-atoms on a metasurface. Here, we introduce a spatial harmonic-expanded GSL (SH-GSL)
framework by unifying phase-gradient control with Floquet periodicity, establishing spatial harmonics as independent
degrees of freedom rather than conventional parasitic disturbances. The SH-GSL framework rigorously identifies the
intrinsic harmonic dynamics inherent to metasurfaces, which is a critical feature absent in GSL. Furthermore, this
framework further reveals that all gradient-phase metasurfaces inherently function as multichannel platforms due to
full spatial harmonics, with this multifunctionality rooted in nonlocal Floquet-Bloch modal interactions. Experimental
validation demonstrates: abnormal spatial-harmonic reflection with angular precision (< 5° deviation), multi-beam
splitting (dual/quad configurations) via the relationship between specific harmonics and compensation wave vectors,
and a perfect three-channel retroreflector achieving up to 99% efficiency, where parasitic harmonics are confined to
near-field plasmonic regimes. This framework establishes a deterministic Floquet-engineered momentum
compensation mechanism to simultaneously activate target harmonic channels while confining parasitic harmonics
to near-field plasmonic regimes. Experimental validation confirms the framework’s accuracy and scalability, bridging
momentum-space physics with practical meta-plasmon systems. This work redefines metasurface engineering
paradigms, unlocking advancements in ultra-dense beamforming, sensing, and meta-photonics through harmonic-
division multiplexing.
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Introduction transformation , perfect absorption®*~*, etc. With the

The advent of metasurfaces has revolutionized wave-
front engineering by enabling precise control of electro-
magnetic waves through subwavelength structures'®,
With the advantage of the ultra-thin thickness and
excellent manipulation ability, many fascinating and
unique functionalities have been realized by utilizing
metasurfaces, such as anomalous refraction and reflec-
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development of the next generation of mobile commu-
nication technology, higher demands are put forward for
the miniaturization and integration of devices than before.
Thus, future electromagnetic devices must meet the
requirements of miniaturization, integration, multi-func-
tionality, generalization, and scalability. With the advan-
tages of integral and miniaturizable characteristics of
metasurfaces, the investigation of meta-devices is a sig-
nificant trend***°.

The generalized Snell’s law (GSL), proposed by Capasso
and colleagues in 2011, laid the foundation for predicting
anomalous reflection and refraction angles by linking
abrupt phase gradients to momentum conservation®.
However, GSL inherently focuses on the fundamental
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Fig. 1 Conceptual illustration of Spatial Harmonic-expanded Generalized Snell’s Law (SH-GSL). a The schematic of the metasurface for
abnormal-harmonic reflection. b The schematic of the metasurface for multi-beam splitting. ¢ The schematic of the metasurface for perfect multi-
channel retroreflection. d The illustration of the proposed SH-GSL for harmonics manipulation. The fundamental harmonic can be manipulated by
gradient metasurfaces based on the generalized Snell’s law (d left), while high-order harmonics need to be analyzed by the Floquet period theory
(d left). By combining the phase gradient (GSL) and the period property (Floquet period theory), the abnormal reflection of harmonics can be
manipulated according to a deterministic Floquet-engineered momentum compensation mechanism of spatial harmonics (d middle). Furthermore,
by utilizing multi-harmonics simultaneously, the multi-channel retroreflection based on multiple harmonics can be achieved (d right). The Oth
harmonic is controlled by the generalized Snell’s law in the red box, the —1st harmonic is denoted as the mirror mode in the yellow box, and the
other order harmonics can be manipulated by the Floquet period theory in the blue box

Retroreflective
Channel |

b
D ol

iy

SoluowLIeH

s|6ue aAnos||al008Y

Channel Number

spatial harmonic, treating higher-order harmonics as
parasitic effects. This limitation has constrained meta-
surfaces to single-channel functionalities, such as con-
ventional beam steering or focusing®~*', while multi-
channel applications—ranging from holographic multi-
plexing to ultra-dense beamforming—demand systematic
exploitation of higher-order spatial harmonics.

Recent attempts to harness higher-order harmonics
have relied on numerical optimization or multi-resonant
meta-atom designs'>'®. Coding meta-atoms, leveraging
convolution processing algorithms and antenna element
analysis, are employed to control multi-order spatial
harmonics but are limited to normal incidence scenar-
ios™**, In contrast, metagratings, composed of periodic,
sparse, and polarizable particles, offer an efficient alter-
native for wavefront manipulation by aligning propagating

Floquet modes with desired harmonic components, dif-
fering fundamentally from the transverse momentum
superposition in phase-gradient metasurfaces*>™’. How-
ever, metagratings lack the necessary degrees of freedom
to effectively excite specific high-order spatial diffraction
harmonics. A critical challenge persists: the absence of a
deterministic theory linking metasurface periodicity,
phase gradients, and higher-harmonic properties. With-
out such a framework, metasurface design remains trap-
ped in a trial-and-error paradigm, unable to fully exploit
the multi-channel potential of periodic structures.

Here, we resolve this challenge by deriving a spatial
harmonic-expanded generalized Snell's law (SH-GSL)
through rigorous Floquet-Bloch analysis, revealing the
intrinsic harmonic dynamics in metasurfaces (Fig. 1). Our
theory introduces a momentum compensation principle,
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where the periodicity (Floquet period analysis*®) and
phase gradient (GSL analysis®®) of a metasurface jointly
determine a compensation wave vector for each harmonic
order. This principle analytically predicts anomalous
angles for arbitrary harmonics via the relationship
between the incident angle and the total compensation
wave vector of the metasurface. Crucially, SH-GSL reveals
that higher-order harmonics are not parasitic artifacts but
controllable degrees of freedom governed by global peri-
odicity. We analyze the harmonic dynamics in meta-
surfaces: the fundamental harmonic is manipulated by the
phase gradient described in GSL, the mirror mode cor-
responding to the —1st harmonic cannot be controlled by
metasurfaces, and the compensation wave vector can
determine whether the spatial harmonics propagate in
free space. Based on the designed meta-atoms, three
extended applications are verified through theoretical
analysis, simulations, and experiments: abnormal-
harmonic reflection (Fig. 1a), multi-beam splitting (Fig.
1b), and multi-channel retroreflection (Fig. 1c). Our work
redefines metasurface engineering across three
dimensions:

1. From single- to multi-harmonic control: SH-GSL
provides the first predictive framework for designing
harmonics as independent channels.

2. From local resonance to global symmetry: Harmonic
properties are dictated by periodicity and phase
symmetry, decoupling design from meta-atom
complexity.

3. From heuristic trial-and-error to physics-driven
design: The compensation wavevector concept
bridges momentum-space physics and real-world
device engineering.

These advances unlock transformative applications in
next-generation communications (ultra-dense beam-
forming). By unifying Floquet periodicity with spatial
harmonics, SH-GSL signifies an era of mode-division
multiplexing meta-systems, where spatial harmonics serve
as parallel information carriers rather than undesired
noise.

Results

Spatial Harmonic-expanded generalized Snell’s law
Considering the abnormal reflection scenario based on

metasurfaces, the relationship between incident (6;) and

reflected (6,) waves can be calculated according to GSL®,

AD
n;ky sin 6, — n;kg sin 9; = — (1)
Ax

where #; is the refractive index of the medium, kg is the
wave vector in vacuum, and A®/Ax is the phase gradient
in the transverse direction introduced by the metasurface.
Substantially, the phase gradient is generated based on all
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the meta-atoms in the period, i.e., Akj= A®/Ax. Then,
the equation above in the case of n;=1 can be further
written as:

k7/ = ko sin 0, = Ak, + ko sin 6; (2)

where k'/" , represents the transverse wave vector of
reflected waves. From the above analysis, it can be seen
that GSL expresses the intrinsic phase discontinuity of
adjacent meta-atoms in each period.

It is worth mentioning that since it ignores the existence
of spatial harmonics, only the abnormal reflective or
refractive angle of the fundamental harmonic can be
calculated by GSL. Therefore, only the simple and single-
beam functional meta-device can be achieved according
to GSL. From the perspective of the manipulation of
multi-harmonic and the design of complex functional
meta-devices, it is crucial to introduce spatial harmonics
into GSL to address the manipulation of spatial harmo-
nics. In this paper, we provide three application examples
by introducing spatial harmonics, including abnormal-
harmonic reflection (Fig. 1a), multi-beam splitting
(Fig. 1b), and multi-channel retroreflection (Fig. 1c).

As depicted in Fig. 1d left, the incident wave, which is
illuminated into a gradient metasurface, will be reflected
abnormally, resulting from abrupt phase changes over the
scale of the wavelength. Then, the abnormal reflective
angle can be obtained readily according to the generalized
Snell’s law. In the case of the periodic artificial structure,
multi-harmonics can be generated and reflected in mul-
tiple directions when the incident wave impinges on it, as
shown in Fig. 1d left. However, the periodic artificial
structure generally refers to gratings, photonic crystals,
etc, which have limited control freedom, while the gra-
dient metasurface has rich control freedom, such as size
and rotation. Therefore, it is crucial to introduce periodic
properties into phase gradient metasurfaces for the
effective manipulation of the multi-harmonic. Here, the
SH-GSL with periodic metasurfaces is presented.

With consideration of the effect of phase wrapping, the
gradient phase metasurface can also be regarded as a
periodic structure. The meta-atoms within a period form
a supercell. Then, the periodic supercell induces the effect
of spatial harmonics. The propagating wave vectors of
spatial harmonics, ignoring losses, can be described
according to the Floquet period theory as follows:

2l
kg:kosin95+N—7;,£€Z (3)

where k, represents the wave vector of the reflected wave
due to the period of the metasurface and ¢ denotes the
order of the reflective harmonic waves. Besides, N and p
are the number of meta-atoms in each period and the size
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of the meta-atom, respectively. According to (3), each
order of spatial harmonics can be modulated by the
periodic metasurface theoretically.

The abnormal reflection of metasurfaces can be ana-
lyzed sufficiently by extending the generalized Snell’s law
with period properties. Generally, the phase gradient
Akj= A®/Ax in metasurface design is based on the fun-
damental harmonic (¢ =0) and is therefore independent
of the harmonic order ¢. This phase gradient is deter-
mined solely by the geometric arrangement and material
properties of the meta-atoms. Due to the periodicity of
the metasurface, the scattered fields satisfy the Floquet
theorem, where the ¢-th harmonic order introduces an
additional momentum compensation of 2mf/Np. This
results in an equivalent phase gradient for the ¢-th order:

{4

2

where Aky=A®dD/Ax represents the phase gradient
designed based on the fundamental harmonic, and Ak
represents the equivalent phase gradient for the ¢-th
spatial harmonic. Accordingly, the fundamental harmonic
with £=0 and all the other-order harmonics with €= 0
can be simultaneously manipulated to achieve individual
radiation or non-radiation.

Furthermore, assume that each supercell of the meta-
surface comprises N meta-atoms with the phase differ-
ence between adjacent meta-atoms of A®. The intrinsic
wave vector for compensation in the transverse direction
is written as:

AD

Ak = e,——
/)= e

e, ;[m Py -0y (5)

where e, is the unit direction vector parallel to the
metasurface, and the direction of the wave vector
compensation is along the x-direction. For a metasurface
designed with the linear phase progression assumption,
the inter-unit phase differences are constant (A®/

Ax = A@lp, A@=constant), leading to a simplified
expression: AD/Ax = (NAgp)/(Np) = [O(x + Np, y) — O(x,
»)1/Np.

According to (4), the total compensation wave vector is
related to the effect of the phase difference between adjacent
meta-atoms and the periodic characteristics of the overall
supercell, taking into account the proposed theory as:

AD 2 20
total
— A leZ
Ak = e (Ax+ p) k//+ex<Np>
(6)

In general, A® =2 is selected as the compensation
phase of the supercell of the metasurface, ie, A®/

Page 4 of 17

(Np) = 2m/(Np). The metasurface introduces a transverse
momentum compensation through its periodic archi-
tecture while maintaining conservation of the total
wavevector magnitude (|k|=ko) in free space. Con-
currently, Fresnel reflection at the dielectric interface
induces a m-phase reversal (A® =) when electro-
magnetic waves interact with a medium of higher
refractive index. By integrating the transverse wavevector
conservation principle (governed by the momentum
conservation) and incorporating the -phase shift (com-
monly referred to as the half-wave loss condition in
classical optics), the governing wave-vector equation is
derived as:

AR +16 + K (ki) = ke (7)
ki = e,n;kg sin 6; + e mn;ko cos 0; (8)
k, = eyn;ky sin 0, + e n;ky cos 6; 9)

where K (ki) represents the item of half-wave loss with the
expression as follows:
K(k;) = —2e,(k; - e;) (10)

These formulations rigorously satisfy both momentum
conservation in the transverse plane and the boundary-
matching condition for phase discontinuities.

It should be noted that the time-harmonic dependence
is denoted as ¢’ in this paper.

Since the metasurface introduces a transverse momen-
tum compensation Akj, the longitudinal wavevector
component k, is determined by momentum conservation

k, =1/ k(z) — ki. Consequently, the transverse terms in (7)
can be expressed in scalar form as:

20

niko sin 0, — n;ko sin 6; —Ak//+—p (11)

which can be degraded as the generalized Snell’s law in
the case of £=0.

Similarly, for refraction, it can be derived as the fol-
lowing expression:

2

niko sin 0; — niko sin 6; = Ak, +7 (12)

where 0, is the angle of refraction and 7, is the refractive
index of the medium on the other side. The refraction
validation can be seen in Supplementary Material S10.
The SH-GSL framework enables selective radiative har-
monic excitation while suppressing non-radiative modes to
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Fig. 2 The analysis of SH-GSL, designed meta-atoms, and the mirror mode. a The schematic of the deterministic Floquet-engineered
momentum compensation mechanism. By engineering the incident angle and compensation wave vector, each spatial harmonic can be confined in
the plasmonic zone or radiative zone, thereby enabling different manipulations. b The relationship of the incident angle and the compensation wave
vector. Different regions represent the radiative zones of different harmonics, and out-of-region means that the harmonic is localized on the surface.
c The relationship of incident and reflective angles of different harmonics after designing the compensation wave vector (0.8k,) of the metasurface.
d The schematic of the meta-atom. e The amplitude and phase response of the meta-atom from 4 GHz to 24 GHz. f The amplitude and phase
response of the meta-atom from L =1.6mm to L =4.0mm at 14 GHz. g The schematic of the supercell of the metasurfaces: dual-beam splitting,
abnormal harmonics reflection, and three-channel retroreflection. h The illustration of the dominant area of the mirror mode, where the abnormal
reflection is much lower than the mirror reflection. The analysis of different far-field patterns under i —13°, j —16°, and k —28° incidence, which
represent the cases of dominant mirror reflection, mirror equal to abnormal reflection, and dominant abnormal reflection, respectively

the near-field regime (Fig. 1d middle). This selectivity
unlocks advanced wavefront engineering capabilities—
including abnormal-harmonic reflection/refraction, multi-
beam splitting, and multi-channel retroreflection—sur-
passing the limitations of conventional approaches. In
addition, the framework reveals a persistent harmonic
(termed the mirror mode) governed by intrinsic momen-
tum conservation, which resists metasurface manipulation
and strictly adheres to the conventional Snell’s law. Rather
than a limitation, this invariant behavior provides a foun-
dational symmetry for designing multifunctional devices:
deliberate retention of the mirror mode enables complex
multi-channel operations within the same metasurface
platform (multi-channel retroreflection in Fig. 1d right).

According to (2) and (11), the wave vector of the
reflected wave is the sum of the wave vector of the inci-
dent wave and the compensation wave vector of the
metasurface, i.e., Ak; /= kisin®; + (Aky + 2€7/Np). There-
fore, each harmonic corresponds to a reflected wave
vector. The state of each harmonic will change in the
radiative zone and the plasmonic zone with the variation
of the incident angle and the compensation wave vector of
the metasurface (Fig. 2a): When \Ak’} /|/ko <1, the state
of the harmonics is manifested as a radiative state.
Otherwise, the harmonics will be confined as plasmonic
waves in the near field. Notably, in Fig. 2a, color indicates
|Aky + 2m€/Np | [ko — 1, dimensionless; positive values
denote radiative zones, negative values denote plasmonic
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zones. The y-axis unit is ‘1’ since it represents the ratio.
The asymmetry of the color range for £ = 0 arises from the
offset Akj+ 2m€/Np. The relationship between each har-
monic, the incident angle, and the compensation wave
vector is illustrated in Fig. 2b, and the colored areas
represent the radiative zones of each harmonic. It is worth
noting that, generally due to phase wrapping, the phase
coverage of a metasurface over one period is A® = 211, i.e.,
Aky=2m/Np. Therefore, when the order of the spatial
harmonic is ¢£=—1, the condition of radiation
|AK)|/ko <1 can always be satisfied, meaning that the
—1st spatial harmonic will always exist in the radiation
zone. In this case, the phase gradient introduced by the
metasurface cancels out with the periodic characteristic of
the metasurface, and the manipulation of electromagnetic
waves by the entire metasurface conforms to the tradi-
tional Snell’s law, denoted as the mirror mode (i.e.,
kising; = k.sin6,). Therefore, the —1st order spatial har-
monic cannot be manipulated utilizing the periodic gra-
dient metasurface.

The metasurface design strategy follows distinct
parameter-selection criteria depending on functional
purposes:

1. Single-beam manipulation: Achieved by selecting
incident angles and compensating wavevectors
within non-overlapping colored zones (Fig. 2b),
ensuring phase-gradient isolation for unidirectional
wavefront control;

2. Multi-beam operation: Requires parameters from
overlapping colored zones, where coordinated phase
discontinuities enable simultaneous multi-channel
wavefront shaping;

3. Plasmonic excitation: Parameters external to these
zones prioritize near-field momentum matching,
yielding high-efficiency surface wave generation
while suppressing far-field radiation.

For example, at a compensation wave vector of
Ak = 0.8k (dash line in Fig. 2b), the SH-GSL framework
generates five radiative spatial harmonics (£ = —3 to +1)
spanning the incident space (Fig. 2c). This harmonic
diversity enables simultaneous multifunctional operation,
such as a dual-beam splitter and a five-channel retro-
reflector, within a single metasurface platform. Such
multi-channel control—seen as a parasitic interference in
conventional phase-gradient metasurfaces—demonstrates
the framework’s capacity to harness harmonic multiplicity
for unprecedented wavefront engineering.

Analysis and design of meta-atoms

By spatially arranging meta-atoms within the metasur-
face, one can design the phase gradient along the interface
of the metasurface, tailoring the wavefront of the reflected
and refracted waves. To construct metasurfaces to vali-
date the proposed theory, we used the Minkowski loop
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structure as the meta-atom, which offers excellent geo-
metric symmetry, reducing its size while broadening the
operational bandwidth*’, As shown in Fig. 2d, the Min-
kowski loop is placed on a substrate with a thickness of
1.52mm (0.071) and a relative permittivity of
3.48 — 0.013i. A metallic plate on the backside of the
meta-atom enhances reflectivity. The period of the meta-
atom (denoted as p) is set to 4.25 mm. This single-layer
metasurface achieves the desired phase distribution by
adjusting the propagation phases. Additionally, the phase
gradients can be varied by altering the structural para-
meter, L, of the Minkowski loop, as demonstrated in
Fig. 2e. This figure shows the amplitude and phase
response to linearly polarized incidence, with reflectivity
near 1.0 for L values ranging from 1.6 mm to 3.6 mm.
Notably, though the operating frequency of the meta-
surfaces is set at 14 GHz, the meta-atom also provides a
phase coverage of over 2m at frequencies greater than
14 GHz.

At the operating frequency of 14 GHz, the reflectivity
exceeds 0.97, and the phase distribution covers nearly 27
for L values between 1.6 mm and 4.0 mm (Fig. 2f). These
characteristics meet the requirements for the reflective
metasurface design. It is important to note that a full 27
coverage of the reflective phase is not strictly necessary®®,
Based on parameter scanning, four meta-atoms (0°, 90°,
180°, 270°) are selected to construct different metasurfaces
—dual-beam splitting and abnormal-harmonic reflection
with two meta-atoms of 0° and 180°, and three-channel
retroreflection with the four meta-atoms (Fig. 2g). The
selected meta-atoms have L values of 1.60 mm, 2.70 mm,
2.89mm, and 3.17 mm with detailed structural para-
meters listed in Table 1.

Notably, as mentioned above, the mirror reflection
mode associated with £=—1 always exists. Once the
metasurface design is completed, it is essential to evaluate
the proportion of the mirror mode compared to other
spatial harmonics, i.e., to determine whether the mirror
mode is the prevailing one. Taking the metasurface that
uses three spatial harmonics (£ + 1 =0, +1) as an exam-
ple, the spatial harmonics, except for the mirror mode
(¢+1=0), should not exist in free space. Thereby, by
confining other spatial harmonics in the plasmonic zone,

Table 1 Structure parameters of the meta-atom
Parameter letter Parameter size Unit name
425 mm
152 mm
L Parameter sweep mm
w 0.20 mm
Lin 1.50 mm
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it can be derived as follows:

20,
|ko sin 6,] = |(Ak// +N—Z) +kosin0;] > ko, {+1= %1

(13)

According to the different designs of the metasurface
(especially the compensation wave vector and the super-
cell), the corresponding range of incident angle can be
calculated. Within this incident range, the reflected wave
is mainly manifested as the mirror reflection, while the
abnormal reflection is negligible (Fig. 2h). This implies
that the compensating wave vector Ak of the metasurface
is already known and fixed, and it is necessary to calculate
a specific range of incident angles within which the mirror
mode prevails. Furthermore, the influence of the mirror
mode beyond the specified range can be effectively con-
sidered negligible. Detailed analysis can be seen in Sup-
plementary Material S2.

Taking Aky =126k, as an example, simulations are
conducted using COMSOL 6.2, and the mirror mode is
calculated to dominate in the range of ~—15.1° to 15.1°
according to (13). To explore different cases of incidence,
simulations were performed for three incidence angles of
—13°, —16°, and —28°, with far-field patterns shown in
Fig. 2i-k, respectively. At the incident angle of —13°
(within the mirror mode domination, Fig. 2i), the mirror
reflection significantly exceeds the abnormal reflection. At
the incident angle of —16° (approximately the angle
threshold, Fig. 2j), the mirror and abnormal reflections are
nearly equal, marking the boundary of the mirror mode
region. For the incident angle of —28° (beyond the mirror
mode domination, Fig. 2k), the abnormal reflection
dominates, indicating a departure from the mirror mode
region. The energy distribution analysis® of the mirror
mode and other spatial harmonics can be seen in Sup-
plementary Material S1.

Applications based on SH-GSL

We demonstrate the SH-GSL framework through three
functional —metasurfaces—abnormal spatial-harmonic
reflection, multi-beam splitting, and multi-channel ret-
roreflection—constructed using periodically arranged
meta-atoms (Fig. 2g). Note that enhanced spatial har-
monic generation emerges when supercell dimensions
approach the operational wavelength, and we propose the
design of repeating-cell metasurface architectures to fur-
ther amplify high-order harmonics through engineered
phase gradients. For example, we can construct a meta-
surface with a phase gradient of 45° using eight meta-
atoms (0, 7z/4, /2, 31t/4, T, 57/4, 31/2, and 77/4), whose
period is much smaller than the wavelength. We can
design such a metasurface using a repeating-cell meta-
surface composed of four repeating ‘0’ and four repeating
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‘' meta-atoms, which has a period closer to the wave-
length, thereby exhibiting stronger harmonic generation
capabilities. Scalable supercell expansion, achieved by
replicating base meta-atom configurations (constructing a
larger period), enables precise multi-channel wavefront
control while maintaining fabrication simplicity. This
approach establishes a generalized design paradigm for
multifunctional meta-devices requiring the manipulation
of multiple spatial harmonics.

SH-GSL engineered abnormal spatial-harmonic reflection

We design a prototype metasurface comprising peri-
odically arranged ‘0’ and ‘7’ phase meta-atoms (Fig. 1a).
Each supercell integrates two ‘0" and two ‘7’ meta-atoms
with period P =4p (N = 4 meta-atoms, each of period p).
Two same meta-atoms construct a new meta-atom with a
larger period of 2p (2 + 2 repeating supercells). In this
case, the phase gradient of the adjacent larger meta-atoms
changes to 7. In our work, we define the phase gradient
A® relative to the Oth-order spatial harmonic; all other
spatial harmonics inherit their effective phase gradient
(including its sign) based on this A®. To uniquely
determine each spatial harmonic order, we explicitly set
the positive phase gradient direction along the +x direc-
tion. Under this convention, the SH-GSL formalism can
be applied unambiguously to assign each spatial harmonic
and its effective phase gradient. Analogously, we can use
this method to create a repeating-cell metasurface com-
posed of the two kinds of meta-atoms (‘0’ and ‘7’) to form
an arbitrary compensation wave vector. The SH-GSL
framework predicts three radiative spatial harmonics
(6 =—2-0) across the incident space. We calculate and
simulate the reflection angles for each harmonic using
SH-GSL (Fig. S1b), demonstrating precise angular dis-
persion control through harmonic-specific phase engi-
neering (the simulation results at the incidence of 50° are
illustrated in Fig. 3a—c). Besides, the mirror mode dom-
ination can be illustrated in Fig. S1b.

SH-GSL engineered multi-beam splitting

A beam splitter is a common device for dividing an
incident beam into two or more separate beams. We
demonstrate multi-beam splitting in the same incident
plane through harmonic engineering in metasurfaces
under normal illumination. By systematically tuning the
compensation wave vector, multiple spatial harmonics
(€= —3 to +1, except for £ = —1) are selectively activated
via the SH-GSL framework (Fig. 2b). Two distinct con-
figurations are achieved and simulated: Dual-beam split-
ting ( + 39°) using £ = 0 and —2 spatial harmonics through
4+ 4 repeating supercells of alternating ‘0’/'7’ meta-
atoms (Fig. la, simulation results in Fig. 3d—f); Quad-
beam splitting (—57.2°, —24.8°, +-24.8°, +57.2°) via £ = -3,
—2, 0, +1 spatial harmonics in 6 + 6 repeating supercells
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of alternating ‘0’/'7’ meta-atoms (Fig. S2). The energy
distribution of spatial harmonics can be seen in Supple-
mentary Material S1.

This harmonic-selective design establishes a direct
correspondence between meta-atom arrangements (bin-
ary ‘0’/'’ phase elements) and angular dispersion char-
acteristics, enabling predictable multi-channel wavefront
manipulation  beyond  conventional  single-beam
metasurfaces.

SH-GSL engineered multi-channel retroreflection

Retroreflectors are devices that can reflect electro-
magnetic waves along their incident direction with
minimal scattering losses®***°, Utilizing the manipula-
tion of multiple spatial harmonics, the multi-channel
retroreflector can be achieved based on single-layer
metasurfaces, which cannot be explained by GSL. With
the condition of the retroreflection 6;= —0,, the rela-
tionship of an m-channel retroreflector among retro-
reflective angles, compensation wave vector, and spatial
harmonics can be derived as follows:

0, (+1=0
Ak _

F arc51n(2—k0), L+1=1+1
6:(€) =

:Farcsin[%], (+1=zm21

(14)
where

dky 4k
Ak 15
| //|€[m+1’m—1> (15)

Detailed analysis can be seen in Supplementary Mate-
rials S5. In this way, the incident (retroreflective) angles,
the corresponding retroreflective channels, and the har-
monics of the m-channel retroreflector can be calculated
using (14) (Fig. 1d right). Simultaneously, the compensa-
tion wave vector of the m-channel retroreflector can be
selected and designed according to (15).

Notably, while substantial research efforts have been
devoted to investigating geometric-phase-enabled retro-
reflectors through GSL implementations, these estab-
lished paradigms remain persistently constrained to
single-channel retroreflection analyses. In striking con-
trast, our proposed theory fundamentally advances this
field by establishing a systematic framework that accounts
for all multichannel retroreflection characteristics in
metasurfaces utilizing spatial harmonics.

Furthermore, the design purpose of the ‘perfect’ retro-
reflector is presented: for each channel of the multi-
channel retroreflector, only the spatial harmonic, which
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the specific retroreflective mode corresponds to, exists in
this channel to generate pure retroreflections. This means
that the other undesired spatial harmonics do not exist in
the radiation field or are sufficiently suppressed around
the reactive near field. By designing the retroreflective
angle and the compensation wave vector, the state of
spatial harmonics will change in the radiative zone and
the plasmonic zone (Fig. 2a). Assume that retroreflection
occurs in the case of the incident angle of 8;, the order of
the corresponding spatial harmonic is €c0, and the rest
orders are €ouer- In this case, the retroreflective angle can
be denoted as 6;(€,e0) according to (14). Then, the per-
fect retroreflection can be achieved by suppressing
undesired spatial harmonics as surface plasmons around
the reactive near field. This means that V € € {€ # €,etr0} N
{€ = — 1}, the following expression holds:

ko sin 6, = |(£ + 1)Ak;, + ko sin 0;] > ko (16)

To better describe the case of the perfect multi-channel
retroreflection, the method of Logical Multiplication is
adopted here. Assuming that event A occurs under con-
dition B, it can be expressed as P(A | B) =1, otherwise
P(A | B) =0. Therefore, when event A occurs under all
conditions B, C, and D, it can be expressed as

P(A|B) - P(A|C) - P(AID) =1 (17)
where once the event A is invalid under any condition, the
value of (17) is equal to 0.

Accordingly, the expression in (16) can be defined as
event A, and condition B is £ € {£ # l,ero} N {€ 2 — 1}, i€,
{A ={|( +1)Ak;; + ko sin[0;(Lresro)]| > ko} (18)

B = {{#tlieyo N = — 1}

where ¢ € Z, and the condition {£ = —1} is due to the
mirror-reflection mode that always exists. Furthermore,
P(A | B) expressed by (18) could represent whether the
case of the retroreflection corresponding to £ieqo is
perfect or not. Note that, P(A | B) =1 indicates that for
any arbitrary € except for €., the inequality in the event
A holds, i.e., the case of the retroreflection corresponding
to Crewro is perfect; 0 < P(A | B) <1 represents that there
exists at least one spatial harmonic ¢ in the radiation field
resulting in the imperfect retroreflection;
P(A | B)=0 signifies that all spatial harmonics ¢ are
radiated into free space, which leads to the imperfect
retroreflection.

In addition, since each incident angle (retroreflective
angle) 6; corresponds to the specific £-th spatial harmonic,
the order of spatial harmonic can be expressed as a
function of the incident angle, i.e., £(8;). As for the perfect
retroreflector, at the incident angle 6, only £(6;)-th
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harmonic can be retroreflected, and others are suppressed
as surface plasmons. Therefore, the range of the com-
pensation wave vector of the perfect all-channel (m-
channel) retroreflector needs to be satisfied according to
(14) as:

) =1 b

-1
+1 € {0, +1, .., * mz}

o
11 P[An(9§">)|Bn(9§”))]|g<w:9i(w1
oo l

(19)

where 8" = 6,(£") ) can be calculated according to (14).
In summary, the compensation wave vector of the perfect
m-channel retroreflector must be satisfied as:

|Ak)| € [ko, 00) (20)

Detailed discussion can be seen in Supplementary
Materials S5. Notably, for the specific three-channel
design, the additional requirement |Akj|€[ko, 2ko) guar-
antees that exactly one harmonic is radiative at each of the
three incidence angles and all others are evanescent.
Combining with the general perfect m-channel case
|Aky|E[ko, *°)—and assuming lossless elements and an
infinite-array approximation—the incident energy in each
channel is fully redirected back with no parasitic scat-
tering, making the three-channel retroreflector inherently
“perfect.” Therefore, only single and three-channel ret-
roreflectors can achieve perfect retroreflection, whereas a
retroreflector featuring more than three channels cannot
achieve perfect retroreflection.

A perfect three-channel retroreflector (Fig. 1c) and a
five-channel retroreflector (Fig. S5a) are designed and
simulated in this paper. In this case, we select four meta-
atoms with a phase gradient of /2 to construct the
supercell without the need to use the repeating-cell
metasurface. In addition, the metasurface used for the
abnormal-harmonic reflection is also a three-channel
reflector. The five-channel retroreflector still uses the
form of repeating-cell metasurfaces (3 + 3 repeating
supercells of alternating ‘0’/7’ meta-atoms, as shown in
Fig. S5a) to enhance the generation of spatial harmonics.
The results of the three-channel retroreflector and the
five-channel retroreflector are illustrated in Fig. 3g—o and
Fig. S5, respectively. From the far-field pattern, the ret-
roreflection of the three-channel retroreflector is cleaner,
without interference from other spatial harmonics due to
its ‘perfect’ property, while the five-channel retroreflector
is affected by interference from other spatial harmonics.
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Results of experiments

In this paper, a single horn is used to both transmit and
receive electromagnetic waves, providing far-field radia-
tion, which is different from the conventional approach
that uses two horns to calculate the far-field pattern. To
theoretically analyze the far-field radiation of the retro-
reflector, the method for calculating the far-field radiation
is adopted as follows:

S = D(6; — BOretro) - cOs |6 + 6] (21)
where S™! is the real receiving signal, representing the
far-field radiation with a single horn; D() is the directivity
coefficient of the receiving antenna, as described as
follows:

1+ cos 6 sin(koa/2 sin 0)
B 2 koa/2 sin 6

D(6) (22)

where a is the aperture of the receiving antenna. (Detailed
analysis can be seen in Supplementary Materials S7).

The metasurfaces mentioned above are fabricated using
Printed Circuit Board (PCB) technology (Fig. 4g: 56 x 56
meta-atoms for abnormal harmonics reflection, Fig. 4k:
56 x 56 meta-atoms for dual-beam splitter, and Fig. 4o:
40 x 40 meta-atoms for three-channel retroreflector).

SH-GSL engineered abnormal spatial-harmonic reflection

We implement two experimental configurations (Fig.
4a, c) to overcome angular measurement constraints
imposed by the turntable’s blind area (Fig. 4b). The
metasurface is fixed on the vertical back plate of a turn-
table, with non-metasurface areas covered in absorbing
material. The experiment is conducted in an anechoic
chamber to minimize electromagnetic interference. The
first single static configuration measures reflection coef-
ficients (S;;), while the second dual static captures
transmission-derived far-field patterns (S,;) (Fig. 4e),
where S;; maxima correspond to dominant harmonic
reflection angles (Fig. S3). To resolve retroreflection
obscured by the blind area, we combine the angular data
of Sy; with S;; (Fig. 4h). Due to efficient retroreflection, a
standing wave forms between the transmitting horn and
the metasurface, as depicted in Fig. 4d. To ensure max-
imum reception, the transmitting horn is positioned at the
peak of the standing wave.

The metasurface exhibits three radiative spatial har-
monics (£ = —2, —1, and 0), with experimental reflection
angles (symbols: rectangles, squares, and circles) showing
small deviation (< 5°) from numerical simulations (solid
lines). This agreement validates the SH-GSL framework’s
predictive accuracy for harmonic-specific angular disper-
sion. Notably, the observed mirror-mode dominance
range (—16° to 46°, approximately) aligns with theoretical
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(see figure on previous page)

Fig. 4 Schematic diagram of the experiments and experimental results. a The schematic of the dual static experiment for S,;. The metasurface
or the metal plate is placed on the turntable, and the two horns are used to obtain S,;. b The illustration of the blind area between two horns due to
the support arms. ¢ The schematic of the single static experiment for S;;. The metasurface or the metal plate is placed on the turntable, and the
single horn is used to obtain Sy;. d The illustration of the traveling standing wave resulting from the highly efficient retroreflection. The schematics of
the measurement of the abnormal-harmonic reflection (e), dual-beam splitting (i), and three-channel retroreflection (m). The photos of the actual
experimental scenes (f the abnormal-harmonic reflection, j dual-beam splitting, and n three-channel retroreflection). The fabricated metasurfaces for
the abnormal-harmonic reflection (g), dual-beam splitting (k), and three-channel retroreflection (o). h The comparison of results for the abnormal
harmonics reflection (solid lines represent theoretical results, and the circle, square, and triangle represent experimental results). | The comparing
results for the beam splitter (solid lines represent theoretical results, and the triangle represents experimental results). p The comparing results for the
three-channel retroreflector (solid lines represent theoretical results, dashed lines represent simulation results, and the triangle represents
experimental results). In retroreflection, the energy distributions of different spatial harmonics under d —39°, e 39°, and f 0° incidence, respectively.
The results of the far-field radiation under q —39°, r 39°, and s 0° incidence, and the inserts represent the energy distributions of different spatial

harmonics (Oth, —1st, —2nd), respectively

Table 2 The maximum efficiency for each harmonic

Incident angle —70° —65° —60°
Efficiency 11.48% 24.43% 38.90%
Incident angle —25° —-20° —-10°
Efficiency 64.56% 45.70% 47.86%
Incident angle 30° 40° 50°
Efficiency 7943% retro. range 74.13%

—55° —50° —40° —-30°
58.88% 77.62% retro. range 7942%
0° 10° 20° 25°
retro. range 52.48% 61.65% 72.44%
55° 60° 65° 70°
69.18% 58.21% 36.39% 22.90%

analysis (—15.1° to +15.1°). Minor discrepancies between
experimental and simulated results arise from fabrication
tolerances in meta-atom dimensions and experimental
uncertainties in angular alignment. We compute conver-
sion efficiencies by normalizing the anomalous-reflected
power in each harmonic channel to the reference metal
reflection under normal incidence (S;; = — 13.8 dB).

The maximum efficiency for each harmonic occurs at
its design incident angle and declines for off-design
angles, as shown in Table 2. This confirms that the
metasurface not only directs the reflected beam to the
intended angles but also does so with high efficiency at
those angles (reflection efficiency >50% within +55°), and
the reflection efficiency is correlated with the proportion
of harmonic energy.

SH-GSL engineered dual-beam splitting

We characterize the metasurface’s far-field response
using a dual-horn antenna configuration (Fig. 4c): one
antenna fixed at 0° illuminates normally the sample, while
the receiver rotates from —80° to +80° to map angular
scattering (Fig. 4i). Figure 41 compares simulated (solid
blue curve) and experimental (discrete red squares)
angular dispersion, revealing weaker mirror reflection at
0° and close agreement with small deviation (<3°) in
beam-splitting angles (measured: 39°, 41°% simulated:
39°+0.5°). This quantitative alignment validates the SH-
GSL framework’s predictive accuracy for harmonic-driven
beam steering, while minor discrepancies likely arise from

fabrication tolerances and near-field coupling effects
unaccounted for in simulations.

For the dual-beam splitter, normalized to a metal
reference (S;; = — 13.8 dB), the two beams at +39° achieve
efficiencies of 44.67% and 35.48%, respectively, for a
combined efficiency of 80.15%. This high total conversion
confirms the effectiveness of the design.

SH-GSL engineered three-channel retroreflection

To evaluate the performance of the three-channel ret-
roreflector, we conducted three experiments to measure
the retroreflective angles, the perfect characteristics, and
the efficiency of retroreflection.

In the first experiment, the far-field radiation perfor-
mance of the retroreflector at different retroreflective
angles is measured. As shown in Fig. 4c, a single horn,
fixed to the rotating arm, serves as both the transmitting
source and the receiver for reflected signals. The rotating
horn illuminates the metasurface from various angles and
scans across the retroreflective angles (Fig. 4m). The far-
field radiation results demonstrate retroreflection at three
distinct angles (Fig. 4p). The measured retroreflective
angles (red rectangle) are approximately +38° and 0°,
which align with the theoretical (blue solid lines) and
simulated (yellow dash lines) predictions. The dis-
crepancies arise from the limitations in processing accu-
racy and experimental measurements.

The second experiment further verifies the perfect
characteristics of the retroreflector. Figure 4a illustrates
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Table 3 Retroreflective performance comparison
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Ref. Operating frequency Polarization Configuration Efficiency Maximum retro. angle
32 Visible-NIR Polarization insensitive Bulky 77.5% uncoated63.6% coated near 0°

37 Near-IR (1550 nm) Linear polarization Cascaded 78% at normal incidence 25°efficiency 50%

4 8-10 GHz Circular polarization Single layer 80% 145°

This work 14 GHz Linear polarization Single layer 99.08% 39°

the experimental setup, where one horn is fixed to
transmit at the retroreflective angle, and the other is
rotated to receive the reflected signal at different posi-
tions. The metasurface is again placed vertically on the
turntable. As seen in the inserts of Fig. 4q, s, apart from
the mirror mode of —1st harmonic, only the corre-
sponding harmonics are reflected into free space, with the
mirror mode radiating much less energy. When retro-
reflected at the mirror mode, other spatial harmonics are
suppressed, as shown in the insert of Fig. 4s. Figure 4q—s
demonstrates that nearly no reflected signal is received at
other positions, confirming the absence of undesired
spatial harmonics in free space. It should be noted that
certain angles cannot be measured due to the blind angle
between the two arm supports, as shown in Fig. 4b. In
these cases, the far-field pattern within the blind angle is
replaced by the far-field radiation obtained from the single
horn.

In the third experiment, a metal plate replaces the
metasurface to assess the retroreflector’s efficiency. We
quantify multi-channel retroreflection using a dual-horn
antenna configuration (Fig. 4a), measuring transmission
coefficients (S,;) at three critical angles—Metasurface:
~16.92dB (—38°), —18.61dB (+38°), —16.98dB (0°);
Metal plate: —16.88dB (—38°), —17.81dB (+38°),
—15.5dB (0°). The metasurface’s retroreflective efficiency
closely matches the metal plate (<2.1dB variation),
demonstrating high-efficiency multi-channel retro-
reflection. The metasurface achieves retroreflection effi-
ciencies of 99.08% (—38°), 83.18% (+38°), and 71.12% (0°),
demonstrating high-efficiency multi-channel retro-
reflection across multiple angular channels. Notably, the
angular dependence of retroreflection efficiency arises
from distinct harmonic coupling mechanisms: Peak effi-
ciency at —38° corresponds to excitation of the funda-
mental harmonic (£=0), optimized by momentum
conservation in the radiative regime; Reduced efficiency at
+38° results from —2nd spatial harmonic dominance, as a
higher-order mode naturally exhibiting lower radiative
efficiency compared to the fundamental harmonic; Effi-
ciency dip at 0° results from parasitic surface wave exci-
tation (Fig. S8), where part of incident energy converts to
plasmonic modes rather than retroreflection. The per-
formance comparison of some existing retroreflectors is

presented in Table 3, demonstrating the advantages of our
design of the three-channel retroreflector, including
extremely high retroreflective efficiency, a large retro-
reflective angle, and a structure that is ultrathin and
single-layer.

The bandwidth analysis of the dual-beam splitter and
three-channel retroreflector can be found in Supple-
mentary Material S3. This angular-specific performance,
achieved through harmonic-selective phase engineering,
validates the SH-GSL framework’s capability for simul-
taneous multi-channel retroreflection control—a critical
advance for compact beam-routing systems.

Discussion

The proposed spatial harmonic-expanded generalized
Snell’s law (SH-GSL) fundamentally redefines metasurface
engineering by unifying GSL with Floquet periodicity,
thereby bridging the critical gap between harmonic
dynamics and practical device design. Traditional GSL
frameworks, constrained by their focus on the funda-
mental harmonic, inherently limit metasurfaces to single-
channel functionalities. By contrast, SH-GSL introduces a
deterministic framework that treats spatial harmonics as
independent degrees of freedom, enabling simultaneous
multi-channel wavefront manipulation. Unlike conven-
tional metagratings that typically target a single diffraction
order through sparse scatterer arrangements, SH-GSL
analytically leverages periodic phase-gradient meta-
surfaces to fold the incident momentum into multiple
discrete spatial harmonics, enabling systematic multi-
channel functions (e.g., three-channel retroreflection,
multi-beam splitting) with high efficiency. Compared to
holographic metasurfaces relying on iterative optimiza-
tion of phase profiles for farfield pattern reconstruction,
SH-GSL provides direct analytic design rules based on
compensation wavevector and Floquet expansion, sim-
plifying design and offering clear criteria for harmonic
excitation or suppression. Additionally, SH-GSL naturally
unifies far-field control and near-field surface-wave exci-
tation in one Floquet-harmonic perspective, a capability
less explored in prior works. This paradigm shift is vali-
dated through three experimentally demonstrated appli-
cations—Floquet-engineered abnormal spatial-harmonic
reflection, Floquet-engineered multi-beam splitting, and
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Floquet-engineered multi-channel retroreflection—which
collectively showcase unprecedented control over
harmonic-specific angular dispersion and efficiency.

While the three illustrative cases presented in this study
empirically demonstrate the validity of the proposed SH-
GSL, it is crucial to emphasize that the theory’s applica-
tion scope extends substantially beyond these specific
instances. The foundational principles and methodologi-
cal constructs embedded within this theoretical model
possess inherent generalizability, enabling their adapta-
tion to diverse design scenarios across multiple domains.

A key distinction of SH-GSL lies in its decoupling of
harmonic dynamics from meta-atom complexity. Unlike
conventional approaches relying on multi-resonant meta-
atoms or heuristic optimization, our framework estab-
lishes harmonic properties as a direct consequence of
global periodicity and phase symmetry. This insight aligns
with recent advances in Floquet-engineered metasurfaces
but extends their scope by introducing a compensation
wavevector principle that analytically links harmonic
excitation to incident conditions. For instance, the three-
channel retroreflector achieves up to 99% efficiency by
selectively exciting desired harmonics while suppressing
undesired modes to the near field, a feat unattainable
through traditional grating-based designs. Such perfor-
mance underscores the framework’s ability to harmonize
momentum-space physics with real-world device
constraints.

The experimental results reveal minor deviations
between theoretical predictions and measured angles (e.g.,
+38° vs. simulated +39°), attributable to fabrication tol-
erances and near-field coupling effects. These dis-
crepancies highlight the importance of refining meta-
atom design to mitigate parasitic interactions, particularly
for higher-order harmonics. Furthermore, while SH-GSL
enables perfect retroreflection for three channels,
extending this to higher channel counts remains chal-
lenging due to intrinsic momentum conservation con-
straints. This limitation suggests a trade-off between
channel multiplicity and harmonic purity, necessitating
future exploration of hybrid designs combining SH-GSL
with dynamic tuning mechanisms. SH-GSL opens trans-
formative avenues for applications demanding multi-
channel parallelism. In next-generation communications,
ultra-dense beamforming could exploit harmonics as
orthogonal data carriers, vastly improving spectral effi-
ciency. The SH-GSL framework—folding a linear phase
gradient into discrete spatial harmonics via Floquet ana-
lysis—relies only on the metasurface providing prescribed
phase shifts across a supercell. As a momentum-space
formalism, it is frequency-agnostic in principle: one can
apply the same design rules for Akj and supercell period at
optical or other bands. However, practical implementa-
tion must consider material dispersion, losses, and
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nanofabrication constraints unique to each frequency
range.

In conclusion, SH-GSL transcends the conventional
trial-and-error paradigm, offering a physics-driven road-
map for metasurface innovation. By conceptualizing spa-
tial harmonics as manipulable resources rather than
parasitic interference, this work establishes a universal
foundation for advanced wavefront engineering, poised
for breakthroughs across ultra-dense beamforming, sen-
sing, and meta-photonics through harmonic-division
multiplexing.

Methods
Negative phase gradient

A negative phase gradient means the phase decreases
along the +x direction (assuming the phase gradient
along the +x direction), corresponding to a reversed
direction of in-plane momentum compensation. In Flo-
quet terms, this simply flips the sign of the momentum
increment G =2n/P, so that modes labeled by ¢ shift
accordingly: e.g., what was £ + 1=+1 for a positive
gradient becomes € + 1= —1 for the reversed case, etc.
Since the mirror mode is defined by ¢ + 1=0, the
equivalent phase gradient of this mode is unsigned, so
whether the phase gradient is positive or negative does
not affect the order definition of this spatial harmonic.

Numerical simulation

All numerical simulations are performed using the
Frequency Domain Solver, which employs the Finite
Element Method within COMSOL. To calculate the
phase-amplitude properties of meta-atoms, the meta-
atom is modeled with Floquet periodic boundary condi-
tions in both the x and y directions. First, by sweeping the
range of the frequency from 4 to 24 GHz, the properties of
meta-atoms are obtained in the broad frequency range.
Then, the designed frequency is selected, where the phase
coverage is satisfied around 2. Finally, four meta-atoms
are selected to satisfy the phase gradient of /2.

To calculate the electromagnetic response of three
metasurfaces, each metasurface with an elaborate
arrangement of the meta-atoms under periodic boundary
conditions is simulated in both the x and y directions.
According to the functionality of each metasurface
(abnormal reflection, beam splitting, and retroreflection),
the incident plane waves are illuminated on the meta-
surface. The distributions of the reflective electric fields
are obtained by using the relative electric field. Moreover,
the far-field patterns are calculated by setting the Far-
Field Domain above the metasurface.

Design rationale for selecting phase gradient
We note that each meta-atom in the supercell provides
a distinct phase shift to the incident wave. By arranging
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these meta-atoms in a linear phase sequence (i.e., imple-
menting a constant phase gradient), the metasurface array
acquires a compensation wavevector determined by the
phase distribution A®, the period p, and the operating
frequency fo. Under the proposed SH-GSL framework, for
a given compensation wavevector and incidence angle,
different spatial-harmonic orders exhibit distinct radiative
or localized behavior, each with a uniquely determined
far-field radiation angle. Therefore, the phase distribution
of the meta-atoms in the gradient metasurface directly
determines the compensation wave vector of the meta-
surface, thereby controlling the behavior of different
spatial harmonics in the farfield (reflective angles) under
different incident angles.

The selection of phase gradient (e.g., 77/2) is not arbitrary
but is rigorously tied to the desired functionality. As shown
in Fig. 2b, different transverse compensation wave vectors
Ak correspond to the selection of radiation spatial har-
monics, where Ak is closely related to the phase gradient
(Aky = AD/Ax = Ap/p, Ap is the phase difference between
adjacent meta-atoms, p is the period of the meta-atom).

In the case of the designed three-channel retroreflection,
to reduce the effect of the undesired spatial harmonics,
only three spatial harmonics (—2nd, —1st, and Oth) are
utilized to radiate into free space for “perfect” three-
channel retroreflection. Therefore, a transverse compen-
sation wave vector Ak > ko needs to be provided through
the designed metasurface, and the phase difference /2
between adjacent meta-atoms (the period of the meta-
atom is p=4.25mm, Akj=~1.26k;) exactly meets this
demand. According to the proposed SH-GSL, the retro-
reflective angles corresponding to spatial harmonics can be
calculated as (—39°, Oth), (+39°, —2nd), and (0°, —1st).

In the case of the designed beam splitter, after deter-
mining the designed angle of incidence (e.g., 0°), the trans-
verse compensation wave vector can be designed according
to the desired number of split beams. Under normal inci-
dence, dual-beam splitting can be achieved utilizing two
spatial harmonics (Oth and —2nd); quad-beam splitting can
be achieved utilizing four spatial harmonics (—3rd, —2nd,
Oth, and 1st). With the designed period of the meta-atom
p =4.25 mm, the phase difference /4 (Akj = 0.63k;) and 7/
6 (Akj =~ 0.42k,) exactly meet the demands of the dual-beam
splitting and quad-beam splitting, respectively.

The proposed SH-GSL is a general design theory for
gradient metasurfaces, with the selection of the phase
gradient depending on the parameters of the meta-atoms
(e.g., the period of the meta-atom) and the desired func-
tionalities (e.g., the angles of the incidence and the
reflection/transmission).

Design rationale for choosing repeating-cell metasurface
The SH-GSL we proposed aims to fully utilize spatial
harmonics. With consideration of multi-channel (i.e.,
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multi-harmonic) functionalities, the excitation of high-
order spatial harmonics is involved: the more channels are
desired, the higher-order spatial harmonics that need to
be excited. Therefore, we need the metasurface to be able
to excite spatial harmonics as much as possible. The
design principle of repeating-cell metasurface: the larger
the phase gradient between adjacent meta-atoms, the
stronger the nonlocal effect, and the more capable it is of
stimulating spatial harmonics. By using two meta-atoms,
the phase gradient between them is 7, and the nonlocal
effect is significantly stronger. The repeated arrangement
is to construct different phase gradients: for example, the
repeating-cell arrangement of 242 (two repeating ‘0’
meta-atoms and two repeating ‘77’ meta-atoms in one
supercell) can be regarded as 27/4, ie., the phase differ-
ence of 77/2; the repeating-cell arrangement of 4 + 4 (four
repeating ‘0’ meta-atoms and four repeating ‘7’ meta-
atoms in one supercell) can be regarded as 27/8, i.e., the
phase difference of n/4. In this case, each N, repeated
meta-atom forms a larger unit (the period of the larger
unit is P, = N,p) whose reflection/transmission phase is
consistent with each meta-atom. In this way, we can
construct metasurfaces with different phase gradients
using only these two meta-atoms (Aky = Ag/p = /P, = n/
N,p), and enhance nonlocal effects as well as the excita-
tion of spatial harmonics.

Experimental setup

Firstly, the metasurfaces mentioned above are fabricated
using Printed Circuit Board (PCB) technology (56 x 56
meta-atoms for abnormal harmonics reflection, 56 x 56
meta-atoms for dual-beam splitter, 40 x 40 meta-atoms
for three-channel retroreflector). Then, the metasurface
sample is fixed vertically on the turntable, and the non-
metasurface area is covered with absorbing materials.
Note that all experiments are performed in the anechoic
chamber.

In the first experiment, a single horn is fixed on the
rotating arm as a wave source to illuminate the meta-
surface and receive the reflected signal at the same time.
Subsequently, the data of S;; can be obtained by rotating
the horn from —60° to 60°. Note that due to the existence
of highly efficient retroreflection, a traveling standing
wave is formed between the transmitting horn and the
metasurface. Therefore, the transmitting horn needs to be
placed at the peak of the standing wave to ensure the
highest amplitude reception.

In the second experiment, two horns are fixed on the
rotating arms to transmit the incident wave and receive
the reflected wave, respectively. Fixing one horn at ret-
roreflective angles (—39°, 0°, and 39°), the data of Sy; can
be obtained by rotating another horn from 90° to —90".
Note that the reflection conditions at some angles cannot
be measured due to the blind angle between the two arm
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supports. Here, the far-field pattern in the range of blind
angle is replaced by the far-field radiation obtained by the
single horn.

In the third experiment, the metasurface is replaced
with a metal plate, and the non-metasurface area is still
covered with absorbing materials, ensuring the area of
absorbing materials is constant. Fixing one horn at ret-
roreflective angles (—39° and 39°), the data of Sy; can be
obtained by fixing another horn at mirror positions (39°
and —39°), and the data of S;; is obtained at 0° by one
horn. Considering these data as the total energy of the
transmitted signal, the efficiency of retroreflection can be
calculated.
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