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Fig. 1 The radiation pattern of induced electromagnetic

multipoles  (up to quadrupoles) under planewave

excitation™!

. The incident planewave prorogates from
the left with in-plane electric field. The blue and purple
curves indicate the out-of-plane and in-plane scattering
pattern, respectively. The electric field polarizations in
the forward and backward scattering directions are

shown by red arrows
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Fig. 2 The microscopic interpretation of the Brewster effect. (a)(b) p- and s-polarized wave impinges onto a pure dielectric medium;

(¢) s-polarized wave impinges onto a medium with both electric and magnetic response. The red cross-circles and double-sided

arrows represent equivalent EDs, and the blue symbols represent equivalent MDs. The red curves show the radiation pattern of

each ED, and the purple curves show the radiation pattern of interfering EDs and MDs
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Fig. 3 The multipole interference model of GKE when an artificial periodic structure is suspended beyond the interface. (a)-(c) The s-

polarized wave incidence; (d)-(f) The p-polarized wave incidence. The medium 1 is air and the medium 2 is a pure dielectric.

The red double-sided arrows and cross-circles represent equivalent EDs, and the blue ones represent MDs. The insets

represent the far-field radiation pattern of a unit cell above the interface
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Fig. 4 Co-modulation of both s- and p-polarized waves by the double-layer S-ring FSS™. (a) The 3D schematic diagram of the FSS;

(b) the current density distribution of rings A and B under the incidence of both s- and p-polarized planewaves with the incident

angle 20" and the incident plane 2Oz plane; (¢) the modulation of GBE by the suspension height; (d) the far-field radiation pattern

of a unit cell corresponding to the zero-reflectance points of Fig. 4 (c)

1 0 HE TR AR 18 19 A% HE 5URE | X 48 T3 A ol R AT
3.1 FSSEWIZITERMER

J T TE A BT FSS, k[ 32 1 e i
J2 LAY R T 5 AT DL TE — i A A R N AR I
7 B s i IR B AE 0°~40°, p I 3% I 76 0°~70° if
T.,~ 1. TJEFSS TR HF & A EE R
PR . R E] SRR 3T 48 Y S 2R T DU AS [w) i % 11
NS0 S Bk S PR A (2. 279 ) HE A BN A A 28 T
KRR R A S FRBE S 4 ) DR 4% s A p D B
R R R AR S M I nE S(a) i . o =0° A
S B XUl A1 D 174 35 B R L SR 5] 5(b) s . T LA
F B, Qi 4R 2 A R ATOR R SEEE T 0°~90° 1 B A
U = B AR (98 %), BISEEL T UWAHT.,

UWAHT % J& i 2L S R AT DUH S 2. 13519
GKE B HEA7T 2087, H X B AE T et 2% 8 0 2 T A
AR 0 RS, AT R All-angle GKE . Pk 207 Al
60° A, 5(c) % T WU B I A S B — A4~ J0 i N
SR B g DA K S PR A R AR B BTk . WTLLE
FE ARG OLT S R A 50 BE A 0 58 58 76 s 568 7 el A 1
AW, BRI T Z S, A All-angle GKE
(H At A M B AT R %R ) o All-angle GKE 19 55

— NMFRAESE AT 60° KA BEA T, 200 AT S #Rx
SRR B SRR /N o IR UWAHT 78/ A B B 32
TR AR A OB ) TR 5 S B o B T K A A
HF S B0 1) 22 b A s S8 A5 = e A A0 il LIRS A T
Mo e B35 1) B g 5 . 1 5(d) 20 B T 60° A S i i 2
S B Z M B A, P DA X B CF1E D S 36, B
p (s) 41 3% A BE 3 b 1 3 20 MID AR 2 i 2 2% L g
UCIRTIE T W2 S B0 X 195 o O 1 D2 91 42 104 2k 7
3.2 IEEERMERESHINR

TE WAHT (52 B, 25 K8 B4 AR 65
SRR 25 A %4, EE A A GO X
p Ui 9% % 76 0°~70° 5 # BBl SC L T e a8 5, il 5 L 1
LS T G AR R T AR AR TR R A, 5 —
D5, LA BRI B R AR o = 0° A SRS L, i T S B
AT Co X R, 25 A S5 05 VR Al T 47 F A S )15 00 25
AL, 8l WAHT B9 TR SR E., Mk, R
BT f AR S SRR ERE 90° ST S ¥R, W ET 6(a)
Fim o X RNRL)ZE FSS 45 #04 J5 iy Co XFFRPE$E T2 S,
XFFR,HI 55 T FSS IIREXT o B HTE o 355 5 R 0 2 2%
RE 6(b)~(e) Urn, BEELIRA T WAHT 1952
AR, Al LIE ], o = 0" F145° 135 5% LT 58 & —
B, HEH T sk 0°~90° Fil p I ik 0°~70° 1) 755 155 4,

1623010-5



s-pol F

243 % 5 16 H1/2023 £ 8 A /HFZEH

30 60
Angle of incidence 6,,(deg)

(e) Planar S-ring 6, = 60°

.. s-pol

== + E 1|» P e r{

1 a4 9 Gy D, 1 a0 Gy By G,

b
b,

B S— I S—

10 20 10 20

Bl5 A S FSS BT 505 BA5 R0 (a) FSS IS IREE 7R 32 85 (b) s Al p I 328 565 S BE AT AN A S F 08 fE G R L B8
FELFRI UWAHT B985 35 () s Fp fiid iR PEFE 201 60° A S I — > 254 550 N B9 4 S ozt 37 1) e At 0 L e 600 AR IR (3 2 514X

K SH A BEEAALE A R ST IE 7 5 (d) (o) 3 BURIK S S FRAE 60° XU 4 A T 14 H Ui 43 A 1 22 10 6 JR JF 28 B0k AR 4]
Fig. 5 The design of ultra-wide angle high transmission FSS and simulated results. (a) The 3D schematic diagram of the FSS; (b) the

variation of s- and p-polarized transmittance versus frequency and incident angle, where the realization of UWAHT is marked

by the black dashed lines; (¢) the radiation patterns of a unit cell when s- ang p-polarized waves impinge at 20° and 60° incidence,

the light brown, light green and grey curves represent the radiation of the S ring structure, the dielectric slab and their

superposition, respectively; (d)(e) the current distribution and the bar graph of multipole expansion coefficients of the vertical

and horizontal S ring when s- and p-polarized waves impinge at 60° incidence
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Fig. 6

The near isotropic wide-angle high-transmission FSS. (a) The schematic diagram of the FSS. (b)-(e) the variation of

transmittance versus frequency and incident angle when s- and p-polarized waves impinge at ¢ = 0° and ¢ = 45°
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Abstract
Significance As a classical physical phenomenon, the Brewster effect describes the zero-reflection behavior of a polarized

planar electromagnetic wave impinging on the surface of a linear homogeneous isotropic non-magnetic media.
Traditionally, this classical effect is usually restricted to particular incident angle and polarization due to the scarcity of
natural material with ideal magnetic response, and the research on generalizing the classical Brewster effect was only of
theoretical interest. Nevertheless, the advent of metamaterials and metasurfaces brings new vitality to the research field of
the so-called generalized Brewster effect (GBE), where many efforts have been done for seeking zero-reflection of planar
wave at any frequency, any polarization and any incident angle. The physical implementation of GBE has enabled people
to gain a greater degree of freedom for modulating electromagnetic waves in a wide range of frequency, polarization and
angle of incidence. Therefore, the GBE has been demonstrated to have important applications in many fields such as
wireless communications, phased array antennas, nanophotonics and even chemical sensing.

So far, both physical mechanisms and experimental methods of GBE have been explored in a variety of physical
systems. Many theoretical methods for explaining the GBE mechanism have been proposed, such as optical filter theory,
transfer matrix method, molecular optics method and so on. However, most of these methods are either lack of intuitive
physical understanding or only applicable to specific physical scenes, and thus cannot provide useful guidelines for GBE
design. Moreover, in the past research, the realized GBEs are often fixed at some frequencies or incident angles and
untunable, limiting their application in varied situations. Hence, a universal and intuitive GBE design principle 1s highly
demanded, and it is important to summarize the existing research on both the general design method and arbitrarily tunable
GBE realization. Furthermore, the application aspect of GBE is rarely discussed in literature, and it is worth discussing

some novel applications to fill this gap.

Progress In this article, the recent work of our group for realizing tunable dual-polarized GBE is introduced, and two
novel applications in the field of millimeter-wave communication and phased array antenna are presented. First, the
mechanism and implementation of various published GBE systems are summarized, among which a physical interpretation
based on the generalized Kerker effect (GKE) is discussed in detail due to its profound physical insight (Fig. 1, Fig. 2).
From the perspective of GKE or multipole destructive interference, a simple and universal design principle for
implementing GBE is proposed (Fig. 3), that is, we can construct artificial multipoles to coherently eliminate the radiation
of the multipoles intrinsic in the original system at some particular angles. Under the guidance of this principle, we
proposed a metasurface composed of artificial metallic structure, and realized an arbitrarily tunable GBE in the microwave
band (Fig. 4), where the zero reflection can be realized at the same frequency and same incident angle for the two different

polarized incident waves. After that, an application in the scenario of 5G millimeter-wave communication is presented,
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that is, we designed a single-layer metasurface for realizing dual-polarized ultra-wide-angle high transmission (Fig. 5) and a

near-isotropic electromagnetic window suitable for engineering application in 5G communication (Fig. 6). Besides, we
noted the consistency between the ideal planar phased array model and the Fresnel reflectance model in the sense of
physical image, and pointed out the implications of GBE for wide-angle impedance matching of phased array antennas
(Fig. 7). Under this heuristic design idea, a planar slot antenna array with ultra-wide angle scanning performance is

presented and discussed (Fig. 8).

Conclusions and Prospects The realization of generalized Brewster effect provides the possibility for people to arbitrarily
modulate electromagnetic waves of vatious frequencies, polarization and incident angles, and is expected to provide
solutions for challenges in both academic and engineering aspects, such as electromagnetic window, wide-angle scanning
phased array, angle filter and so on. So far, the GBE has been well studied both theoretically and experimentally, but
some research gaps still exist. To sum up, in-depth study is still needed in this field and the future directions may include:
the realization of wide-band wide-angle GBE; the application in designing electromagnetic window with angle filter
characteristics; the application in designing wide-band wide-angle phased array antennas and the influence of GBE

metasurface on antenna performance, and others.

Key words generalized Brewster effect; generalized Kerker effect; frequency selective surface; wide-angle high

transmission; wide-angle scanning phased array

1623010-11



	1　引        言
	2　广义Brewster效应的实现
	2.1　GBE的物理机制及实现方法
	2.2　基于广义Kerker效应的多极矩干涉模型
	2.3　S型结构对GBE的实现与调控

	3　超宽角高透射频率选择表面的实现
	3.1　FSS结构设计与模拟结果
	3.2　近各向同性宽角透射的实现

	4　对相控阵的调控研究
	5　总结与展望

