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Realizing Generalized Brewster Effect by Generalized Kerker Effect
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A simple and universal design principle to realize the generalized Brewster effect (GBE) is proposed.
Based on the generalized Kerker effect (GKE), we can realize the GBE for arbitrary polarizations, any
incident angles, and any frequencies on the traditional dielectric interface by the destructive interference
of various of multipoles. An adjustable metallic meta-surface has been designed to achieve this effect
experimentally in the microwave band. By adjusting the suspension height of meta-surfaces above the
interface, the incident angles and frequency corresponding to the GBE can be modulated easily. For the
two different polarized incident waves, the GBE can be realized at the same frequency and same incident
angle, which shows the validity of the GKE. This design principle opens the door for realizing tunable

GBE devices that can be applied in many scenarios.
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I. INTRODUCTION

In the 1810s, Brewster [1] found a phenomenon that
p-polarized light (that is, the electric field vector paral-
lel to incident plane) will vanish in reflected light when
unpolarized light impinges onto a homogenous isotropic
nonmagnetic dielectric interface with a specific incident
angle which is known as Brewster’s angle (BA) 6p. In
fact, based on the Fresnel principle, s-polarized light (that
is, the electric field vector is perpendicular to the incident
plane) can also vanish in reflected light when it impinges
onto a magnetic material (u, # 1) interface [2]. How-
ever, the magnetic materials are all in the microwave band
and have strong absorption. To realize tunable magnetic
responses with low absorption, metamaterials have been
proposed [3—12]. The most amazing thing is that people
can subtly design meta-atoms that have multiple degrees
of freedom to adjust relative permittivity ¢, or relative per-
meability u, of metamaterials. According to complex elec-
tromagnetic responses of metamaterials, researchers have
proved the existence of the Brewster effect of s-polarized
electromagnetic waves in many different systems [13—17].
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In addition, researchers have also designed anisotropic and
bianisotropic metamaterials that realize the Brewster effect
for both s and p polarization [18,19]. Researchers called
this phenomenon which s and p polarization with no reflec-
tion on the interfaces at specific angles as the generalized
Brewster effect (GBE) [20—24], and the specific incident
angle is known as the generalized Brewster angle (GBA).
Recently, as a kind of ultrathin metamaterial, meta-
surfaces have attracted increased attention owing to their
broad application prospects [11,25-32]. The GBE has
also been realized in meta-surface systems [33—36]. In
Ref. [22], based on the classical Kerker effect (CKE),
the authors proved the GBE of a Si sphere meta-surface
theoretically and experimentally. This brought attention
to the GBE designed by the CKE which have a broader
range of applications, such as cavity mirrors, amplitude
and phase modulators [23,37], Brewster angle microscopes
[38], and surface physics [39]. As is well known, the
CKE only includes the interference of the electric dipole
and magnetic dipole [40]. Definitely, almost all previous
works have shown that both electric and magnetic mul-
tipolar responses in the metamaterials or meta-surfaces
themselves are really indispensable for realizing the GBE.
How the GBE can be realized at the same frequency and
same incident angle for the two different polarized incident
waves has hardly ever been studied. Recently, researchers
have proposed that the generalized Kerker effect includes
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omnidirectional interference of all low or high multipo-
lar components which are not limited to electromagnetic
couplings [41]. This leads us to ask: to realize the GBE,
are both electric and magnetic multipolar responses in
the structures really essential? Can the structures which
have either electric or magnetic responses realize the dual-
polarized GBE for the same frequency and incident angle
simply by the GKE?

In this paper, based on the GKE, we propose a uni-
versal design method that is not just restricted by both
electric and magnetic multipolar responses in structures to
realize an arbitrary tunable GBE. First, we show that the
reflection on the interface can be equivalent to the radia-
tion of an infinite-dipole phased array. Then, for realizing
an s-polarized GBE, we add an artificial adjustable either
electric or magnetic dipole array to realize a destructive
interference with the equivalent dipole array on the inter-
face at any inspired direction. For realizing a p-polarized
GBE, we can also use a similar electric or magnetic dipole
array to cancel the reflected wave at any inspired direc-
tion, or we can use intrinsic classical Brewster effect (CBE)
which is determined by the difference of relative permit-
tivity for the two kinds of medium. For the simultaneous
realization of an s- and p-polarized GBE, we can combine
the above modulated methods of two polarizations through
a two-layer array with orthogonal resonances, that is, the
radiation from the artificial dipole array we add can just
interfere with the single-polarized reflected wave. In prin-
ciple, by analyzing and adjusting the total far-field radiated
situations in one unit cell, the condition of the GKE which
is unrelated to incident polarizations can be satisfied in any
desired direction and frequency by adjusting the suspen-
sion height above the interface of the dipole array we add.
We have designed several kinds of metallic meta-surfaces
to demonstrate our theory in the microwave band. We have
fabricated the designed structures on top of a dielectric
trapezoidal prism with a pyramid-array antireflection slab,
and measured the reflected property through a microwave
tested system. The structures are compact and have a low
profile. The experimental results, which agree well with
the simulation, show that: for s polarization, we can realize
the GBE in almost all incident angles (6 = 10° ~ 85°) and
incident planes (¢ = 0°-90°) by adjusting the suspension
height from 1.1 to 4.7 mm (lower than half of the cen-
ter wavelength); for s- and p-polarization, we can realize
the GBE at incident angles 6§ = 20°—60° by adjusting sus-
pension height from 1.2 to 6.5 mm (smaller than half of
the center wavelength basically). It is noted that the inci-
dent angle and frequency of realization of the GBE can
be modulated easily at any time, rather than adjusting the
geometric parameters and so on which may force designers
to refabricate samples. It is shown that our design method
really has potential for the realization of easy-to-integrate
tunable GBE devices.

I1. DESIGN PRINCIPLE AND METHOD BASED
ON THE GENERALIZED KERKER EFFECT

As shown in Figs. 1(a) and 1(d), an s- or p-polarized
plane wave impinges onto medium 2 (&, # 1, u,, = 1) from
medium 1 (in this work it is air, &, = 1,u, = 1) at an
angle. The traditional interpretation of the BA is that an
incident plane electromagnetic wave can excite equivalent
electric dipoles whose vibrated direction is the same as
the incident electric field direction on the interface. For
a p-polarized plane wave, when the vibrated direction of
these equivalent electric dipoles (as shown in Fig. 1(d),
red double-sided arrows) in the incident plane are the same
as the reflected direction, there is no reflection because
of zero radiation of the electric dipole array in this direc-
tion, which is called the CBE. However, for an s-polarized
plane wave, because the vibrated direction of equivalent
electric dipoles (as shown in Fig. 1(a), red cross-circle) is
always perpendicular to the incident plane, the radiation is
never zero in any direction, which is a result of no CBE
being generated. In fact, based on Huygens’ principle and
infinite plane phased array theory, we can equate reflec-
tion and refraction of the plane wave with the radiation
of an infinite discrete electric dipole phased array which
is located on the interface [22,42,43] (the details are pre-
sented in Appendix A). It is worth noting that the refraction
in dielectric can also be described through the radiation of
an infinite dipolar phased array [44]. However, the related
radiated patterns are not shown, because this work only
discusses the situations in space above the interface.

The aforementioned contents inspired the idea that per-
haps we can add artificial structures which can be equiva-
lent to multipolar components to have a destructive inter-
ference with the equivalent dipoles on the interface. In
general, the basic models which are shown in Fig. 1 can
be summarized by two different situations. The first sit-
uation, shown in Figs. 1(b) and 1(c), is the s-polarized
GBE. The other situation, shown in Figs. 1(e) and 1(f), is
the p-polarized GBE. Apparently, the s- and p-polarized
GBEs can both be realized by adding artificial structures.
Thus, this indicates that the dual-polarized GBE can be
realized by combining the two different situations. The pre-
vious works often combined the setups shown in Figs. 1(c)
and 1(e) to realize a dual-polarized GBE. These artifi-
cial structures themselves have simultaneous electric and
magnetic dipole responses no matter what the incident
polarization is. The interference of electric and magnetic
dipoles has been called the CKE. In general, based on the
GKE, our methods are that we can combine more situa-
tions, such as those shown in Figs. 1(b) and 1(d), Figs. 1(c)
and 1(f), and so on, which include all potential possibil-
ities. It is noted that the example of a p-polarized CBE
as shown in Fig. 1(d) can also be combined with another
s-polarized situation to realize the dual-polarized GBE.
The suspension height of structures above the interface
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The equivalent dipole models and interference models which can realize the GBE of arbitrary polarization based on the

GKE. The red cross-circles and double-sided arrows represent equivalent electric dipoles, and the blue symbols represent equivalent
magnetic dipoles. Dipoles suspended above the interface height /g,, come from the structures we add, and dipoles on the interface
come from equivalence of the reflection and refraction waves. (a) The s-polarized plane wave impinges onto medium 2 at an angle. The
representations of equivalent electric dipoles which vibrate in the same direction as incident electric fields. (d) There is no reflection
when a p-polarized plane wave impinges onto medium 2 at angle 6g. (b),(c) The incidence of the s-polarized electromagnetic wave
and (e),(f) the incidence of the p-polarized electromagnetic wave. The patterns in the five insets which all have a zero point in the
reflection direction represent the total radiation patterns of dipoles in one unit cell, respectively.

can be adjusted to modulate the GBE. To realize the dual-
polarized GBE at the same angle and same frequency, the
most important premise is that the electric and magnetic
responses of the structures we add are independent and
adjustable, respectively, for different polarizations.

Next, we give a specific analysis to illustrate our meth-
ods based on the GKE as an example. Thanks to the radi-
ation pattern multiplication principle of an infinite phased
array [22,45,46], an important and convenient way we can
use is that zero in the reflection direction of the total radia-
tion far-field of all multipolar components in each unit cell
can give rise to zero radiation of the entire phased array in
this direction. In other words, we can design the relative
magnitude and phase of all multipolar components in one
unit cell to realize GBE conveniently.

A simple generalized total electric far-field in one unit
cell can be expressed [44] as

n
Etotal — Ee ZEadd

i=1

(1)

where E*@ s the total radiated electric far field in one unit
cell, E®® is the radiated electric far-field of the equivalent
dipole on the interface, and Y7, E*! is the total radiated
electric far-field of the structures we add.

Now we choose the situation in Fig. 1(c) to obtain the
expressions when the GBE is realized by Eq. (1). The total
electric radiated far-field in the reflection direction can be
obtained from the sum of Egs. (C1) and (C2):
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where 6; is the incident angle. According to the condition
of the GKE, that is, E{'|g—, = 0, we can obtain
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In Eq. (3), m2%/p;}" can be a function of Agyp, 6, and fre-
quency. In words, for the GBE which we want to realize at
one incident angle 6;, we can adjust Ag,, to satisfy Eq. (3)
(the specific discussions are presented in Appendix B) as
shown in Fig. 1(c). The insets in Figs. 1(b), 1(d), and 1(f)
can also validate our methods (the details of other exam-
ples are shown in Appendix C). In general, it is worth
noting that the artificial dipole components which are
shown in Figs. 1(b)-1(f) can be replaced to satisfy the
condition of the GKE by other more multipolar compo-
nents, such as dipoles with different vibrated directions,
higher-order multipolar components, and so on.

III. META-SURFACE STRUCTURES AND
NUMERICAL RESULTS

In this section, using the combinations of Figs. 1(c)
and 1(d), and Figs. 1(c) and 1(f), we have designed meta-
surface structures to realize the GBE. To validate the
principle we have proposed, we demonstrate the modu-
lated ability of suspension height of structures for different
incident angles and polarizations.

A. Individual modulations of an s-polarized incident
electromagnetic wave

As shown in Fig. 2(a), the shape of the metallic struc-
ture we designed resembles a letter “S.” The whole array
is arranged in a square lattice of period p suspended in
air above the interface height 4,,, as shown in Fig. 2(b).
All relevant parameters are listed in Table 1. To reduce
the influence of absorption from materials, simulations and
experiments for all structures in this work are achieved
in the millimeter wave band. In the state of absence of
structures, when the p-polarized plane wave impinges onto
the dielectric interface (¢, = 3.5, u, = 1) from air, the
BA is 03 &~ 62°. After adding this structure, as shown in
Fig. 2(c), when the s-polarized plane wave impinges at an
angle 6 = 62°, the GBE will be realized at different fre-
quencies for all incident planes (¢ = 0° ~ 90°). As shown
in Fig. 2(d), when the p-polarized plane wave impinges at
the same incident angle 6 = 62°, it is pretty obvious that
reflectance at any frequencies for all incident planes is very
close to zero. Next, as shown in Fig. 2(e), for three fre-
quencies (fo—oc = 28.5 GHz, f,—45- = 28.9 GHz, f,—900 =
29.25 GHz), s- and p-polarized GBAs are nearly equal in
three incident planes (¢ = 0°,45°,90°, respectively).

To analyze the multipolar components excited by the
incident wave when the GBE was realized, first we extract
the volume electric current density of the S ring in one
unit cell at ¢ = 0°, 0 = 62°, f = 28.5 GHz [brown cir-
cle in Fig. 2(e)]. The first part of Fig. 2(f) shows that when
the s-polarized plane wave impinges, based on the right-
hand rule, the electric current density of the S ring rotates
in the same direction (see the lilac arrows in this figure)
around centers of the two half-rings, respectively, resulting

in a superposed induced magnetic field of the two half-
rings that can be equivalent to a strong magnetic dipole.
However, the strength of electric dipoles is very weak
because of the reverse direction of the electric current den-
sity. Thus, the total multipolar component of this structure
in the s-polarized situation is an almost magnetic dipole
along the z axis direction. The second part of Fig. 2(f)
shows that, when the p-polarized plane wave impinges,
the electric current density of the S ring rotates in the
reverse direction (lilac arrows) around centers of the two
half-rings, respectively, resulting in a counteracted induced
magnetic field of the two half-rings that can be equivalent
to a weak magnetic dipole. Owing to the weak electric cur-
rent density, the electric dipole components are also weak.
In the p-polarized situation, every multipole components
of this structure are very weak, corresponding to the struc-
ture hardly responding for the incidence of the p-polarized
wave. This explains that the GBE can be realized at any
frequency for all incident planes when the incident angle
is 0 = 62° as shown in Fig. 2(d). In Fig. 2(g), the radiation
pattern of each equivalent multipole component in one unit
cell was analyzed on the basis of the volume electric cur-
rent density of the S ring as shown in the first schematic
of Fig. 2(f) [12,47-49]. Apparently, there is a zero point
along the reflected direction (dashed line arrow, 8 = 62°).

In fact, the adjustments of /,, definitely modulate mul-
tipolar components of structures above the interface [50].
As theoretical proofs in Sec. II and Appendix B, we show
that the magnitude and phase of the multipolar components
which are needed to realize the GBE are quite relevant to
hgap. The s-polarized GBA can be modulated when adjust-
ing suspension height /g, of the structure. For example,
the four curves correspond to different GBAs which are
Ogs = 10°,35°,60°, and 85°, respectively, as shown in
Fig. 3(a). It can be seen that the adjustable range of the
GBA is very wide. Figure 3(b) shows that there is defi-
nitely a zero point in the total far-field pattern along the
reflected direction for different suspension height /g, cor-
responding to the reflection direction, respectively, result-
ing in the realization of the s-polarized GBE for the whole
system.

The arrangement of the S ring meta-surface shown
in Figs. 2(a) and 2(b) only has 180° rotation symme-
try, resulting in electromagnetic responses of the structure
being different for changeable incident planes, as shown in
Fig. 2(c). It is conceivable that if symmetry of the whole
array can be increased, the problem of different responses
for different incident planes may be solved. These arrange-
ments, which are shown in Figs. 4(a) and 4(b), have
identical parameters to those listed in Table I. As shown
in Figs. 4(c) and 4(d), the GBE was realized in all incident
planes (¢ = 0°-90°) at almost the same frequency (f =
28.85 GHz) when the s-polarized plane wave impinges at
angle 6 = 62°. Similar to Fig. 2(d), the responses are really
very weak for incidence of a p-polarized wave at the same
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FIG. 2. Schematic and simulated results of an S ring meta-surface. (a),(b) S ring meta-surface suspends above the interface height
hgap. The relative permittivity and permeability of dielectric which is full of lower half-space are ¢,; = 3.5, 1 = 1, respectively. (c)
The reflectance Ry as a function of azimuthal angle of incidence ¢ and frequency when an s-polarized plane wave impinges at angle
0; = 62°. The white dashed line indicates the GBA of s polarization from ¢ = 0° to ¢ = 90°. (d) The reflectance R, as a function of
azimuthal angle of incidence ¢ and frequency when a p-polarized plane wave impinges at incident angle 6; = 62°. (e) At the frequency
of realization of the GBE corresponding to the white dashed line as shown in Fig. 2(c), the reflectance of s and p polarization as a
function of incident angle, respectively, when incident planes are ¢ = 0°,45°,90°, respectively. (f) At = 0°,0 = 62°,f = 28.5 GHz
[brown circle in Fig. 2(e)], the electric current density distributions of an S ring when a dual-polarized GBE is realized. (g) The radiation
pattern A (brown) of a multipole expansion of the volume electric current density in the first schematic excited by s polarization as
shown in Fig. 2(e). The radiation pattern B (gray) of the electric dipole equivalent to the reflection plane wave. The total radiation
pattern C (yellow) obtained by the sum of patterns A and B.
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TABLE I. The geometric parameters of the structure as shown (@ 1.0 . . . . . .
in Figs. 2(a) and 2(b). | | == h,,=1.1mm,f=2968 GHz
Parameters dy1 dy d, hgap p w 0.8} iy = 1.3 mm. f = 29.10 GHz
h,,, = 1.8 mm, f = 28.48 GHz

Value/mm 1.1 0.67 1 1.88 5 0.1 . o b, =47 mm,f = 2721 GHz

S 06

2
incident angle, with the result that the GBE can be real- 2
ized at the whole frequency range. As shown in Fig. 4(e), =
for the s-polarized GBE at /' = 28.85 GHz, the reflectance
of dual-polarized waves as functions of the incident angle -
6 are almost identical for three different incident planes, \J
@ = 0°,45°, and 90°. It is apparent that all GBAs which 0.0] A A .
are marked by a black dashed line are 8 = 62° for the 0 30 60 90

three different situations. The details about the high-order
diffractions of this structure in Figs. 2(a) and 2(b) are
presented in Appendix E.

B. Arbitrary modulation of a both s- and p-polarized
electromagnetic wave

In order to realize the dual-polarized GBE, from the
combination of Figs. 1(c) and 1(f), we designed another
two-layer S ring meta-surface. From the previous analy-
sis, this structure can be equivalent to a magnetic dipole
along the z axis direction for s-polarized incident wave,
but it is hardly excited by a p-polarized wave. Taking the
incident plane ¢ = 0° as an example, the direction of the
magnetic field of the p-polarized incident wave is perpen-
dicular to the x— plane. If the surface of the S ring is
parallel to the x— plane, it can be excited by the incidence
of a p-polarized plane wave in theory.

The S rings are arranged as shown in Fig. 5(a) with
period of p = 5 mm. The suspension height /45, and hgap>
of the dual-layer structures can be adjusted to modulate
the GBE flexibly. The simulated results of reflectance ver-
sus incident angle are shown in Fig. 5(c) which correspond
to changeable GBA (6gg = 20°,35°,50°) by freely con-
trolling the /gy, and Ay, for s- and p-polarized incident
waves. As shown in the two left schematics of Fig. 5(b),
when the s-polarized plane wave impinges, the electric cur-
rent density of rings A and B rotate in the same direction
(the lilac arrows as shown in the second schematic) around
centers of the two half-rings, respectively. However, the
electric current density of ring A is very weak. Based
on the right-hand rule, the magnetic dipole component
of ring A is far weaker than the ring B. Thus, appar-
ently, in this situation multipolar components of the whole
of structures almost magnetic dipoles along the z direc-
tion. As shown in the two right schematics of Fig. 5(b),
when the p-polarized plane wave impinges, the strength
of current density of ring A is far bigger than ring B,
resulting in the multipolar components of the whole struc-
ture in this situation being almost magnetic dipoles along
the y axis direction. As shown in Fig. 5(d), apparently,
the zero points along the reflected direction in the total

Polar angle of incidence 6 (deg)

FIG. 3. \Variations of the s-polarized GBA through the adjust-
ments of /g, in the incident plane ¢ = 0° for the structure as
shown in Fig. 2(a). (a) Reflectance as a function of angle of inci-
dence 6 corresponding to Ay, = 1.1,1.3,1.8,4.7 mm. GBAs are
Ogs = 10°,35°,60°, 85° at relevant frequencies, respectively. (b)
For the four different situations in which the GBE was realized as
shown in Fig. 3(a), the total radiation patterns respectively come
from the sum of radiated far-field of multipole expansion of the
structure’s volume density and equivalent electric dipole of the
reflection wave.

far-field pattern for realizing a both s- and p-polarized
GBE simultaneously. The results in this section can effec-
tively validate the equivalent theoretical models as stated
in Sec. 1.

IV. EXPERIMENTAL VERIFICATIONS

As shown in Fig. 6(a), the experimental instruments are
designed to perform detection of reflectance in the mil-
limeter band. Two standard gain horn antennas which are
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FIG. 4. Schematic and simulated results of 90° symmetrical S ring meta-surface. (a),(b) The S ring structures whose parameters are
listed in Table I are arranged with 90° rotational symmetry periodically. (c),(d) The reflectance as a function of azimuthal angle of
incidence ¢ and frequency when the s- or p-polarized plane wave impinges at angle & = 62°. The white dashed line indicates the GBA
of s polarization from ¢ = 0° to ¢ = 90°. (e) At f = 28.85 GHz, the reflectance of two polarization waves as functions of the incident

angle 6 when incident planes are ¢ = 0°,45°,90°, respectively.

connected to the two ports of a vector network analyzer
(VNA, N5245B) are fixed on the removable supports that
are symmetrical about the normal of diameter along the
semicircle slideway. The samples are fixed on the top of
the trapezoidal prism which are both placed at center of
the semicircle to assure the incident angle 6; is equal to
the reflected angle 6,. To change the suspension height
of samples and support the samples, polymethacrylimide
(PMI) foam slabs (&, ~ 1) are used. By rotating the two
horns 2.5° at a time, an sj, spectrum is measured by the
VNA. The biggest range of incident angle is 6§; = 5°—80°.
Through rotating the apertures of two horns, the transfor-
mations of s and p polarization can be realized separately.
As the proposed methods and results are studied on the
interface of two semi-infinite media, it is indeed difficult
to make a similar substrate relative to the wavelength in
the millimeter wave band. Thus, some equivalent meth-
ods are designed for the entire test to furthest minimize
the influence of finite thickness substrates for experimental
results (the design methods of special substrate are shown
in Appendix D).

As shown in Figs. 6(b) and 6(c), four kinds of samples
were fabricated in this work. For the purpose of fabricat-
ing and testing conveniently, as well as reducing the effect

of substrates extremely, in this work all metallic structures
were printed on the thinnest substrates (Rogers RT / duroid
5880) which have the lowest permittivity through printed
circuit board (PCB) technology. As shown in Fig. 6(b),
@®@® are three kinds of planar samples (60 x 60 array)
with the same geometric parameters and different arrange-
ments of unit cells. Sample @©; corresponds to Fig. 2(a).
Samples @ and @ both correspond to Fig. 4(a), which
presented different incident planes (¢ = 0°,45°, respec-
tively). The planar samples are fixed on the top of PMI
foam slabs, with thickness represented by /g,,. The geo-
metric parameters are specifically listed in Table II. As
shown in Fig. 6(c), this dual-layer structure is composed
of samples @ and @. This dual-layer structure corresponds
to Fig. 5(a). Sample @ is composed of 60 PCB belts
whose surfaces were printed S rings with the same geo-
metric parameters as listed in Table II except for d, = 1.25
mm. For each PCB belt, the thickness is # = 0.254 mm
and width is wye = 2 mm. Each PCB belt was tightly
fixed on the side of a narrow PMI foam strip of thick-
ness Apmi srip = 4.45 mm. In addition, all strips and PCB
belts are also fixed on the top of a PMI slab of thickness
hpmislab = 2 mm. The suspension height of sample @ is
represented by /gap.

054017-7



ZHE ZHANG et al. PHYS. REV. APPLIED 16, 054017 (2021)
(@ T, (©) 10 () |
[ | f=2773GHz|— s pollarl_zail_on
Lo - —— p polarization|
0 SN | 0.8, =12mm
/ |)f X 4 I\\\ | g h:z =3.9 mm
gy | > l 500
> : 204
0]
o
0.2
0.0
f =27.15GHz
0.8}h,,=13mm
© hgupz =4.7 mm
E 0.6
O
< 0.4
(0]
o
0.2
(b)
s polarization o p polarization o 0.0
N S e = f =26.69 GHz
S P | 8 g fore =65 ™M
Ring A Ring A % '
” = e ¢ r=—— W e 9]
fy "\\\/ Vs H [~ —-«\\\\/) Yy E 0.4
i 7 i <
il_ /;;—../"'/ \\\l‘“;}} “"/ \ »»»» 02
Ring B Ring B e
0.0
0 30 60 90
0.0 0.5 1.0 Polar angle of incidence ¢ (deg)
FIG. 5. Schematic and simulated results of the dual-layer S ring meta-surface. (a) The S ring structures are arranged in two layers

periodically. The arrangement of bottom-layer structures is the same as Fig. 2(a), but the top-layer structures are arranged perpendicular
to the interface. The inset shows a side view of the relative position of two rings in one unit. The suspension height of rings A and
B are hgap> and hg,p, respectively. (b) The volume electric current density of rings A and B when the two polarization plane waves
impinge at an angle 6 = 20° corresponding to the situation of Fig. 5(c). The two figures on the left show electric current density
for an s-polarized wave. The two figures on the right show electric current density for a p-polarized wave. (c) The reflectance as a
function of the incident angle when the GBAs are 6 = 20°,35°, and 50°, respectively, in the incident plane ¢ = 0°, corresponding to
three different combinations of /., and /g,py. (d) The total radiation patterns in one unit cell when different GBAs appeared for two
polarization waves as marked in Fig. 5(c). The red line denotes p polarization and the blue line denotes s polarization.

As shown in Fig. 6(d), the experimental and simulated
results of reflectance as a function of incident angle for the
two incident planes (¢ = 0°,45°) at frequency f = 28.025
GHz which the dual-polarized wave realized GBE simul-
taneously are compared. Dual-polarized GBAs are both
around 65° which is almost equal to the p-polarized BA
which is about 64.5° for ¢,, = 4.4 in theory. Obviously,
for this arrangement, the meta-surfaces can almost have
identical properties in all incident planes. As shown in
Fig. 6(e), the adjustments of /4y, = 1.2 mm, 1.4 mm, and
3 mm can dynamically modulate the s-polarized GBAs of
25°, 45°, and 80°, respectively, which indicate the great
modulated ability of A4, As shown in Fig. 6(f), to achieve
modulations of s- and p-polarized GBAs simultaneously,
the thickness of PMI foam slabs above and below the sam-
ple ® were altered to adjust /g,y and gy, respectively.
Corresponding to the three sets of parameters shown in
Fig. 6(¢e), the GBAs of s and p polarization can be mod-
ulated to equal to 20°, 35°, and 50° at the frequencies

f =27.31,27.1, and 26.7 GHz, respectively. Once again,
all of these results can prove the effectiveness of arbi-
trary modulated abilities of the different polarized GBEs by
adjustments of /g,y and /g, which validated our design
principle based on the GKE.

V. CONCLUSION

In summary, based on the GKE, a simple and general
design principle which includes infinite possibilities has
been proposed to realize a dual-polarized GBE on the arbi-
trary dielectric interface for any incident angles and polar-
izations. This principle can not only describe the realiza-
tion of methods of single p-polarized or single s-polarized
GBEs, but also give many potential combinations of two
kinds of situations to realize a dual-polarized GBE, even
for higher-order multipolar components. Apparently, our
models also include all realizing methods of previous
works. The core of our principle is that the artificial
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FIG. 6. The experimental instruments and results. (a) Schematic of the experimental instruments. (b),(c) Photos of the trapezoidal
prism (Epoxy FRP, ¢,, = 4.4, tand = 0.001) to which samples and PMI foam slabs are fixed, and detailed photos of the PCB samples.
In (b), the S ring planar array (marked with @@®) which were printed on the back of PCB slab (Rogers RT / duroid 5880, &;,, = 2.2,
h = 0.127 mm, tan§ = 0.0009). (c) The dual-layer structure composed of @ and @. (d) Fixing /., = 1.8 mm, results of experiment and
simulation for s- and p-polarized incident waves in incident planes ¢ = 0°,45° correspond to planar samples @ and @ at f' = 28.025
GHz. (e) For planar sample @, results of experiment and simulation for s-polarized incident waves in incident plane ¢ = 0° for
hgap = 1.2 mm, 1.4 mm, and 3 mm. (f) When placing the samples @ and @, results of experiment and simulation for s- and p-polarized
incident waves in incident plane ¢ = 0° through reasonable free controls of /4., and Agp.

structures we add have independent and tunable responses
for different polarizations. A metallic meta-surface has
been designed. Using these meta-surfaces, we selected
two combinations to validate our design principle, that is,
we can only modulate s-polarized GBEs by meta-surface
and utilize the self-exited p-polarized CBE, or we can

separately modulate GBE of the dual-polarized wave by
meta-surfaces with different electromagnetic wave polar-
ized responses. The most important characteristic is that
both of the solutions can achieve the GBE for the same
incident angle and polarization at the same frequency. One
parameter to modulate the GBE is changing the suspension
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TABLE II. The geometric parameters of samples @@® shown (a) (b)
in Fig. 6. . T k. . 5 k, .
. . 1 . . 3 1 2
Parameters dy dy d, p w 9:*’5‘®E1 . 9[“75‘*®Hl 5
PR VAL WV R VIO VA, VIR
Value/mm 0.6 0.7 1.15 4.7 0.08 9, %~ ’ 9% ’
E, H, H
k k,
z l_. ! z l_. :
height of meta-surfaces above the interface rather than the y o x Y ox

adjustments of many geometric parameters of structures.
Using a microwave tested system, the experimental results
correspond to simulated results of the fabricated sample,
which indicates the validity and universality of this design
theory. We believe that this work will open doors for easy-
to-integrate and adjustable GBE devices which are not
restricted to incident angles and polarizations.
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APPENDIX A: THE QUANTITATIVE
EQUIVALENT MODELS OF REFLECTION AND
REFRACTION OF AN INCIDENT
ELECTROMAGNETIC WAVE ON THE
DIELECTRIC INTERFACE

Figure 7 shows a schematic diagram of equivalent mod-
els about refraction and reflection of an incident wave in
this system. It is noted that the equivalent processes can be
divided into two steps. First, the behaviors of refraction
and reflection can be equivalent to directional radiation
of an infinite ideal electric current sheet on the interface
[43,51]. Second, connecting the properties of the electric
current sheet to a discrete infinite phased array, the specific
value of each dipole moment can be obtained [42]. The
following text explains the processes separately.

1. s-polarized incident wave

As shown in Fig. 7(a), for the s-polarized wave, it is
apparent that reflection and refraction plane waves can be
equivalent to a radiated plane wave through infinite ideal
electric current sheet along the y axis direction [43,51]. For
this kind of infinite electric current sheet, electric and mag-
netic fields of the radiated plane wave in the upper space
(z > 0) and lower space (z < 0) are

z>0,

—ikg(z cos 6j+x sin ;)

E; = Angpe (A1)

FIG. 7. The main situation discussed in this work is that the
upper half-space and lower half-space are full of the different
dielectrics whose permittivities are ¢, and &y, respectively. (a),(b)
Refraction and reflection can be equivalent to directional radi-
ation of a infinite ideal electric current sheet on the interface
between upper and lower half-spaces (solid gray arrows). The
surface electric current density on the two different infinite elec-
tric current sheets are denoted by Jo = Jox and Jy = Jy, 7,
respectively. Here k; and k; denote wave vectors that the elec-
tromagnetic wave transmitted in the different dielectric. The
equivalent processes of the s-polarized wave are shown in (a),
resulting in surface electric current density along the y axis direc-
tion. The equivalent processes of the p-polarized wave are shown
in (b), resulting in surface electric current density along the x axis
direction.

Hy = A(—3% cos 6; + 2 sin §;) e *a(@cosixsinG) = (A0
z <0,

Ez — an)'}eiks(z cos O;—x sin 6;) (A3)
H, = B(% cos 6, + 2 sin 6,) e’ costi=xsinf) (A4)

where 4 and B are amplitude constants, 1y = \/iqcq
and ny = ,/is6; are wave impedance for the two dif-
ferent dielectrics, 6; and 6, are the incident angle and
refracted angle, respectively, which satisfy ,/ige,sin6; =
/M€ sin O; based on Snell’s law.

And then forcing boundary conditions on the z =0
interface for Egs. (A1){(A4):

Z X (Eq _E2)|z=0 = _And)’ee—ikdxsinei
_‘_anj’ee—iksxsiné), — 0’ (AS)
z x (Hy — H3)|,—9 = —A cos Qi)’;e—ikdxsinei

— Beosfpe hxsinti — J, 5. (A6)
Solving Egs. (A5) and (A6), the expressions of 4 and B are

_ nsJOy
ns cos 6; 4+ 1, cos 6,

ikjx sin 0;

A=

; (A7)

_ ndJOy
N c0s 6; + 14 cos 6;

ikgx sin 0;

B= (AB)
It is assumed that the complex Poynting vector Sj, of the
incident wave is known. In fact, the complex Poynting vec-
tor S| and S, of the reflection and refraction waves can be
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obtained by the Fresnel principle [51]. As the only goal is
canceling the reflection wave from the interface, we can
move focus to the z > 0 space. Using the definition for-
mula of a complex Poynting vector, the relation of §; and
J()y is

81 = Ey x Hi* = |A 4G sin6; + 2cos6).  (A9)
As there are only x and z components in S, the electric
current density Jy, may be the only contained z component
Slzi

7. (A10)

S1-(cos6; + % cos6,)’
v N4 cOS 6;

Then, the surface electric current sheet will be equivalent
to a discrete infinite point dipole phased array [42] by

Py =5-Jgy, (A11)
where s denotes the area of a unit cell and p, is the value of
an ideal point dipole moment in a unit cell. Equation (A11)

shows a simple relation of the y axis direction infinite
dipole phased array and electric current sheet.

2. p-polarized incident wave

For equivalent model of p-polarized incident wave, the
quantitative expression based on surface electric current
sheet is difference from the traditional qualitative interpre-
tation. As shown in Fig. 7(b), the direction of magnetic
field of reflection and refraction wave is always perpendic-
ular to x—z plane, causing one situation is that the radiation
source can be equivalent to magnetic current sheet on the
interface along y-axis direction. Conveniently, based on
duality principle, the radiation field of this magnetic cur-
rent sheet is identical with electric current sheet along x
axis direction [51]. Similar to the situation in Appendix 1,
the relation of S}, and Jy, is

ox|* na cos 0
(1 + 14 c08 i \2 )

15 COS ¢

(A12)

1z =

Thus, the electric current density Jy, can be expressed as

14 08 0;\2
SIZ(l + Ns N50080; 7~
Joy = ————X.
N4 COS 6;

(A13)

Similarly, the relation of the infinite dipole phased array
and electric current sheet along the x axis direction is

Dx =58 Jg. (A14)

(a)
Igm / pyr| arg(m ““/P).

1 10.5
£ £
< <
~2 e

0

0

Polar angle of |nC|dence 0 (deg Polar angle of |nC|dence 6’ (deg)

FIG. 8. For the case shown in Fig. 1(c), according to Eq. (3)
from the condition of the GKE, we can obtain relations of the
magnitude and phase of m/ j‘fu with respect to the incident
angle and suspension height. (a) Logarithm of [m2%/p71"| as a
function of the suspension height (normalized by k¢ /7 ) and inci-
dent angle. (b) Phase of m*¢/p/'* as a function of the suspension
height (normalized by ky / ) and incident angle.

APPENDIX B: THE EFFECTS OF SUSPENSION
HEIGHT

As shown in Fig. 8, p;?u is almost unchangeable when
the angle and frequency of incidence are fixed, resulting in
the variation of magnitude of m2 required to achieve the
GBE is very flat compared Wlth hgap. However, the varia-
tion of the phase of m* is fluctuating compared with hgap-
There are two important facts: first, there are infinite solu-
tions which can achieve the GBE for any incident angle
apparently, which proves that the theoretical solutions of
the GKE are ubiquitous in this case; second, a predictable
fact is that the adjustments of Ag,, must change the equiv-
alent multipoles excited by the incident wave because of
medium 2 which is full of lower half-space. As shown in
Fig. 8, the GKE conditions can be satisfied by effective
adjustments of this degree of freedom. To go a step further,
the GBE of a system may be adjusted extremely flexibly
without changing other parameters such as the shape of
structures and so on. It will have extensive applications in
many scenarios.

APPENDIX C: MULTIPOLE SUPERPOSITION
EXPRESSIONS OF OTHER SITUATIONS

1. s-polarized incident wave

In Sec. 11, only one situation which is shown in Fig. 1(c)
has been specifically analyzed by the GKE. In order to
illustrate the versatility and universality of this method
as far as possible, the expressions of dipole components
in other situations shown in Fig. 1 will be stated in this
appendix [44,50,52—57].

As shown in Figs. 1(b) and 1(c), s-polarized wave
impinges onto the interface from air. Similar to the process
in Sec. 11, the reflection and refraction waves can be equiv-
alent to the radiation of an infinite electric dipole phased
array along the y axis direction as shown in Appendix 1.
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The spherical coordinate form of the far electric field

of each equivalent point electric dipole along the y axis
direction can be expressed by
Eequ _ geikor

p1e 47T8()}”

(14 rps

(CD)
The E, of the electric dipole along the y axis direction
is zero in this incident plane (¢ = 0°). For the situation
as shown in Fig. 1(c), it is assumed that the direction of
magnetic dipole is along the z axis direction. Apparently,
it is different from the situation of multipoles in air, as the
influence of the dielectric must be included. We assume
that the location of the electric dipole on the interface is
the origin of coordinates. Using a dyadic Green’s function,
by approximation of the far-field, the spherical coordi-
nate forms of the electric field expression of each dipole
component in the top half-space are

2 giko(r—n-rg) .
padd Mo 04— (1 + ryetto2ha cosG)mgdd sin @,
200 Tr
(€2)

where g¢ and (1 are vacuum permittivity and vacuum per-
meability, respectively, ky = 27 /X1¢ is the wave vector in
vacuum, Aq is the wavelength of the incident electromag-
netic wave in vacuum, r is distance from the origin to the
view point, n = r/r is the unit vector along the r direc-
tion, ry is the position vector of the magnetic dipole in
one unit cell, and r; = (cosO — /&, /g9 — sin’ 0)/(cosb +
Veér/eo — sin®@) is the reflection coefficient of the s-
polarized incident wave on the interface.

In addition, for the situation shown in Fig. 1(b), the
expression of the far electric field of an electric dipole
along the y axis direction suspended above the interface
at height g, is
k2€ik0(r—n~r0)

Eadd — 0

iko2hgap cos 6y add
0 —4ns0r (1 +re Dy,

(©3)

2. p-polarized incident wave

As shown in Figs. 1(e) and 1(f), they are different from
the cases expressed in Appendix 1. With the perspective
of Appendix 2, the reflection and refraction waves can
be equivalent to the radiation of an infinite electric dipole
phased array along the x axis direction. Thus, the spherical
coordinate form of the electric far-field of each equiva-
lent point electric dipole along the x axis direction can be
expressed as
cqu k(Z)eik()r
P16 4 Eor

where r, = (g,cos0 — g9/ &/80 — sin’ 0)/(e,cosb + &g
Ve /gy — sin?@) is the reflection coefficient of the

(1 = rp)pp

cos 0, (C4)

p-polarized incident wave on the interface. The E,, of
the electric dipole along the x axis direction is zero in
this incident plane (¢ = 0°). For the situation as shown in
Fig. 1(e), the electric far-field of each x axis direction elec-
tric dipole suspended above the interface can be expressed
as

k%eiko (r—n-rg)

E;‘;g = (1 — rpetohear Cose)p;‘fd cosf. (C5)

47'[801"

For the situation shown in Fig. 1(f), the electric far-field of
each magnetic dipole along the y axis direction suspended
above the interface is

ikoy (r—n-rgp)
dd Ho kéel iko2h 9y, add
Eni =\ gy ™ amy (e m, T (CO)

APPENDIX D: THE DESIGN PRINCIPLES OF
TRAPEZOIDAL PRISM AND PYRAMID-ARRAY
ANTIREFLECTION SLAB

The design principles and functions of PAS grating
structures have been discussed in detail in many works
[58—60]. According to the design theories from previous
researchers, the gradually changed geometric parameters
of structures can be reversely designed according to the
gradient range of the refractive index. In particular, for
small incident angle, the impedance matching property of
this structure is good. Figure 9(a) is a schematic diagram of
a PAS (WL F4BTM-1/2, tan§ = 0.0015, period isp = 4.7
mm, height of pyramids is # = 10 mm). By the design of
the PAS geometric parameters, from the reflectance spec-
trum at f = 28 GHz as shown in Fig. 9(b), it can be clearly
seen that the reflectance is almost close to zero when the
incident angle is less than 30°, after which the reflectiv-
ity will gradually increase. It can be seen from the above
results that we can utilize the excellent antireflection per-
formance of this structure to make a substrate system that
is very close to only reflecting on the interface without any
film interference phenomena for any incident angles.

As shown in Fig. 9(c), the electromagnetic wave will
reflect and refract on plane B for any incident angle. To
eliminate reflection as far as possible when the refracted
wave impinges onto plane A, the PAS can be fixed on
this plane. However, the results in Fig. 9(b) have shown
that larger incident angle will weaken the antireflection
effect of the structure. It is clearly that the adjustment
of the included angle 6, for planes A and B can deter-
mine the shape of this trapezoidal prism to minimize the
incident angle on plane A. Owing to the wide range of
incident angle which verification experiments required, the
included angle was selected as 6, = 70°. Then, as shown
in Fig. 9(d), based on Snell’s law and geometric relations,
the relation of incident angle 6, on plane A and 6;; on
plane B can be obtained. Clearly, 6, < 20° for different
60;, and, further, 6; < 10° for the range of incident angle
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FIG. 9. The design process of a pyramid-array antireflection
slab (PAS) fixed on a trapezoidal prism. (a) Schematic diagram
of an ideal PAS and propagation of the electromagnetic wave on
the interface (incident angle is 6;). The period of the PAS unit
cell is p = 4.7 mm, and the relative permittivity of the material
is &0 = 4.4. (b) For the structure system as shown in Fig. 9(a),
the reflectance as a function of incident angle when the electro-
magnetic wave impinges onto vacuum at angle 6;. (c) Schematic
diagram of the propagation process when an electromagnetic
wave impinges onto a trapezoidal prism whose back fixed PAS.
(d) The incident angle 0; on plane A as a function of incident
angle 6;; on plane B for 6, = 70°.

(6; € [20°,80°]) with which this article is concerned. It is
worth noting that for the three-dimensional gradual struc-
ture with such small size, considering the difficulty of
actual fabrication and actual properties, the PAS used in
experiments was obtained from a 10-mm-thick PCB slab
which was cut into a 64 x 71 pyramid array to realize
almost the same transmission performance.

APPENDIX E: THE HIGH-ORDER
DIFFRACTIONS AND ELIMINATED METHOD

For the structure of Fig. 4(a), the high-order diffrac-
tions will appear at incident angle 6 = 62° at frequency
f = 28.85 GHz because the size of the unit cell is 2p = 10
mm. As shown in Fig. 10, when the s-polarized plane
wave impinges, the diffracted efficiency of this structure
can be obtained at an angle of incidence of & = 62° for the
two different incident planes (¢ = 0°,¢ = 45°). For the
high-order transmitted diffractions, as shown in Figs. 10(a)
and 10(b), in addition to the fundamental modes, there is
only very low efficiency for the [0, —2] order TE mode

(a)‘l 0 (b)1 0
ol p=0] & TE=——— ¢=45
& & (—71
3 — T[O.O] order ;:E — T[n,()] order /\
i — 0,-2] order, TE
0,2] order, TE @
20.5 001 ord <05 Ig-zolu.denﬁ
Ke] —R 2 10,0 order
§ | 1 E e &
;E kS Twml - .
— .
S0 S 00 — A
28 29 30 28 29 30
Frequency (GHz) Frequency (GHz)
() | (d) )
x10 x10~
5° % 1 5 ° =% o
2 10,0] order, orthogonal| P = 0 2 (0 0] order, orthogonal] @ =43
8 T YL10] order, T™M 8 o1 order, ™™
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FIG. 10. The diffraction efficiency of the structure in Fig. 4(a)
at angle of incidence of 8 = 62° for the two typical incident
planes ¢ = 0° and ¢ = 45°. (a),(b) The diffraction efficiency
of fundamental modes and nonzero higher-order modes for the
incident planes ¢ = 0° and ¢ = 45°, respectively. (c),(d) The
diffraction efficiency of all other-order reflected modes for the
incident planes ¢ = 0° and ¢ = 45°, respectively.

in incident plane (¢ = 0°) and [0, —2], [—2,0] order TE
modes in incident plane (¢ = 45°). It is worth noting that
all other-order transmitted diffractions whose efficiencies
are extremely close to zero are not shown in Figs. 10(a)
and 10(b). Clearly, for other high-order reflected diffrac-
tions, as shown in Figs. 10(c) and 10(d), the efficiency of
all other-order reflected diffractions are really close to zero
for the two incident planes. Thus, in fact, there is hardly
any energy being reflected at this incident angle. However,
there is little energy being transmitted in other directions
besides the normal refracted direction.

As shown in Figs. 11(a) and 11(b), in order to elim-
inate the high-order diffractions and maintain the 90°
rotational symmetry, we decreased the period to p =5
mm and adjusted the size of the structure. As shown in
Figs. 11(c) and 11(d), similar to Figs. 4(c) and 4(d) in
the main text, the GBE was realized in all incident planes
(p = 0°-90°) at almost the same frequency (f = 28.5
GHz) when s-polarized plane wave impinges at an angle
0 = 62°. Responses are really very weak for the incidence
of a p-polarized wave at the same incident angle, result-
ing in the situation that GBE can be realized at the whole
frequency range. As shown in Figs. 11(e) and 11(f), for
s-polarized GBE at /' = 28.5 GHz, the reflectance of dual-
polarized waves as functions of incident angle theta are
almost identical for the two different incident planes. Any-
way, we not only eliminate any high-order diffractions by
decreasing the size of unit cell to p =5 mm, but also
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FIG. 11. Schematic and simulated results of modified 90°
symmetrical S ring meta-surface with p =5 mm. (a),(b) The
modified S ring structures are arranged with 90° rotational
symmetry periodically. (c),(d) The reflectance as a function
of azimuthal angle of incidence and frequency when s- or p-
polarized plane wave impinges at an angle 6 = 62°. The white
dashed line indicates the GBA of s polarization from ¢ = 0° to
@ =90°. (e),(f) Atf = 28.5 GHz, the reflectance of two kinds of
polarized waves as functions of incident angle 6 when incident
planes are ¢ = 0° and ¢ = 45°, respectively.

almost maintain the same properties of the GBE through
a similar structure with different parameters.

APPENDIX F: THE DETAILS OF NUMERICAL
CALCULATION

The reflection and volume current density simulations
are conducted using finite element methods (COMSOL
MULTIPHYSICS). The three-dimensional simulation domain
consists of a unit cell with periodic boundary conditions
applied in two directions (x and y axes). In the z axis direc-
tion, the excited port is used at the top of an air box to
simulate the illumination of plane wave (s or p polariza-
tion) in different angles, and the received port is used at
the bottom of a dielectric box to make sure that no energy
can be reflected on this plane. A frequency domain study

is used to sweep the incident frequency of the plane wave,
and the incident angle or plane can be changed continu-
ously through parametric sweep. When the GBE is realized
at one incident angle 63, we need to extract the volume
current density of the S ring in the unit cell to perform
multipole expansion [12,61].
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