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Abstract

Metamaterials refer to one class of artificial composite materials composed of periodic or
aperiodic structures with a subwavelength lattice constant. By engineering the geometrical
structure and spatial arrangement of these elements, it is possible to obtain user-desired
electromagnetic responses that are not necessarily available in natural materials, such as negative
refraction. In the past two decades, with the advent of transformation optics and generalized
Snell’s law, metamaterials have experienced a fast-paced development, not only shining a new
light into conventional microwave and optical devices, but also leading to a plenty of exciting
electromagnetic functional devices. In this dissertation, we focus on the electromagnetic scattering,
and carry out a series of theoretical, simulated, and experimental work about suppressing
scattering--invisibility cloak, enhancing scattering--superscattering, and intelligent scattering--
optical computing. To address the critical bottlenecks involved, such as unclear transient
responses, narrow working bands, structural complexity, fabrication difficulty, and fixed working
background, we investigate in-depth the flexible manipulation of electromagnetic scattering based
on metamaterials and deep learning, and achieve some exciting functions, such as intelligent cloak,
multi-frequency superscatterer, and multi-functional optical logic unit. These achievements
promote both the state-of-art scientific research and the industrial process of novel metamaterials.

Below is the brief summary of the main contents in this dissertation.

1. Research on the method of intelligent cloak and superscatterer. For widely-used frequency-
domain methods, it is difficult to simulate the transient illumination, broadband, and dispersion
of a cloak and superscatterer. To overcome this, we build up a general finite-difference time-
domain model capable of dealing with dispersion, anisotropy, and inhomogeneity simultaneously,
and based on this, we simulate their transient response mechanism in the time domain.
Furthermore, we summarize the analytical, numerical, and experimental methods used in this
dissertation. To be specific, the analytical methods include transformation optics, scattering
reconstruction, and classical scattering theory; the numerical method is based on an anisotropic
dispersive finite-difference time-domain algorithm; and the experimental methods include
equivalent circuit and intelligent design methods. All these methods lay a theoretical and

experimental foundation for the following research.
V
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2. Research on the deep learning enabled intelligent cloak. To tackle the problems of stringent
electromagnetic parameters, narrow working bands, and a fixed working background in
conventional cloak, we for the first time propose an intelligent cloak driven by deep learning,
which shows an excellent chameleon-like adaptability to an ever-changing background
environment and external stimuli without any human intervention. In the finite-difference time-
domain simulation and proof-of-concept microwave experiment, we build up a full set of
perception-response-cloaking system, demonstrate in detail its working principle and dynamic
cloaking capability on a millisecond timescale, and fully validate the characteristics of real-time,
robustness, and intelligence.

3. Research on the multi-frequency superscatterer by metamaterials. To tackle the problems
of a single working frequency, structural complexity, high material loss, and fabrication difficulty
in conventional superscatterer, we carry out two pieces of work. First, we propose a new approach
of multi-frequency superscatterer from hyperbolic metamaterials, build up the dispersive model
of planar hyperbolic waveguide and a scattering model of hyperbolic cylinder, and illustrate its
high-efficiency and underlying physical principle. Second, we propose a new approach of spoof
surface plasmon based superscatterer by multi-layered conformal metasurfaces. With the classical
scattering theory and simulated annealing algorithm, we design a low-loss subwavelength
superscatterer working at multiple frequencies, and for the first time, we observe the
superscattering phenomenon in a microwave experiment.

4. Research on the intelligent scattering enabled optical logic operation. To address the
challenge that a conventional optical logic operation involves bulky and complex optical
controllers, which hinder its miniaturization, integration, and robustness, we for the first time
propose a general method for optical logic operation by intelligent scattering. To be specific, we
firstly verify the feasibility and completeness of this method in theory; secondly, we employ a
high-efficiency dielectric metasurface to facilitate a multi-functional optical logic gate for the
numerical simulation and microwave experiment; finally, we discuss its universality, scalability,

cascading and on-chip integration schemes.

Keywords: metamaterials, metasurfaces, finite-difference time-domain algorithm, deep learning,

cloak, superscatterer, optical computing
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RMEFNRT, AXRETURDIHEARLIAG o, EREWREZTRAL, *¥
RKERMEZAZABED. A, *UEELETEHERE, MASHEFLFRINFE
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RN L i A L

Frzdl. 8=, RERE. BIRERE (FlwBR 4K E amin s 064 e4) SE ok
W LFISN Y, REIEGRE 2 R E KA R, BERENESFEXwIteEE, AR EE
HRIT M R, XA TR AR s, HEORATERAR, AmREFY
THESHL. WREZGELFL, WAERM2EREAA. F=, AERH. IERE>
E—ANTE R B E G, REBIRENE A AR E O™, fla, EALE AT,
Bin RN AL SNES, AT KBRS E S, Bl —MEEE S
TR EH, B, ZHIEE (vave-bypassing). B R ITHFFHRNIR H 4 E, EHERAEK
HAEEATRBETAEEREK, EEAT, INREFEAE R ERTXMN, KRN
& B 7 A LA A R E R SE L.

AXTHRERETENMNRE FERIT. TR, RIERANEZRE 70 mE
RE. AARRELERIRE, BFELXRLF. RAXSR. RAHEPMERE SR
MR & 7%, WAL XAHEXAHREL L.

1.3.1 ZB#AFREK

2006 4, 3[4 E¥ T A% Pendry ##% 1 Science F & kX, HREHEHAF
773 (transformation optics), F M A T 4B Mg R+, ETEEHFHE
B XM, Pendry B E T —NEBMSHE N T4 BL @ FHEAMELST, 515N
SEFERZLFON “BET, REZEXREIWEN., @ TRBETEEN R, B
WA EE =R PREAHESSNGE S E TR, dTHARNELETE, HHEZE
. BRARHEEABR S G, RS, THHNEHE T LGN EE,

H 1.4 Z#AFHRPEHER". () BRPBEARGEEE; (b) KPR LR K ERT
THAFEARHEAA, FEHTAF Snith RAHAGTAEMRKE LR FRIET £ T A
FRGHE AR SN B 1.5a BT, & BEALEA LR T 0k B H R I F H

MNF, BIE T ORI R B VTR T, WEEFRB#SET R B A @R %R E N
6



&

RN L i A BE

o BEBF, (IR ERNE#HSHBHTHOABHRALE, 2K 10 2, F2#H
RN RIEE— E W B BNk B FR, 4%t TE WAL, a5 B4 AR m i g M
WA ZR T HE, EHRHETRED T 24%, 2007 £, #EFLEE A% Shalaev 1§ #2404 ¢

™ #ALH, RAEBEREHHFEMNR, LHTE 1.5 From b M B AR & L,
b

H 1.5 (a) Bk EAERAHNL; (b EMEEAER H .

MEBRLE, RetFIUZAZERT. BEE, O TRAIRNWEHSHZHFH4
BEmzrl, TR ERERITHBHRZ ORI ZNERNR RN . FRANECSE T S
MU BEELERR AR RIS, RFRNRA RN ERMBAEL 2R S RKE
VEREAR A o AT XTI —[F] AL, 2009 4F, 1B BT B9 IRA AR T — 0347 AT A S iy 303t
Fi, L REME A REA LGNSR, AT RARNEAFTA ETETE,
2012 4, H A ¥ Smith RALAALE L HAEZIT L5 HWEHREEH™, WwE 1 6a.
2013 &, fE FrE VR ARALSZIL T TR LR B AL H L UWR A B, £
HTEAAT, ZATHeEREEARTEWERE™™, WwHE 1. 6b,

E 1.6 HLRTHBEHAR. () 25HEHREEH™; ) BALAWREEH™,

LR B I/ B AT IR B AR F R e AR T R S ] R R B SR ] R
W, EAFRN, SR TEMTF AME. AT HRREF R, Pendry 2IZRAAAE

7



RN L i A L

2008 42 44 T MK E H K (carpet cloak) HI#EA™. W 1.7a R, EE ALK
WHE, YFRTHENEZ A FH— AT LRI LEEFN S~ E, BERNEESHA
ARME. A TH#—FEUHBERARERNSE, ERAXBBL ARG ENLFER, &
MR SR BN E B RS, ERFITHAELZNERT, BARLERESHRE
MER XAHLEFXEMT B ARkt 54 &8 E, T LER & K TEELRMN.

2009 &, FE AT AY Smith RALXF —FERKRNTFEREN, HRERK
ERBIET ETAERAZBWEMFHBEXE G K™, 0 1. 7b. M5, MHHEEEA,
M fB| =%, MBRBEETEEERIT., WE 1 7c fix, 2009 4, FEWMNAZEHER
Rl RSk HR A e E BRI H 110 49K i B 3L, 3 3348 1h [ FL By 2 8] 139 47 1 %k
HRBRARMEFENFTHEN A, LAT RO TRHBERIE G K, TIEAE 1400 4%
2| 1800 #hK . Fl4F, BHRAF Lipson WRAAA FEEH KB4 LI T A BRI H
R, TR 1550 49k, #l 1.7d. 2010 4, EEFRATEEE L ¥ H Vegener #i%
RAEFEATERGWER U AREEM AT RE, BB SR EBRE = 4%,
EXRFEZHALRATHHERE FK, W 1.Te, A4, FEAFELERE AN
Bl % AN RAERBRBE N T Z£pB XK,

¥
physical

x _ objectto
conceal

1.7 #HBEAR K. (@) HBEARHREE™; (b)) ZHHIBBEREE L (-
& ZHERFBEHBERBERT™, (o) ZHERMB MM H K,

ETHERAZRGAHBERRERZTURBE=LE= A AZIALRUEHERS, £
EAEAAE®FEM A RDUEEERER R BER, KA T X2 ELTRERR
H— BB M. 2010 4, Fin 3w A T B ok A R S0 X AT E e A, LB A ROE

8



RN L i A L

RAZ BRI HEAREIR2FEXHER EFLANHENTH, B FEHADNERS
KB B & E T wRETRIAGIE, RO HEFREAE, HEAELEFE
Y RLBE AT L. 2011 4, SR BAR A FHRE G F AL LLIMREA R EEA R SEIL T & ¢ 15
BB R & B4, TRT KATEM A FAEAE Y, 2011 4, BRA¥ Xu % AEMK
BRI B FRA A RAL -k 2L T & et e e B BT, 2011 4, BAnB R E
THRKMAHR P EEEABRAFRBFHAR AR AERT ETHFTH T HEE
A LA BEAR S S IHHMBARERKEAAFTEMARRELR, EaTHRE
SHATT HUAE, RERARKSEFNERALE, EFEL2KE—LERA.

LEBAFRAAERETBIER FHARNEE, HAAARLKEALREE G 2HK
AHCHAEMWE ¥, dAFPBEFERE ", RET —RAAEELA, wHE L8
Frc. aTREBAER, LETHFETITH

b

olystyrene Cloaked
object (A

"®

@ 1.8 (a) ﬁ%ﬁ%%i{m_m; (b) %ﬁ%"%%’ﬁm_m; (C) ﬁ?%iﬁﬁz\é%i{m]o

1.3.2 RAZRBREK

ERBHFR BAE R, EE X LEEH AF Leonhardt R LRE T RA XS Z
(conformal mapping) , AL A TRt — £ K&K ™, BEXAFERITHERS TN E
wE LA, FTUMARH AL EANR S, B 1.9 BXHER, ZERKEZHE,
EEETRERE, EEEHEREENNE =BT EL, B E L (branch cut),
B BRI EARE A A EEE T EEMTERZ (Riemann sheet), £ FEH
Frbd, LokE (flm: 4 GREEIHBH, CLHEANTERZ, MHuTELZEEF
HENBEBIFNEREL, HNRCEANRRAR S, RZ, WRAETELHE
BN EZEFAEEIBRCENENL, R CBAMKE S, FEBEEL T HW
REHMTULIAE S, %K s, BLERIENTEK, FREEZSANTHEL A,
L —F R A S R

2009 4, Leonhardt ##&#—FE U H T FX L # (Non-Euclidean), I A

9



R NE S i e AT A

FHAXG TGS, BARERABALER A, E2, IHTHRERNZEE KN
NEFERFECRIXBAESTN, ERNEERA, FlwXE#BLIFA 1 XHE
2022.12, EREERAK. 2013 F, WIAFLZHBAR T REMBEER EEZIT P E
TRAZXGH —RRER, RARKWEHSHELEE K, BILEF TR 2E R
RERALE, ZHTASNEBFEEMN 1B 14.3 WESEE A, F, XS RETH
e i LA DLE R R B A R

X

1.9 ETRAZHNBRER™. AERAES R A REEEfESE, =T BE%
BARESX, MuE=FEANECE, REATRSXE,

1.3.3 BAHEEKRER

MR AT B R B & K AR, R F AR AR B SRR, FEN
BTG LSHERY, EEENMRANEEAGHNE, EAEBRERES. R T EHXEE
4 AT A% Engheta #IZIRAMAE 2005 £8 1™, AU EEE (scattering
cancellation). XM M R # AT HH RN B FHEER K, EXTRTRASL
BEH TR, BB/ AREIETXAAIHENFEE FHRME. £F 1.10 +,
Engheta % RAA A — Mo H 0 ABMEH FIRT A E ENEH RORE, £5
THENHAREEANE, ZARNZRANEH.

liiw\/)
H inc .

Ppps = (epps — €0)Eimt  Pine = (€gne — €0)Eine c™ ~ 0
B 1.10 #ATAEER  REE™, &8 FHRR T BRI/ FHANRE, T EE (B
EETRE) WHHARTELE,
10



RN L i A L

2009 4, Engheta #UI%IRAA H R AEBBINBE LI T BT HERE K™, 114 12
ReBFREAKNAZET R AR N BFEY 21 WA, FEdAETHEME 193
GHz A TN EHA-22 5 E Tz, wE 1 1la. ZRMEXRH, I—HNRE
NREEA 6 WEREZGFE TR ARG, RBEHBRERANT 5%, M/EHJLE,
ﬁ?ﬁ%ﬁ%ﬁ@%@%&ﬁi%&%mw,W@ﬁﬂ%%ﬁ%@i%ﬁ%ﬁ%ﬁ%@%

R, RUEBFREN AL AT HAMER AR, ARALEEH FHR-NREMH
ML &, FENATAFRFIT™,

Dielectric Cylinder

Actetone
/.\lclzlllic Fins
f —

! " Plastic Sfiell

A1 11 BRATAR R & R B E RO R R, (2) SR A REME; (b)) #
SHAEER B R LRI RERE; (o) #AAEHIR & KBy BT B 3718 E 470

ETHAEHEENRARKAFMR W RS H AL MEEESNS, BT ZREE.
BE, IMREARCEE=ANRRME. £—, " HREATRERKIE. BHERTAT
WKR, BOREE F R R IR R TT 6 R EAR A, MR By RO BCE A, RE DA R R Y
AREREBHI T 2WHE. B2, RIHTWEREEERA4NRIOERE . WRHER
SRR RERE TSR ERE, RABRRE2 AN, EER &A=,
ETEM AT ENREARE-—MEARNRE, THERAFRE, RUETRE—,

Aluminum
cylinder
(scatterl

Magneticx;:, R
dipole s
array/ ;

A 112 EFHABEEHERERK™. (@) REREE; (b) HEEFLA, LFHAE
ABREAERAIBEY; (o) MEERRIE,

11



RN L i A L

2006 4F, * EHEAEAF Miller BTV H T —F ZA KRB EEE™, wE 1. 124
Frow, ARG RBERMRERREFR, ERARHEARKRERLIET], F
BORAR RH R B R A R E . R, BORMR B R A R &R B A A B AR,
EREMAT AT, W 1 12b. 2013 £, WEKZ M S A¥ Eleftheriades IR AL
EWETEERA 12 REBERT AL, ZELBEEHTE, B EFTHERTRANE
B, RIIAET AR AT, w1 12c. RXFFRATAEE T ERL A ET
EFA. ARE. EATARTYE, ERTH#R &2 O AR BRI

1.3.4 BREREK

BETAE M TFEEFEANFR, G BB E e E . g t#tTaafE.
REFHER. ZER. ZIIEFREZENAREN ZXE, HEFET —R04AAKSE
MBERE#EME. Hd, BXERAREREREUNBHZ —. BRER IR BB KA
REMEEN TR, HRIMERERTZ £, B THER E RN, 2013 4, K
HAFERFRTANEAREBEDHBERE SR, EMHEBEA —EFERIET &K
AATH™, 2015 4, ZEWMAZERA S RKARAAFF S HIRREERMBEEZIAT
ZHEERABERER AR wE 1 13 iR, EREYEEEE—Z 1/IRKEENE
kW, BRATENBROETEMRT, RXEEYATAWHEC T ELSENE, EHRS
RH R, R SRFEEg R R AL —H, EHREKE. B 1.13b-d B2 HEHER

R COOP RN
B O o
. ®. O\‘,;o)‘
\
%0 e’

ARG )
'-\'o.:, A AR OER
- L X AR AS &
3 TN, LI LI HORRSD
B SRR

LS
‘\\ N

N BRI A5 A B 3R R R TR & AR Y [ 55 B B S A B 37 0 A (D TM P AT
AT 578 A AR T IR & AR B [R5 4y B B9 25 (B8] i 37 20 A o

12
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FE, BREEERTHLRZES™, 2016 4, 1EF T EWNRALF A C, K
Y A RN LAY, AT T/ 8 GHz W= R ARUMMBEERE—RWERTNR
&R, WA 1. 14a. 2017 4, FTILF 4 RALA A% Beruete HIZ IR AL A F R [F] 4 4
BREM, ZHT EZXRARMBREEER . FRFEA LT X LR HH I H
R EFT KRBT EMES RN, Bk, BRER S RKLY B2 AR E K ET
B, flin: 2020 F, ARXBAFERMEARRAAFFERFEFEFETEN, ZATE
MESBRER GMIHE™, WwHE 1 14b,

EZghARraNRRAREN, BXERARAAEERE, ZEH, ZAMAED
THIEEMRE, CANERBAFARBIFARARE, BRIV RAARTZLYEBINEE
HRAE. B, TMREKECEHELEAFTE. \HATETREFFHRME, KETk2
HETEE. 2Bt ETRLRMTE,

Arbitrary ground

114 BRERER. () ZHARUBALLRBER L™, () FEFBRERER™,

1.4 BHAEAN

Slaa R e AR BER, SR —ARERERARE N, EORNEAE
WA TR F%RTHME, REEMER, KRG ERESTBAE ) 2R
B, HH, BMANEA T ETER M. §—, HAMEKERR T, Flio 2008 £
FEREA¥ DU EHITREAAAMEN R ARYE, R E— AL EHERTEA
WM R E . KT, R TAMEN R R F, TR IRELA. £, Bk
BAT. Bl 2010 FEEHEBAF NS BT REEE R TR . BiIFFHLELE-
NRWKAE, R SR ETEEHTHR, S LB SRR, BaEEREN
RFEw, TRAIEEARE. B2, B ITEREK. 2015 £%ERTELEAY
R KRR A EMB T UAEER B AR SE" AT, EEFREA T, fhf]
CHREFEAANMSEREATELME TG EIE, REGERRAEER T RAK.

AN, RAERGN B LR =B 7B RE . RRARREREFIRE
13



R NE S i e AT A

1.4.1 AMEA- B # A

2003 48, Pendry ##% & HAMEAN R (complementary media) BEA™", 4 —A Xy
B A M A — A X S R R R R RO AR, U P AN I AR R — AT AME A ST A
MR L, AT UHEH %, Pendry HIRM T = TR E SR A LU AMEANFUE
B, PEXBAFLATHRRAAR B EN BRI EZFEL T HEAY,

B 1. 15a #—E-FHR K FH L, KEFERRNENNEEHE g EL -1, B
BERS AT EMBAAR x =R, WEB /DN TRITHEMBABIWEE, REFEJLA K
¥, BBESAKERFRMERNEGE. YEx=R A RE- N Z£EBhL R, TLE
KEHE AR SHAWRAE R, ELLMEL AR, REMENFERL, KER, <
X < Ry B AT ST M AL AT X IR Ry < x < Ry 9 B |1 % LM R — P AMEAS R, BT LR 3K Rs <
x <R TUBERBSH, MAXKEEL, x=R ANZEEFHRIREHE x =R &,

a
g =[—1

=1

A5
%
=l

Ry R, R,
B 1.15 (a) BE—RATHEFRESFFHERTY; (b)) BE_SAFTHEEALTH
BHETH: ZRELEATERFERLT, HERBN AHTHML.

FHHEE|E 1. 15b P E B A, H 1. 152 FE AL R 2RI S5 H 1 =Ry, Ry Ry
WEW . RER <r <Ry HAMENF, TEEREARr=R HEZHEEr=R;. HI,
MAREBRR L, ¥BEAR e BEAELKT SRR, 2 BEE. 4Ry >R, B, MK
JUT RSk, St T AR, LI BH8HKE., FEE L 15b FEEK
BRI — PR R AE R, FEREREEFRE KL,

Bl 1. 16a 4% 7 #BE# AT % 89 COMSOL Multiphysics tH B4R, B EA R TNER N4
B, YHEN3 Gz W TE FEENEANSEEHAEL, BUAETETREW
WAt AT FEXN, H1.16b 2% T ¥ ENR, A BEENEEG A, EXHEr >R,
W, AKENEZEL A —5, ZoRIETEHAERNEHAME, ZFE, IR

Xt BREAER R, LT URALCHRFMEAHES,
14
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a 06 2 p o6 2
AR msag I SRR
" ‘f;i:&“\ ! |
'l'mm,@ N o itprrs™
< {0 ‘\\\\\\E%_V_: ) ‘“\\\\\m . _1
OA‘mNNNH$Mmm ’“.m“va&Mmm

B 1.16 (a) WANEZE AR, =01m,R, =02m S BEE BN LB A; (b) F42H
R;=03mW T FHEFREBEREABNLE B LA ARKEANEGRARBHEEN 2,
FEMEERERTNZMNEREEREL T RENKAKRE, BT L/REAMLN XK,

ETASENFHNTELARS, flotieks. tE+E. BRUEN “FHEA” F
TN 2009 £, FAMBAFEFEHARRBAARY T ETAMEN AWK S, £
LT R & AR 5 B, AT ETARR S EM ERE T AFLR, -
MENAAE LE EER A —MET BR, REAFBEN RSB EER Y
HEmpE, SREERA, HHLEALERSZRDHIRK.

1.4.2 FHWYOTBHA

A B A6 IR R AE = 4 T 0 R B AR F AR RME 32220, — K TR
WE AR ECFERRE 24/, A RAZEFHK, n RIS E" dFRELMEK, &
TRUSEE = Ek BB BRE AT, FT UL SO AR E 1 R % 2 2 38 8 8 AR R B
AR, 2010 F, XEHEBAFEBHRAEERANT L ELB-NFEAT LR KA
WRBBA#, ZMHERNERTEEHTHER, THT ERERHRIR, DEHMT LA
gE'", TRTAMENRAERE, TRHATLAESFENMMSHE L HEE.

LM FEHEAE AN B LS RS BB R, 5S8R m fo A 18 3 89 3 A
HEWE 1. 17a FTe o = 025420, &, m=+1,+2,43, +4 BH N H AR EEEHE L =

, REBSTEE L 7.94/n), BB L LBEHAWRR. AT ABEBEATEN TR
B, g8 HREAEY B ERFRTHERAA, wE 117, REEFBELE",
R ZEREERTFEE m Ik, H%%m&ﬂmm=Mm Heb, n AREEFBHTHA
Rt i TROSEH TEGERAALXE, AAVEE L, RESBHTHEEFTEK
A AT S F XM AR T R E g, B L 17b Bor, EAH & TEMEML
BB AT FHE, BYEARHIHEEm=11,22,£3, M4 N REFE T, BRI %8

15
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HER, ZERTEFHRTRER 2L EHEK, PREFTAIAZ.

Bl 1.18a &on T B# A BB WM - T K EREL . M FE BN T, #¥4t
BEEETT —MRIZATAANAY, KHNERELAW"EdE. FHSRL, B
118 BN T — M A%RTWHN e BHENTAER, FAKELCRENRETE, &5
A AT KB . SFREBRAR, ERASNEHRAHET 2 X 2MF, EMK
e REHARR, CHLRAERTHHTLEA.

a b
S P 0.7
5 8 total
] — M=t 06
S Ps — m=£2
'§ 6 —— m=+3 05}
T 2 m=:4 & 04
w
S 4 & o
5 E
2
:
0 0
0.25 0.252 0.254 0.256 0.258 0 0.5 1 1.5
o/w, B/ kp, or |m|/(rokp)

F1.17 () AHAEBATHEESENIHAREAENEENRERT; FNEEEH
HENEMTERE, RREFMEARESARKEBHAENNEFELHEN 12.96 WEN T, &
B HI )% 2 Drude M8 RAE, BHEAT B89 /LTS A p; = 034851, p, = 0.56231,,

p3 = 0.63701,, HF, A, =2nc/w,, c EEZEFHIE, 0, EFBTEME. (b) —%£FK

KEWEeHds., RLARTHEAFLE-N-2B-ZARIHWERBL; RELMR
REDARKEBE-NR-2BRIMEBE-ZAWERE L, 2~ FREFFEES
BREAANEEER, GRFRSHILASE N a=p,—p1,b=p3—p,, ZHEEME
HERAFTH Ko

('55! ;Ill i Illlll
b s
!Ii:p] E?%; ;’ ’iii: | !iii
b =li'=lH 'i oi“'l”'ii
=&l U ILE i QUNUNNY
Jma:.%n il it

x(l) - x(4)
H1.18 (a) THBEBFATHEUMSEM (b)) FERTHA LB EAEN R A f g i

B4, MREFHaEE B A RKERSEN S B,
16
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MfE, B BHEE AN EIT R ZERVEUS, AT =M ™ RMAK
R, B HBEAFAFHRRALARART ZF/ ZFF AL RN KA/ R B
ALK, BN SRR R E AR E RS BAM T E A ¥
Kivshar Z#ERALAR LA MAT ERANRETE, HANFALELB-NFAKRENF
B S R AT T R B T A RAAF A BB AT E SR LI T AT
BRAHA B E £ %8 BT AT T St [127-128]

1. 4.3 AFEAPHEH A

R EAMH (near zero index, NZI) B — M4 X TR @M A £F 1.1
MANEEH RS E_EZR Y, AEARET AR E ML, aTHARETE,
MK ERMRFHEKEETEFA. RERERHBEFT —MERADHEZEMHE,
EHEAMCLF AT, TS FR, AR H TRURRBEHERTZEFARLE ZXE,
fl4m, 2006 4, E 4 % R A% Engheta X WAMAR B T LT A BGRET BN, K
AU FRERBLERERROETIAEES, 2011 £, FERRAFETFHE
RAARTEANFETRE, EHEWNR P OBE B EReRm &, RSN RE
WEAAZENFAFRENITHELTE, HFRERT CEG S EA M ERm LA,

ElLA2TE, RARI AR FHEREYSH BT FERRME 20/nn, BT H N,
EREMRF, IRRELTREFA, XA RS R ERET HHHRE. 2015
F, BHREAFQZRARRAAERBH R T &, WEROES/ REETRERT F
JINKER, HEES " RAAREZE " PREELE, wE 119, @5 RKEAFUBRRK
HEAG, BRT A ENWERE, £ TEHHERT, LF2BE2BAEF, REF
EERAT R T LT &5 FEMARS, BIEAT, TR T SRR k& & A
HAEE. BOEERHE A RN Bc AR ), RERTLHA. WREVSEHE
EREFHENHES, BoRERTNTEENE, BURUETLLEH A,

a b Gaussian c

H1.19 () k S A4 B, AEM MG REHE LT NTHEEFHERL; (b

TEH R GBI ARG RE " (O IRRTHBY RN RET
17
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LR, AFHFHETRRIFE. M, AREFEEFERAANMEAE
Mk, RBEE=ZFFAR. F—, EVELLF IR, AFFTAEWAI, & BN/
HEHHETE. YT EANSBNFR TERARNAE, AAZELRFENENTRM
B AEZE e THRE, NTEATEETERENATLH ™, $=2, K. KIE
AR EM AR WA TS RS F=, BN R FRERE AR, BILER
MRELTUE BRI AEFROETLB . LR FERAKRFET AT LA T
A, BENE%E AR ERARAE, EEREAR, X% 48 889 SERR A 7 KR AL

1.5 % R HCAT B A A

[RE R M A, BRAWARAER RIS, #t—F, RNLET UG R W
MR R T A REBAT, RA TR B E . KT E (optical computing) Z—
FLLEFIEAE R BRANH R T EEA, FALNTH., AW THFEAFERAEL
REUHHES . v REEER, RS HAT. HTAEEAR. FREL XA
BT ZERREL AWK E. AMIZRTIAUTEOF EREAEELERRE, 2
e T EANITEE A, BT EGRINA B EAE . KA, RATERSEA
AR HEERFER, WENZWEELE LB RE, HRIARFRERELERE.

1.5.1 BEHFER

BEABFEERML . Bo. £RAES EEEHTHE™, IR T ENAK A
AFRGIERNTE, ZTIARFHFEST UM RIELARARE, H 2N A£G
FRANBREGIHEERBH TR CANAFRFERRET RFEENEENZH
BEr T BRI XA R 2 SRENTERAGRREA. EFREZ B EBHBERK,
2014 4, 2EE 4 % BT A% Engheta HZFALR LB MRFEHA, B BMRE
FWEBTHES A LA EE AT AEETEHR", #—F, #RETERERE- B XL
H- B E R BRI ZN N F et (B 1.20a), ZEEM 23 NS H#HAT E 1 #F
Boidik, BAABEBHRTE RN, REFAEAEErRHEESRAL R, BT
BEMEENNRATHFERZ B ESETAN, FTUAZAEERA, HaHAZRHER D,

2017 4, WL AFIE BRI RALFA 4B KT S & BOTH = B AE X4 2L %
AT — Wtz g™ (F 1.200), 28 F, TR F E= 4R E BKT RIBER H4E
FREE, BB EREEMN S HEE P ERBEAWFER R, THENH X, X

WEMEE, ZTHIEK, BELFEMERME NG AEERFFRE. 2019 4,
18



RN L i A L

K E M AF EH T F R0 RAFZIRR AL R & — T Pancharatnam-Berry—phase
AEREHRFLEAANE/ & (B 1200, tATF AR ES AWK & T2 EH
FEEBL, IMTREERNLF THR RGN REE. tFUELNEEFNALEEL
W B R E A E R A RBOTH, R EMEL L, TULHALPEGRIN.

RCP output

H1.20 (a) BAERIAKFELHHEEFTTHY, ) ETRBERHTHEE LT
BB (O ETE#NAEREmEGLEHNE ",

FEH M, 2019 F, XE XY %R LAY Engheta BURRAL LA T A F 7 KM &
FugElERE B Mg = Iin(u)+f:K(u,v)g(v)dv AW, H¥, g ARREH, I, hi
NEE, K e BB, RO XE [ob] ERBHRUALE, BERS G REMFHEERNT A,
ERXRFFTERBBENEESRERITHR K BHRAKEFN LM\t EAE, B
AR BRI E ARSI\ Snf i R A E, BR—AIREME, wE 121, SAERSF
TN Iy B, REEALERBRERZELARIRE, BN E 5w o375 7 DLk
REH gWM. BRAXFFERMENITHEE K., FlE&HE, EXENITEREARAR
EBRATHRSXEANTRUEE. DRFUAMFEERS, WAL om I WEH 280, K&
MR RITER 2D ER . TH, SKEELZERUN, BMEFFRERBBEFEESNR
A Tl &, B &% E IR

a b _ 10 gy 5
| e(xy) 253 e 1
T 9. 4

9’!0-;.-.10”7‘3‘7'1 _ . 'G‘

R - 7 Y —-— :

i ar w—].39 ! ol

’ 20V ] : -

2.03" Y === . o

......... L R . » R

4" | === " o l .

........ Jo : . o o

o .  ——— ol -

........ R ' - ol -

.. = g —" o .

0 By 1)) " :

= == o] o

: o H ' .

? } A ©

B 121 (a) HHEAK; (b) LFFRKEE",
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1.5.2 R¥FMENL

WE W %R — RGN E AT A RERAT 2R AT ERAENE X, HWEE
ST EEG S K, EERA AR ETIR AR TR PATHE W B
NepEmhEERER A, XEREE ¥R arin K RAE F 08 B LFWE W4
MA™M (A 1.220), MAIATRENKAETAEREET M EANWENEHER, H
o, EEARREEHDH-HERTHENBEETR, FAERMEREERETIHHE
MEF R, EMETEFFRAESF, FAWAIHEFEEREN 91.7%, KFME
WL B9 E Ky TT%, 2019 4, FE M A FEMIHK Ozcan HFRAA R H— ¥
MR E R %", il 1.22b, KFATAWE W& P HEE R E ST @R R, BT
GESATRENETEMNESE, AERNKNEEEE, CERETHHEFTH
MEEXXH, EAMZERT, THAWENEHLEREUL N FHRGMM R, B
Bz EARTT, EFERFELSFELIAT 9L 5% MNEHRE, TE LR ELFMER L
TR AR P ] E R P A R, R %R B E LI BT R

a Optical inter b RS
o A

B 1.22 (a) ARBAKAFMERE"; (b)) BAFMHBEREL"; (o) LFB/IHE
P& () LM A WL,

BT EFEAEBEMENE S, ARELRIT RFEIME W4 (recurrent
neural network, RNN), M T ACZEE & 8% f0 R E HON S ot 8] 7 71 809 . &L, X EH4E
BAFHINELRRAELIAMHIBEZ T RO B Z5 TR 5% TG EZ P 4% 098 8]
EHARHREGEN, w1 22c. EHEEMNF, UFRIF, BEAHBFEE
FREBEEHLEEHELEAR, B MR BANEEFESA, ZHT H=ZKFH

20



RN L i A

o
|
1
=
&>

FEoWk., BEE, dTREENMPELRERS, SAEEEFE A,

AFFEUERBTRAREEAFHEN BN RFZE, AMEBAHEXZRAERD . 2019
£, TEMEAFAHRARNF A B@F S EANILARTEZIT ¥ L™,
wE 1.22d, EheF, AAEANARELLFTHHENENRRSNE L FERLNH
FFRFTFAA#TT 2k, AT HEATIHEWNEE Y0 ERE, AT, ZHEHENK

REBRA., ERAATI, SEEAMELFHENENE R AN & T LR,

-

ﬁ\

k

1.5.3 AFBHEH

AFEBRUE, EAXGETAENEMET, EXARTIHHE LT IHHE R KR
A, EMKAETRES, BALEREAE, WELLAB A EHBLTARFTEEZN
B RFEEUF ARG TR E 2 80 K, fldn, 1981 4, Fatehi 42 A
FIARAT B R EARFHRFER], TRF, AFFEHERRETHAER" . wE 1.23a f7
T, HAEEFEE THIE Ranjan RAARE T —F 2 T 7 EA WAL R B9 %1618 ik
RRE ™, AR B A LA ST BT O AR PR AR, B A R R B B R B
E, REBATH GRS, EAMZERFEINT AW 5 EEHIEH m ez,
ABEFZHEH. PHEGRTERT. ARAFERE R T MALRITEAF A T HEA
IHAF eRAAKEFRBEBHTHEEEK/AETY LA DAY EEZH LT,
FER BRI WA N B EEITL ™ (F 1.23b 1 o). RIS, HRFLET
REAAE AN, LT L tFEEEE"™ (F 123D,

A 1.23 () ETH/ANE RGN EEERERTEEEE"; (b) ZHRAKRKLTFEH
EHE (o) RARABEBHTEBEEY, (O FARRTFRHEERIH ™,
21



R NE S i e AT A

BL, fROAFEBUHELINTET 2 AT R ET NS THRAAET MR/
HAEERERRE ., BANIHARECAELRET. FETHRMAETRESE. AT, £LFE
BUHAXZRY, AXFEEFERAERANG LR/ RELNBE., L. HUFERA
NERE. WREEBEAT R AN EVNCER RRE RN, R ERELIALFESE
ETH/N R R A, B Z B RAT EE R TR, BB A R A H T T R R K

1.6 RXHAHNEN., RXREZEAE

M 2001 FHE—RAFTHEM AR EINTLFRBRARR WK WFHET, FH
NAMBETBEEANT 20 L FWART L HEl, €NIEESNER#FWN T A HE,
FHEATEF F AR A FEFHT, B, TR F A AHET ZEWR S TER
LRENRAEREENT —HABOA BT HEANBHBFEERS, FENRAEEL
A RA R L F B R T AR, wEET — R H AN B
B

AW SCESERHEHA, KRATRT MF R —RE K., RIS, A
— R HNRAREER, FR. XRAR. B, BER/HEAHRACERRTRAMLE,
EATIR T AR & R G R o 19 B B R R o 19 dm e Q5 AR B 5% 285 v 2 AL 2R A% T L A
HEMEF., BRTE, HERE. THEEXER, S FAEEENES; BRAH
THEARE—, EHMER, BAEA. FEEHE, EUZRUNE, LFTBHTEFEIAN
BEREATE R ERR G, AATHENNEL, ERUZEMITEERRIES,

St EE A, FHITRT 2T RENFAMEES I WHAREERT. BT &7
MeRHBARELEE, BT TREARMERANESHUNE, F5T ERGKEH
Rk RHTETREFINTRRABA, ELFEEMAARET, B EhEHE
B H H F IR AN TR, ZARRERR T £ T AA N dn 57 w0 Fofe 360 8 %
HHE L FARRHE Tk, "7 T ERERAE TEREN LSS . AR TRENERE
M, AERERAMT BEHAER. RET ETHERANEFAFE BT H R T &
W aN R PO  C TE XCR-R e e S e i

AR XEETHABLLZHET:

E—F: ik, 2ANETRENR. ExE. REK. ERAME RO,
R E FFRRIRA RS FERIRE, HEBRAT AR XHWAREN . EX A EEANE,

FoE: AR AMERSN T ER R BEIMEE T L ERECHRHEFRE
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R NE S i e AT A

SE%E, AT RERMEISFNGESNG ., T ERFF A, 817 11885 H N
ME, #t—F, BEMBENT AR B AT, REMER T &, HXEATEHRT
B E N ERIATIT . BRH, BT AR BB R B FTE. BT EM T EME S
BHEL ZETEARXEFRINE AR ERRBERESHix; XRTEAES
MEBFEMGRR T FE. REAZABSFTERT BB ELREHR.

FoE: ERTREFINERR Y. RUFXRZATETREFINERR Y, ¥
RYHR B R B LI 77 ik, Wit T ETIF NEA & 30R ¥ e 7 e k| 2 e,
KNAFHHERERNHBEREL Bk, BT T HRRINBSRUNE. LhF,
BET —EARN. muRRANTERERI AR, UL 6 RBAE R A/ NF 1,
TRETABEAG ARG T AR EHNER, RoRIET CWEHE, S Erk.

FWE: £TRANRNZTEHL. W, =47 AR Kb 7 @A S E S 5
ATk, T Nl F EA R F RO e RER MR ER, #RT EHE
MEAPEALE B E L, R T AAXPELEHEA TRE F B HTAE R 7 %,
et M ERAENE KT E, BT T % TIEE L MENRAREL K KERME,
FAEZE EERINT BRAAL.

FLE: ETHUERANOAFEETH. RET —HETH RN EAXFEEIT
Bk, EAEW LA T 27 e AT A T R, BAR B RN AR AR T AR AT AT
ZNBNREE, BLARXMANENRE TN, FREIAT SHREFEBRBET, R
BRTZAROLEE, R, THREM T LR KM,

AW SCHI A &< A & & & & Nature Photonics. Physical Review Letters. Light:
Science & Applications #1 ACS Photonics & #{f| I,

ARBXAEANEXEEREABFELZAHNFTFELTEH. BXFEHERELAAL T
¥, BREAXFFEAL (F5 61625502, 11961141010, 61574127, 61975176) 2T H &
B, WXEZEZBMIAFELHAREFAFEEAITXNFMERYFE4ETE KRB,
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F_F FemRAMERMN T BT

HABREHRAMERH AR ZT — BT AR R T . AFH TR AR X
Fr R B EAT 77 ik (R BAF T i BT EM T E MG BB ER), KET % (EHF
HERMBAEREL Hix) M7k (FREB T EME R T E). X, B UEE
HATARREEHRNBEAREL) Bk, HATHERERAEY A OGS ELIE, 3
P22, RENEANBGEMAART Bipfn Lo A4,

2.1 BT &

2. 1.1 REBHF¥F &

RER#E—ERE, BMEETERENMENAZTANAMSHEE ——HEKXR.
WE 2.1 FR, WREREEALTATHEE - MHWLTR, I TERHFHFRANH
AANEME, BATT R —E 53 LAm A X R AN S 40, ERBEE “R” F, &
BRI E AR R EER M. £ T ZRE, Pendry HIRIRH T R LF 7k, BTk LAF
7, BHEFRLEHENEERET, flosd, @, HWEXEE™ . TR =EHK
AEZE, RN EEANRAZZEIMBZE ., ZoFABERE. LZEARFVAT
T, RRR#SH. agupREeEX . AEZHE, Xl FRETEN:

VxH=i=F (2-1a)
VxE=-f-H (2-1b)
BRI EALTR (x,y,z) REFFLTR (Y, 2), ZRHFREFERFLRAL:
VxH =& 2 [ (2-2a)
VXE =i/~ 1 (2-2b)

Heo, TR EE=FNEBEHRRA:
L | (2-3)

ldee (DI’ T laet ]
AF, | HEFEETE LT B TR (Jacobian Matrix),
(E)x’/ax ax'/dy E)x’/c’)z)

_o(xy zr)

] = Sers (2-4)

dy'/ox 0y'/dy dy'/oz
0z'/ox 0z'/dy 0z'/0z

RIELR, TURA R ZZENAESE, RATHEANEEEEMZEE d 7R,
24



RN L i A 5 R BE R RARS B A U (7 I 7T

y_A

» .
L b
A21 BREEEEY. () & ) ZRERNBWLRE, TE&ETENEFRL,
BT, DZARMIEEE4AP, BB ERAEE LT LRGP W,
A 2.2 BiR, ERAER R WARHIE L RESAE - WEIE R, <r <Ry EEFEA
ST R TE, FEERA NS AR, BE AR R R T
r' =R, +7(R,—R,)/R,, 0/ =0, ¢' = ¢ (2-5)
Kb, (r,0,0) BELIKF, (0,00 RELAT R AIETHRAE, MBI ZH BB S HA

&r _Hr_ Ry (r-R)? g9 _pg _ _Re  Ep _He _ Ry (9-6)

€0 Mo Rp—R; 12 €0 Ho Rx—Ri &  Ho  Ra—Ry

WE LK, MERTHEBSEZIRNE B, NHEEWNE T T Tomwdt, FREL
TP “EE, AEBRTRERHREDNERMER". W 2. 2c FiR, FHFHFAERAL
FIRKESA Y T ERERPE A RN TE o T HEAH YT, RTBREK, &

BobF AW Z A RBIT R B B, YR E ¥ S F R E R

H2.2 Z#AFHRPEAR. (@ F1 (b)) 2HRTEHTBEHLFR,; (o) HPEH
KB oA FHEIERE™,

2.1.2 MHIEN T &

BEAN-—NEENHERRT CROINET 2, R4 B EE R KT 7ER
Ao AFTRAR, LXK —FHIENFRNGE 7 —F BN, B RA A A R $m R
TRWHET R E. BE, WREFAMN WL RAORE—EEXE, €275 A—1F-

WAMLRE, FANHETFZEFTER . 40X MIEFH, Capasso H IR R AL X £ G
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BEEEH#TT —BBRANBEE, RET ] XHEE 22"

1d¢ 1 d¢o

n,sin(6,) — n; sin(6;) = o dx cos(6;) sin(¢;) = e (2-7)
sin(6,.) — sin(6;) = %% cos(6,) sin(¢p,) = nlk Z? (2-8)

A, m A AR RNSERESENFATHE, kg YEHEEHHEK, 6;, 0, F0

6, 4 A BN 5T A T AT f e RO A 2. 3a) . S\ BT E A ST T AN B A B, do/dx =
0, dp/dy =0, EXERERNIEF EE, Capasso HIZRAL A KA B 1 Fo 5k A
WVAEREE, EUFRAFINT EAKE, £7F dp/dx+0, dp/dy =0, BLRITHEE
H AT 5 A J LT S, dTEAT e E . AR AT E A, FEIA. R
E. AERGRIBEESET,

nanoantenna  «ace S’f/n L

/

arbitrarily-shaped object

\’6
\‘\e

B 2.3 (a) /7 XHTEF £ (b) BEEHBXEEREE",

DI 2.3b PEEER SR NG, BAREREERERAARE., YRS MY T
TRy e, RKATKRKX AT, NTENGEEE. nREESY LEZ - E&%H,
AR T R AR R T R R AT A AL, S A R A R S R
AR E BN %, AR AYRY . BERTETEMNTERMEN B LAY

A¢ = 1 — 2kohcos6 (2-9)
AP, O RBHENIAE, hETEBLABETEES LT HENE E
2.1.3 ZHEHAE®

T AN RAER /R 5 KA AR, ROTURAZ LB E R UBER

A, EMREELER, £HE . LaRERTEANRT, RERTEN:

VXVXE—K?E=0 (2-10a)
VXVXE—-kKk?H=0 (2-10b)

EEATRY, BRYz FaeagEg s g, C11#HE:
(V2 +k®E, =0 (2-11a)
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(V2+k?)H, =0 (2-11b)
b, kZEBEHEH, FXWEEN:
[H ] [Ardm(kpp) + B HD (K, p)]eis+ime (2-12)

Kb, k3 +kZ=k% | BN mg WERBS, RERE; AP BENH Y mBE—%
KRR, KA W FAMEFNAET R . b & 7] DR IR R AR B ko DUZE R B Y
SR, REXTHFHE, BEEFMETHT:

Eg = — [ik,VE, — iwpz X VsH,] (2-13a)
p
H = = [ik,VH, + iwez X V E,] (2-13b)
p
RH, Vo= prot = po+ G MR ER, TURS HFTH M AT RIS E,
FIREES AR5, OUEH KA R R B Ay, 1 B,
Ha:€2
Region 2 <
AN -
Reglonl
-2[ON-1 =f
W HNEN
Region N
FN-11€N-1
Region N-I

E 2.4 Z %% ERKNEAHER,
DL 2.4 FE 2 N EAEER AR, 4 ™M FEEMNE SN EAERK, k, =0, E, =0,
EnMRRWEHIRERY:

Hyp = Y=o (im]m(knp)eim¢An,m + ier(r}) (knp)eim¢Bn,m) (2-14)
¥ EXHFANAR (2-13), FTUKRG BRI Eyp FE, o WRIETT 1 837 Fo il iy 0 35 B2

(Hzn = Hzn-1)lp=a, = 0> (Epn — Epn-1)lp=a, =0 (2-15)
A UURE AR REK Ay 79 Be RBHEFERNL, ZERHEBRTREN Cy =
Zﬁbwﬂme,Eﬂb&&ﬁﬁb@m=2$}mi{1—u+z&ﬁ),/\¢ S = Bym/Aym
FOERBEmM AN SR AN R K. BERITHRNE BEARNEN, TLLEHHAE
ﬁﬁ%&@%%%&@oW@,%ﬁ%&@%%ﬁ,Wﬁ%ﬁ%%%ﬁmo%éﬁﬁﬁ%
PRk S B AR B & e, B4 BT AR B A
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2.2 $AHJ7 AR A5 AL AL B

Bar, AMIgArfkit Rigt¥ B4 ERMBTETHMRT (finite element method,
FEM) 84 7 Jb B3 30 fF COMSOL Multiphysics. X & —MMB 7T %, KEFHNE LML,
VR RFEH . GBS NS F A MA R R ot &4 ReE S m A& — AR
BXHRA, TR RAFBUENEATEREREENME ™™, A%, BXEHEL
BT RBAEEH. FHE. LERUENFNRBEAERZSHER, BUTHAEFEER
A E AR, ART CAIWBESHENE, £HBTT CMINBERIBEAHLTE,

2.2.1 FHrEeRRBERELSEE

Bt H [R £ 4 &% (finite difference time domain, FDTD) 2 K.S.Yee 7 1966
FHRFH" K= E W HRE N Yee M, BFARZ EEY B fop &L
AT oG8 A B BB R, G Yee WA & 837/ 5 57 0 JEl Bl P A o o377 / w3 B £ —
HZNEG/ B EER X, B ETUAE L FEH R El s R # A, H9
DLV Wi B B S B B R AR . AT, BT YR ALK A& S5, FDID AR R F
RARXKE. HE 20 #4280 £, FDID A BEEA, xR 8 LT 2HBHEK,
A, RARS. BHESMEREEETEANRRT LA,

FXT &R, FDTD A 77 vk £ B8 = #v: # Bh = 2 7 B 7% (auxiliary differential
equation, ADE),Z & # 7 (Z-transform) 77 % )3 & A & % (recursive convolution, RC).
WENE N TR AR AR A G BER S H AN RAMEA R, BARAEELTHEN
AEABH X H R EZL TR, REEEGZ M FIEE T RETHE KM, X7 &
BFHE. KERA/LFEATHANEBEL., BTk, RITE T mAAHESZL
BEAAERNAEEGH]. FHE . ERPEFENEENF

W] 2.5 FroR, BA AR & T FDTD 17 B X 33 iy 10 A =2 7% % IL L Z (perfectly matched
layer, PML), Al T Kk # AT E, EMNEmEE. AEXmHiF A REATHA M e E B L.

VxH=2+] (2-16a)

VxE:—‘;—f—M (2-16b)

AF, BAXE ST EREREE L, =cE MmmeEREE ], 2, J=0°E +],, 6 X
BER, KM, MASEM=c"H+M, o™ HHIFE, Hlt, FAFAXTHE .

v><ﬁ=§+aeé+17 (2-17a)
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wE:-?-wﬁ—ﬁl (2-17b)
AN, EEAY KRR
D =k B =jH (2-18)

AF, EMARNEFHMEIRAKEY . FoR (2-17) #TERUAERE:

D™ = D" + Ac- ¥ x B™z — g?E™z — /2 (2-192)
Bn+1/2 = pn-1/2 _ At -V x E" — ™A™ — M," (2-19b)
AF, VEBBKEERE, A ZEFFK, nRafE%RKE
PAL
™y
. Y
E, 4
&l '
=] 1 & # f[\)}?
PIL
Bl 2.6 EASTRTAmEERFDID ZA,
ETASBRBAFEHEERET, EELTRFE, ERMEETULTH:
E= e ff +epd + 6,22, i = u 1 + pp P + p,22 (2-20)
EHALTZRF, HAHMSHOHEA "
Exx Exy 0 Uyxx HUxy 0
E=| &y &y 0 |, A= tyx 1yy O (2-21)
0 0 & 0 0 pg
A F,
[sxx exy] grcos%P + epsin®p (& — &p)singcosg (9-993)
— -22a
Eyx Eyy (& — &p)sinpcosdp & sin’¢ + eycos?p
E'ZZ = eZ (2_22b)
A (222D WHBFELAHEERUXR, XELHFAEEET., AKX (2-18) KEA:
fxx Exy Sxx gxy ~11Dy _
o ol = [y =[] 57 2] [0} (2-230)
&,,E, =D, & E, =¢.'D, (2-23b)
ZN qj b
[exx exy]‘l 1 [ersin*@ +epcos?d (g — sr)sind)cosd)] (9-24)
Eyx Eyyl T eeg (ep — &r)singcosd  e.cos?¢p + eysin’e
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ERRAL e 20 ey #0 B EAAFREN, HaX (2-24) ALK (2-23) #:

erepEy = (ersin? + egcos?p)Dy + (g4 — & )singcosgD,, (2-25a)
&repEy = (e.c0s2¢ + e4sin*P)D,, + (e — & )sindcosdDy (2-25b)
&,E, =D, (2-25¢)

N gy, 6,6, A Drude & R A R AE

& = &1 — wk /(w(w + iy))] (2-26a)
£y = &o[1 — w5y /(w(w + iy))] (2-26b)
&, = &1 — wZ,/(w(w + iy))] (2-26¢)

R, e BEE PRI, 0 wpg wpy REHFEAE, y RFAEHTF. Y/ bE
BATEZFNEEEMN, FTFERACIERLE . KoK (2-26) FAE 2K (2-25):
go(w? — wi ) (W? — wly)Ey = (w4 — w?(wZ sin’$ + a)zz,(pcosqu)) Dy + w?(wf, — wky)singcos¢pD,

go(w? — w?)(w? — w?y)Ey, = (w — w?(wi cos? ¢ + w3 sm2¢))D + w? (Wi, — why)singcospDy

go(w? - wf,z)Ez = w?D, (2-27)
R & YN
Ciwold wro-2 el o -
e - W e ——g iw o os, 0t oo (2-28)

VIR 742 (2-27) Bk B 7 A2

64 62 64 2 62 ]
EN <m + (wf + wf,¢) 3z + w,z,rwf,qb) E, <6t4 + (w2 sin¢ + wp¢cosz¢) ) o — (wZ - wzqs)ﬁsmd)cosd)Dy
64 2 64 2
2
<6t4 + w?(wd + wp¢) 52 + wgrwp(p) E, <6t4 + (wi cos?¢ + wp¢5m 2¢) 0t2> y — (w2 — p¢) 52 singcosPD,

2

eo (o5~ W) E, = %DZ (2-29)

XB, FMNRABLEFER LRAERZHGWR, BREF 2 EX Nz f =", ¥ T

y(©) =LQ, 0N LIy B2 H Y =TI AR LR, BE L

Atz +1

2 Zt— o MBHFVAGE, HRERALAN:

At
o (yr—l)l (2-30)

atl At zg+1
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B (2-30) AR (2-29), HEREmfH R,

Yion l(zzt_)l =Y oml(ZZt ) Dy + Yio l(zga) D, (2-31a)

At zg+1 At zp+1 At z,+1 0t
Xz (;;:1)1 =Xi=oPi (Azt Z+1)l Dy + Tizowi (Aztz +1)l Dy (2-31b)
Zieos I(Azt?+1)l =X l(AZtZtH)lDZ (2-31c)
AT, ns mp ks @ v Wi s, v LINETEMR R B9 R4, A (2-31) A
EXtt =Yl oa Dyt + Yo b Dy 4 Y g R (2-32a)
EP*+l =yt d, DI+ Ly 34 eDM+1-ly v o fiETFL- l (2-39b)
Ep*t = XiogiDF T+ B g i ER (2-32¢)

A, ap, by o dys ey fis g by FTHLEAR (23D F R ERE BREAK (2-
32) finR (2-19), HAITLUBEEIFE,, E, ME, X TEEAZEHELTR,

*t T8 Hye, Hy 7 Hy, 7T LUK R OUR A2 77 Ko ARIESCHR [176], # 5 % A Lorentz
EHEA R, BRE u, A1

py = po[1 — wh,/(w? — wi + iwy)] (2-33)
RENK (2-18), B H, W RAM KR
HzH, = B, (2-34)
EREBEN, y=0, AR (2-30) WHBECETFREL B A H:
o (- (5252) - b — a1 = (- (5253) - i) . (235
HyY? = 32 0B AT 4 B A (2-36)

RHF, i,y T EAR (2-35) K&, F LR, Sz, FREMBLE T &, 7
UREEMFREERNTFHEEGMET I, EXTHEARMZEANZS VA, #—F, K
XAEEFIFIVATLAB At E £ R E T —E T EW & MR E# FDID £ )7,

MRz 4, AXEZMERFRET T HELTR TEEREEHR FDID ik, XELHF
BAREF. MHT EH ALK R FDID, AR FDID MZ 42, FrEENITENR
FEN, TERARBEH T RAFENE. B2, HLFZR FDID 54 Yee HAAHRTF
—H, YBAAATE AR, Yee R+ 2WB/N, RIEFDID REMER, HEFKOER
ZERN TH, EAFRERET, B HAFTRE. XREL LA FDID FEHFALEN
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WA By B, RAE AR &, AKX &L B A 447 & FDTD AuAx 247 & FDTD,
A RELBNRE

2.2.2 RAKWBEASHEMAERK

RERERARKENRGEAFEHZ — W_EEEKRIRAHE, HERAIEEH
Ry, WHEA R BBHETETERMELFEN R RS KK, Ak 7 maks:
k. A, RERWETERTEN:

r=fr) ¢ =¢ z' =z (2-37)
Hef, (rd,2) BERLTFER, (¢, 2") BEF LT R, Ry <r <R, "X B f7 & % A,
fyp
R,
Y?’Qﬂ ///
[
R
s \LK
0 R R, 7

Bl2.6 &M, O, UAKEHRTEE, BAFLTHEZE, IEFRTEZME.

EREMFTLFRE, ZRHTFARRFCNTIAE, AENEFHHTRNE
BRI ET —AEENEREF. REB LTI, REFLTFETHEESHE N
& _ Wr _ f E_¢:M_¢_m 82_&:f(7”)f’(7') (2-38)

g wo TS & we  f) & Ko

AF, o BEZFNRER. BARRNRwe RS RA%E, U Eam =
A —#, N ESARERNRABAT S KA RS & T Eahk Rkt
r <R X, HIiZXEHassRT UAEAE, BRETTUEAT 22w EE
RBI L, YURTHRFTRHEL f(R) =0, f(R) =R, if, T LI T XK . €2,

TEARE R E2FRERN R REFOZE 20 4 F, FERERRNHFAL
S BEMAERECTE. wh 2.6 fir, ZMNXEXEFRIT =M RREHLFE
Bt BBERBRAGT), ORE L) PERE ), REA T

i) = 2 (r = Ry) (2-39a)
() = s (T = R, f3(Ry) =0 (2-39b)
f3() = Gz (r = R)? + Rys fi(Ry) = 0 (2-39c)
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DLRMZ A A0, REFAR (2-38), HENFNBFHETEER.

_br_q_h E_te_ T EZ&Z(L)Z(l_ﬁ) (2-40)
"

o Ko r’ €0 Mo r—Ry’ € Mo Ry—Ry

GEHERBENRF, NEFHFBSENTHEEY:
izﬁe(l_ﬁ’l)’ g_‘f’:”_‘f’e(L’oo), S_Zzﬁe(oyi) (2-41)
& Mo Ry £o Ho Ry—Ry £o Mo Ry—Rq

UNBER/ TR NTEZPEFR/ BT R, MEEEA Drude ERERHR, #T
ZJ] Lorentz BRER R, N 2.2.1 %, B, & Fp FEEENMZRNTFHRE
BAHER e, 1, FELE R, <r <RR3/(2RR, — R}) X Wit R & #AL AL, DA% 4k
g M, AP, CATEKHR:

- (w(iooiriy)) =1- % 7 € (R, R;) (2-42a)
2 2
1= (wz—zgj—iwy) - (RZR—ZRI) (1 o %) re (erRlez/(ZRle - R%)) (2-42b)

REFELA, RKEEETIEN:

Wpr = ’(w(a) + iy))% (2-43a)

Wpy = \[(wz — w2 + iwy) [1 - ( R )2 (“—Rl)] (2-43b)

Ry—Rq T

HF ey B p,, BT ENEEMBHRA RS BATETEZ PR GR/RIE, BIT

TERFGUMBRRIE. BibL, %r=R B, ep/eo=up/tto > 0o {82, FDID 2 F

TR ey M0 pu, BWEATLH Ko B ZRKGERAL, RATE ep/e0 = pgp/uo = 10%, ZH
BRI ENE Y BEE W ZE LT AR AFEE R,

FEFDIDFEF, BRI SHEE N R =6mm, R, =25mm, &5 EHAFE T3
HFREAAE. Z8 M PFEEANME, RIODRFER e, ep o p, =N SHMEHAHE. #
TR T A M) = 2cosmfyt), FE f, = 28.5 GHz, A Ty = 35.09 ps, # K Ao = 10.53 mm.
FEEAx=—69mm B4, FHLEHREK, FAAMNE x =49 mm .,

B 2.7 BT BT 4K, Ofn M LATE #77 R IE & K ¢ = 32142 ps, t = 511.61 ps
f1t=104941ps BFZI = BB oA . FEBEF LR EK G, NTTHBBEV AT TFE, &
AEAMHNREHNR. 2 —BHBEERE, BUBEASBFLUKE, REURFEMNT
o BR=ZMAFETHRAREr >R, KBWHZZE M —&, EEEZHENFR <
r<R, ANEG B A T2 E. HTHAMRERORSLE, B 2.8 87 Wl &
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(49,0) mm AL LA AR EE AR LT EAE B E S PR EAE AR, KA
WNARERZBRES; TURH, TEFERRAXFENRSHEARK. #—F, AR
¥R, TR, HATRET R AN, AIMRAHEERARUTEMN KR HRLERK
IR B R T R EARAS I 1A B 1R & IR B 3G AT & 3 /m, =3 1798 9k A JB] B & 4
B 38 /N T 38

110

(2)
2.7 s KA (a,d,g) t =32142ps, (b,e,h) t =511.61ps A7 (c,f,i) t=1049.41ps

S B oA, A RBLART Y R =6mm, R, =25mm, ¥/ FHEHESH
AARET (a—c) ZWTHFE, (&) OTHFEM (g-1) MERHFEMTEITH,

(a) 05 (b) 14
0 =TT YT TRYRY 1.2f
705 Lmeartransformaton .......... i _ —4— Linear transformation f, (r)
: @ 1f —8— Convex transformation f,(r)
0 bt AAAAN LR L b —%— Concave transformation f3(7)
£ ' : ‘ ! £ o8
< 505 Qan@x.,t.r.an_s_f_o_r_r,x_lat_l_on___5___________;____,______3 __________ | 2
= ' i 2 06}
0 F———2f e L L ?
0.5 QQT_I.Q@YFE_F@D_S_@,T_U?!H_.T}_,E __________________________________ & 04f
AN f« A
0 _/\;(\ _____ "\‘H';" . \} ALY _ _ -4 j 02}
300 400 500 600 900 0.2 0.3 04 0.5 0.6 0.7
Time (ps) Ry /R,

|11

& 2.8 (a) TEFR & AA B o2 [ F I R (49,0) mm AL HE 7 5C 50 e B P U A 3225 (b))
T A AR R 4 B B R BN AR S B B BE Ry /R, B9 R AL 2o
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— %, RATFEIT AR G for FEEN S B A LTSRS KRS, &
H Flow L5 A C(0) = exp(—4m(t — ty)?/72), T=500ps, t,=0.87. NSHHWHFRLR A
M(t) = 2C()cosmfyt), FHEME f,,=39.0GHz, EEREME 2.7 F—F., 5T MHHE
ROFE, REARE L ERAREE - MELIAZTERS, REWE—MERE HHFME,

B 2.9a b 4Bl & t="569.7ps #1t =321.42ps W2 F A BEF 40 7o B T 43
NMRFEFELFEZRFE, BRESHRENTEFRERH, RERWEHE T—
RIAR, W 2. 9a. YT FRLRAIKE, ERNFFHREFEL L - B EAS

TeBH, w2 9. FELRAZNEEERGAFRARAR LR EZRT BB
T xS, MTATEERERESGRE, WRAXRLERENN, BENRATRELEL
REFHLERENRPEFRNETEZK™,

\

: _(d)
Ilw‘ ﬂ‘“__- f
il 'b—i::
TT0 20 800
3 ><10‘7 time delay (ps)
C
©) 40 =
(49,33.5)mm
301

(49,20)mm

| (49,10)mm

10t (49,0)mm

0 e

0 0.5 t(ns) 1 1.5

Bl 2.9 V&S AT R N AT B Gt AR R G B KR B S AL, (a) t=569.7ps f71 (b)
t =321.42ps B Z| B9 & (A w7 40Ai s () W& (49,0) mm, (49,10) mm, (49,20) mm 4t B
BE IR B A o R BT A R el 4, E P, (49,33.5) mm RoR B @S A (D) BHEERE
A A, A BB B ZESR 7 75.6 ps, [ B AR 0 A H AT JE] ZE3R A 50.4 ps.

BTk, RATEE T AN A (49,0) mm, (49,10) mm, (49,20) mm #7 (49,33.5) mm &
B B AR B FE R B AT T AL & (49,33.5) mm (LT A & K AE y 3138 5% B [—Ry, Ry
Z4, ARETUAMNKTEEST B FEBENEHEEL. H 2.9c &0 T AN &1
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WA ENIE R S =E x H 890 18] iy &0 B AR B A5 K BN FE 3 52 /80, 48 o 0 4 3F o ey

2 AETEAAMN A Z], B 5 @2 E & (49,33.5) mm 8915 T 2 AR 28, &
VML oy EARFE R B[] . RABJLAEFER, MEATy=081%, FHFEHEHEK,

JER BBl A K T L, 15 5 B34 B 20 UF £ (49,33.5) mm, (49,20) mm, (49,10) mm,
(49,0) mm. £, (F A& R Bonfe T 2 3A WM A (49,0) mm . (49,10) mm Fo 1 i ix 4 2
SHRERBH P HNEHE ARG, EURARARNEL LAY, TRABTEN
JUFT bR, B 2.9d 4% T WM E x = 49 mm L+ F7A W & B e la LR oA, 23
—ANFRA N BT T, EUTZERPEERHN “KL” BeEERL,AH ",

B 5, WAV G B A ok F AL T8 B R BT B BT AT o N B I 3 A 3 4T R R
i 3 3 XM & (—45,0) mm 7 (49,0) mm By AT Bl S fE S AT H Evt Rk FE, W
2.10 Frow, ¥ %1 & 27 fkor AT 46 OO E 4 39.0 GHz, FER E K G, BB E 39. 56 GHz.
Hib, ETHRaREEHANFE2FREEALZ., ZARRZEMBEHTIRZ, AT AR
EWNRHE S ESM A AR TY, EHHEE; BRRTREAEHNEHEHE.

ey e e

m—— |ncident spectrum

...................................

0.9

0.8

0.7

— 06

Bl 2.10 AR EHT o F R &R A EME . NS PO E 4 39. 0 GHz,
¥ Z 39.56 GHz.

X,

...........................

.........................

........................

== == = Transmitted spectrum

..........................................

......................

-------------------

.............................................

------------------------------------------------

..................
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2.2.3 BHANBELSHENEFR
BEG SR GRERITFELARERIZY, EEEZHGE FHRAMER ., £

44 46 48

4

FHRH

AR, BEVHUSENEHSEKEZNASE, TAK LB#SHAE ALK WRX
REALIR FDID Hix, AER#EISTEEN, BFESAHERRMARES. £T
Mo, BATEEAAELI R THE L B2 FDID H ik, #1570 #8380 A 6 3

5] RR, 48 A R 8 B B S R RLALEE
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ERE 2. 11a FRFEHN R FFR YR, N HAEFBHEHNE, TEZEHZN,
BEAENIGERELEN R FNEEELEN RN ABENSHET —#. AEK
RLE, MITUFRRT —AMUHERTEARN K" AT EAXAhae, RIOFERTHA
FAFEL B EHr<R KB ME r< Ry X, BER, <r<R; XKEITEZR <r<
R, X, ERABALFEBETRETAT =F(r), ¢’ =¢, 2/ =2z, HF,

(Rz—R1)
r r =R,

rRs/Ry, T <R,
f(r)={w+Rz Ry <1 <R, (2-44)
A, A B KR REUE X m = f(R)/Ry, £ 77 BA R EE B 2. 11b For
REAA (2-38), BEWwH 2. 1lc ITHERA SR SE ST, BNMERHBCENR
o FEN R WA BN R <r <R, WA AMEN SR, EAEN KA, B
IR SRLAAAK ELCXE, BN ESEMEFELHAEATHET 1 WEHK,
ZRMFEENSER, BNRFLE e, ep fp, WERED, TEFRA: &

KFAELARR FDTD F &N Yee MM E R TE, BHE ) EHERF, RKEE
BFAME, RAHEFHEGMEGWHE SEEp R, EELKR FDTD W F4A, &K
1% A AT 4% 2 EIRHLE (coordinate stretched PML,CS-PML) &% dgk "™,

Plane wave

3
w
] e— ! e o R\(Re— R}/ Ra(Ra— RD)
E cl~ —pe " __-nn-l
_____ B
= b d=—Rs(Rs — R2)/Ry(R2 — Ry)
2] F— e = —R3(R; — R;)/R1(R; — Ry)
0 R, Ra

(c)
Bl 2.11 (a) Z ¥ AT 889 FDTD 7 AR, B &3 KR 2 T & #o8 S 3% it sy 2
fi, BEFEHNR WS BEAE, CWRHTELEN R WEEELLEEER T
T—#; (b)) EnTHEAFETEE, BATTMEZE, JLFRTEZE; () #EK

At 25 B AR AT E BB R A R R R L
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ZEFDID fFEH, HEHBHWSHELENR =5mm, R, =12mm, R; =16.8mm. ¥
MEHERTZEEER, BREHALSF K, BAREMLT x=—-647mm &, HFREXN
M(t) = 2cos(2nfyt), IME fo =32.2GHz. B 2. 12a-e £ BH T2 1 = 8 8L 3 70 A7 W B[] By
ARG —BHEE, RS & A LEE 2. 12e FHRWRA, H# 5 F £ r > R;
XEEE 2. 12f # &R EEEFH =M #T 0 H — .

AEEAT B A FE— R A R B A, & H N AMEA BUR B 7T 3 AR A R,
EFHEENST, CFELRFHE KNGS, WE2 12b. FHONGFKEES TS
BE AR AT, EAMENTRER T, A B 5 \HEFRLEEKTY, ST &
TEA AR, XWEET AN R P B R b e R AT,

Il 107

| f 1.5
i

ok

B 2.12 = #F o mHEEEAAE, (a—e) 4 F] 4 t = 222.60 ps, 364.35 ps, 501.06 ps,
650.58 ps, 2510.13 ps A Z| B == [ 55 37 4 A7 3 (£) #42 H Ry W94 B B A t = 2510.13 ps B Z|
W 22 18] Bk 37 0 A

0.15
1 Amplitude of H,
E
T~
E
1 Time delay I
0.05} | 1 ]
200 400 600 800 1000 1200 1400 1600 1800 2000
Time (ps)

K 2.13 /& B(16.8,14.4) mm 4 #3718 J& [ i 8] 45 1k o 4% o
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ERAILEFY, wREFEFWBEAES 10 MAHANETECEA<1%, &

AT A I 5 B 7 3 34 B AR A o FE IR B [B] B AR AS B ) X4 15 5 WY B 34 W) A5 Fn 12 o
kB RRAWE A% E., A 2.13 #F, & B(16.8,14.4) mm & FER & & A t = 271 ps 2|

t =1712ps, # L 1441 ps.

Bl 2.14 50 7 R0 GRS BRARBBI R AR SHARIE AT, ZHAH
FEUEELZWAMKEE, FHERFEN M, >k (180181148 tH — T AE oy H &
FELALFELRKEE A GRLERS, MHE 2.14 FHETARORSHE, XFTEH
WA ERE. #F8—, EFDID HET, HRAMNG Yee PR T T &1L s Bl 0 H £, /D
TR BB R K B 08 24 FDTD A8 & =, AT X ey JER ot 8] 2 #3718 £ 72 10 A
FHAMENEMEA<1%, TELEANZELF D, XE[181]F ZR— M A R
K2R ERE A< 8% AN FE 60ps NARKSH A, THE 2.14 BoREAHA R S eh &
AT B A< 1% BT K297 B2 4300 pso 20 R K F A0 SCHR [181] —HHIAT/E A< 8% , #HA
HHIIRAR K4 E 1200ps, WAEZAMATRE —L£7], XEFHHXw[1811FI T
WAEE T o=18x10"3, i FDID {F K& AF R EHAE, FURSHE2EK,

4. .

>

4F

(98]
W

Time delay (ns)

1.2 1.4 1.6 1.8 2
Magnification factor m

Bl 2.14 ZRHEAGEHABERARFHRR, AMENELAERTERABTH 1.2
1.8 B A B AT 8 ARSI B9 = B B 37 0 o

wE, BATERHARATN e BEER RN BT & B#AIEK, FEgahis 5
BERM AR, W 2.15 fir, REN & BRI RS TR BT RNt AR, *tHE
LA 540 =32", POEAEWFEN 2mm. BEFBFFEANECSHER 2. 14 REF—
. LRy =168mm H |, E 2.15a 1 b 4 Al BR T t = 622.65 ps 7 t = 4200 ps Bf Z| 19 &
[ 7A, B 2.16c AERIMARTREN & BHATRE = #7404, B 2.15d % 3
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TAERARBKTHEELER, 58 2.14 #Hlk, EHERRAETT, NETKEERARE
HRAHAEK, XZAREETAE BRI AT ELHRATLLE, FET ELHH
g, HFEEKEFBNERA ELERS,

1.2 1.4 1.6 1.8 2
Magnification factor m
(d)

Bl 2.15 #MENREEREH & B RHNFEER. (a-b) 2 AlZ t = 622.65ps 7 t =
4200 ps M 2| Z B B 25 (¢) FRIARTRNEY & B oA K =\ #7474 ; (D
RETE HBEHBHRARKNKR, AENEGAZTEAEFA 127 1.8 (AR
HBEERSHONZ @2, £ TAGBNEERNRY 2 BHA EITER,

2.3 R F ik

ERAt R, T RERENREENRPBETEN, FEARE KA LM RE
BRERAER ST E, AV, RIEHERRAB AN T ERNEREHER
it B S PR R E G BT T, BRRE ¥ S AT R R R IR iR

2.3.1 FHEE Tk
ERBEZHEERSREANRAAESHE, FREFEERAERNRTER™, L,
REBRWTENAT RO FE—ZFEA, BASBNRERERFANRE=
hm L HMEA—RMEE, MBRBAHRZEN. WRBEARALT®R, HAREFE
BTHEET—EWEE, SERINANSHEEREEAX, MEAESEK. 4 THEELH,
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HABEERARTHERANRMEF R WARICEERR, BRAZH7E, flXER
BRAF Grbic #HBFAANAXAFURERRELANM S TREEFHMEEHE
¥, BT EHOK BB, W 2015, SREBEEAWRE R TR, HE
RRYBETEMEY Oy B ARRBEFE, dmit A RTER . REREESR, T
UaMmEREOERTMedfit. XM FENRtA2E0. BER, % TR,

- —
-

N
7 4 Region | \ Re.gion'll
/ (Excitation Field) \ (Desired Field)

I .
\  E.H\ 4 ExH:
I TW
\ /\;
23 B
o 7
\ Sources J
X /
S /S /\‘n

E2 15 #ESHRERRELTNEE ™,

DL 2. 16 PRy JUMERBRELEM N, RNHTREREBREAYERE, W 2. 16a
i, SefrmEE TR, 2BUESRUEHEENERER, BHARKES
WA R R A L e B WA AT R AR, RBANER AR C=
Soters — Zin(esc(ng/2D)), ¥#, D HETH A, g WERTE, ey =2 & H N RHAE
MA-EEH RSN ERRRAY 2, = —1/ioc, XTHRIMAES, KAERRA, F52
i dow, BRI KB IRH & wE 2. 16b FoR, L8777 WFAT T2 B W e,
B ABEHMED, HRERIE, RERHERARAY L= ~In(csc(rw/2D)),

How AL BRE. UEMKNEREERY 2, = —iwl, N TEHES, REERERA, 5
B B o, FE RIS R A

N B ‘ooo0 =
ET— oooO  [afsfs
Oooo [«fsls

DTGZO ZOTGZO ZODTZO Zy

K216 (a—d) B, REFM. 7300 FH. ﬁﬂi%i%@ %&ﬁ%ﬂ%%o

HH%
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AT LR A AT B RABA, KUl kmE M DR B 2 o R W 8 34T F 4.
VLT 2. 16¢ B9 77 R ], 5 o 37 77 1 AT B 0 0 S AR R RK, U 1A R TR %
WA, MEMR— A EHRE R ERNE, BRAE ho=1/VIC. Y5METHEET
WRMER, PREHEAAT, FTEERA RD, FREEAAT. LHHNETAE
Hims g RMER, Eo0EmREalE. Fit, ZEREEMRI N FEIREE. KU
#, XTE2.16d 897 LR, CF UFERA A RBIRERE, KA WHEIRKE.

#t—F, W2.17T RRTINERLANERTESEN, AXELEST ENNERLEE
WA RREERY. UE2 170 $ 4B A 746", £EEEAY gun = D0

T 2(ep+1)zMesh?
H o, gMesh - %lncsc(nw/ZD), no N EHEE WS, RIEEL@HET, TUESFHER
WEMNEHEEMATIERH TERER., R ETEEIENER _ 8T,
AU T HRAEER IR T A SRt EREENR, ELFF, BXEEN
ZEoFEBBBERN, CNNELAEREAFEFEE 2T EMTHMEELZH#HTHIE.

x ol L

EEEE '[ -t
B 2.17 (a) We ) FaEMEH FuAAETES]; (b) Jerusalem 38 X FEME 7| fuAE ' EF]; (¢) +
F T M| A AR T 5

2.3.2 Bkt
—ANERHFENRBERER I FTEEO N ZEERAANZES R F—, RELE
MABEREEMTNELLFEE, BNERTN. =, REAPF 82X EFFERITEEL
mEA, Bl mkit. 4 Emfnl, Bald ANEemEErE, B AemiiEEsR
K Z i F 7 RA, HRERRS, W BHENFN, REM. 4 mmikit, BaE
Nk aFREEE. KPR ERBIMALE, KT, X BELNMEEZ AT E A

BRABHNTZWHEA. MH, RERMEF RSN R RENE I, CENEE TR
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MBE, REFITFBENFANT. BRE . B EEZEIE T REFEHE BT
Ffb ez d, BTkt g ki FiE R R R MR ERRERA ., G T ETR,
REFAEN—MEER ik, TURTHZUERNERIEKE, NTIAAAEXE
ZE AR X R, BEl, BEESZEATET AL A ZRA S ERTE, b
TR BN BIA R 2 R B FT AR E R T, B ] A AR
HEAEwRET LA, BEXEREETFIE Soljacic HEXRALMHE W %
KA BRAKER B E ™ (F 2.18a), X EHETE T ¥% Cai 2R IRAMAF £ R
A W AT AT (F 2.18b), EERAAFE Liu A WHE W&o AT F -
REEAR AR REE™ (F 2.18¢),

BRIMEARTENARREZ AN ETEMATEEIALE, BAAEZRRFREFE
Tk ERNGEAE, REELREF IR ERKEHTES)SG, ARZILTEY
WY IE ) R TR AR o [ AR e, ML T AWM EHBETE %, CATREER
FERREHERA. MU TERNE M EE, AP B8R, REIT
HHA MR TN, BT REERTE. AW, BMNAZEHRERTLRKETE
MR, BB, EXERFARERD, LEZT EMETEM LS,

a

Simulation
Wavelength, um
- 1.5 10 075 06 05
>0 O<]" gos| k
"\ s

A I oy
PHARE - A_Z*
0.0
200 300 400 500 600
Frequency, THz

Inverse Design
c Latent Space
o e

Optical Response (y)

10
08
e
0.6 — Ry, |
—
oal — g, \"
H |
02

0.0 ‘—JL"

4 50 60 70 80 90 100
Frequency (THz)

H2.18 (2) AEBHEMSUNSEMKR; (0) £RMAFHEALIN BRT
W) FEEHEFERIERE,
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2.4 RE/NE

ABRITT BB S YA R TR, BB, BET R R &,
Bk, MM T EAERGEAF TR, R FEN T ARG AR L, HEFEAFEE
WA R FDID Bk LR 7RAFSRAE FEME R TR, ERITE, &110
MY SRR AR R IR, FFe BN E .

ERNTTE T, REKFE, FH—MARBEEETH T E, T UATRITRS HAA
HEH S ERTEKRELFEM. WAGEN T ETERA THRSEXTHEL LT,
2 J A I 0 VT DU TR SR AR U ok B A, LG B IR B A R TR B R e A A
EEFNABEERITE, RINFEBHREA WS 650 LR T,

EHEFTEF, AXEEEETELARE T EALARR TAAELRR T 4% F a2
AL ERENFRAER FDID Bk, EAZ A F A RATHAANRE TR L, #
FHECBEgEEREXTHERENZS VR BEGRB 20 T REMBELE T
A E R AR RN BB AN KRN ES TR A TGN EHE %, % FDTD
HENEEWmBRA, LEENELEHSHNES. UG RAEHEE AT, bXEHE
EAT eI BS R TERE, BRTRECAAB T AR UT N EREHAEL,
FHHITTWERE,

SR Tk, G R B T kT DR T B . B M xS T 4 A B AT M AR AT A
M o F AR BRI 7 vk U] DU 3 0 3 1 ) B A R R E AT B AR AT, LA
ot B P B R R AT e AR, BB EM R BERA AR, B
Bt Ak TSRS, muEER, WA EEAEEME.

ABWRARTENA TR TR AR BEA PR BFRETER IR
%, HEEHAWIAFRAERE T Bk,

REWAM <~ TYEC T Optics Letters #1 Optics Express #iF| &% %,
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RN L i A = TR IR R

FoF ETREFINERRE

BE—F, BNAZNBTRERKN LR LR RN, BERHEF RATR,
BAMEEMEREFZTRNRE Tk, REFARAARALT RAITEH LR, EE2H TR
SFRHMSETZ. RAMAFEEE. RAFFFFEL, SRENAZRETERE
Bl DT RARMANFEEX, BEREALH —FHES. 47FFHRRENHTK
FUHEREREH, REEEE2ATHM, EET2%%, AF, RMNeXRERRLX
BERTETREFINFRLERREY, ELFEEMAARENERLT, REHHAE
MAEREE FAFEASNTRB, A5 EEF RN RS ERY K, ZABENRE.

3.1 BRERHAWEX LI K

Pendry #IFH MW TR LS L T ERETEZAH F A EMBRATEN, Bz
B AR AT R e, BH RS TR SR, SRR T AR EE, SREEK
FEMEBSHEE T, SHEHY. ARt Tek. Fik, Xk, AIEE
SEEBHRMTEER, BREEMBMSKN I E, AT H %N E K5
N RRAEFRE—BE PR TS B el, T HEE R TR W
FEERNSEESR, GBS, E—RAFERNSAESE, REWEE T RLET
FA2E L ZRTREAGEROSEER, Flio: KNGS EE R TEESR S BN
., BREATFoRBSEMENRTHEHTEKIH.

BERHWEER KRN TP ERAFEER T 6 A —#, B REITRER T ANY
BB ARG, EAREFEE LM ENCEEN, AFE, 4, ¥, B%EH,
HMTRMEETE, AENAS AR Kk FeEaMi, NTREARNHRE. &
B, GEELEERA. A TERE. RARAURESNRAK, ot s, “ABE,

WAL EATARNIEE, RE—AEFHBERARBM R, UEs KA,
RMNEAREERIUT L. £—, RNFER T EMNE o6 £ MK TEHSHE @/
R, BEHSTE AL R IR IR . AR, £, RIOBEFZ
EMEEFRME—REROEH AL, BTESREE4Z EMERNLE, RESEH
Y EXRERLAY, TUERIEFRABHERT AT E TSN, £=, RIOFELZEN
T A — R R R G, SRR RISt B B R R B, AT
W—EREE CRi-RE-1E 57 WEEEE R4,
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gt brEAs, KMNERBLEEMEZRIIATETREFINFEL R T E M,
LEEAEIEANREXERETH, FRRABHEEHAERISHEATETEN, X
HERFRARS. FRRANZATRAERECRRIRARLAEAS. T, BRAEHS
IR, DA UARREF N R ESE MBI, FRRENFETEHENLE.

H

3.2 HRER AW ERE ML F %

3.2.1 BHBANYERE

SR A, AL B AT AR B M AR k) S B A R i ([
3.1b), TAWEEAFEHS, HETLEANBEPEE TR, 5E 3. la ¥HEEH
(B, A ATH, B 3. 1b B8N T — A HUA R T (B Foy). K HA BT HHS T ke
B8, EARINARI Ll ANERSEARR ANk, SHEREEE L —Z8%
MEREEAK (H3.10), MERELI A RTESE, BHRMTNEE. i
Bf, EERCHESTPE 3 la E BT —H., 2B, ARRFSEBEENEAEES
W, WEEEINME, HHEEL.

a b
De Yo Dea fe ¢ De o

LTOI‘ R Or C(Or
Incident wave ‘ Incident wave ‘ Incident wave ‘
% % § Scattered wave %4 Z N Scattered wave %‘ é § Scattered wave

(Ep, Hp) (Ep + Eopj, Hp + Hopj) Object -\JW\,,_, (Ep, Hp) Clgak
AT D 77 0 D 0 D

Bl 3.1 el RN A & R 2

AT ERAZMREABR, BRAREEHFFTE NN ETEMABHHRSEFERERY
T, RE BB EM NG R FER BT BTk, RERATZENTE, KA
BT BT R R R A .

ET) X ET R4 2

sin(6,) — sin(6;) = %% (3-1)

KF, kZEHZT A FHEBEEE; 0,6, 2R ENHAFKEA; o) £ RS A
W, dTEEHG, BiTEFRZE o(x) W, RITTURERAERSAE 6, 4T
3. 2B RN fufe gk, AR (3-1) BE #:

sin(2- (6 + 01p) — 1) — sin(6y;) =+ 22 (3-2)
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Incident wave |
1

0; =0
8, = 9g+912
O =2 (0, +01) — 0

\ '.‘.L]""UJ/ i
In;
Or ~ Ui,
Ce
! (/[S'

6';' Reflection ™=

Reflection
[7) -
Landform - -

Tangent X
H3.2 RATEAART PHE SRR,
@A (3-2), #3:
2k - cos(8y + 013) - sin(0, + 61, — 0,) = 22 (3-3)
wJa, HRAERYE ¢(x) RE KR89 K
¢(x) =2k~ [ cos (6, + 015) * sin(6, + 6, — 6;;)dx (3-4)

LA FEE, B 6, =0, p(x) =2 k- cos (6,) h(x), h(x) H ETLEM F OB E IS,

TSR (93] P EF By A XARRE, BRI T ERERRERE, AEIRF, kst
TEAM, wRNEGSROAZEL, RIREATROFEALBREMERE. EE,
WA AKX (3-4), SR UMW RIR & 04 F &4 2 08 M B % B89 5 30 RO A8 O s
% o). HRTTEAT YT E, REBLEE ¢(x) BEUREZHEFAHE RS, ik
BEWABRTRERR G SHNARSEAERT ER LA,

3.2.2 R AWEA T &

W3 3R, BRBARAEEQF LN, TEMEET . WATEFRNE . N
SEFENE . HENEESRFRREESTE. IR K EN & 5o B B3R
FNHR A R AN EES, G ML E it E, A EATEH T 6 % HEA,
WY B ERTH S, THLHEERE,

MEMBEREOAERET K KN L TEN AR MK, BEERRAMENRE.
BT, TUEGINERTRETEM TR A RE, B HM RN ERRE &
JE, REETEMNEREE S, HATREETEMNRAFE™, SENETEN
HEEELFENABRAE, BRNESTHEEES, 5 RWEAT— .

IR B TR Fu e & BF A B E B, NATH RN E A THN 5%
AR, RUFMAGFAERFRE. REXLER, 460X 34, EREFHRAEHT
BNETEMFERUN BT LEY o(), BRAZHEFEESR T HEFEE

47



RN L i A B RTRE IR AR S

RENER R R E TN KA E A > (R E R ) &b A, WES. 4a,
NEHERAME A HER G N2 —RENBRE A S LA BN 6 H A3 BB
(nonlocal effect), MANB A UMW HERLFEAL B LTI RRERFERMUS 2T
TR R RE, #HTEIR AN, wES. b,

Artificial neural network
V= WX  HO=f(Z%) V=W

hlm Iln(")_

‘ 7Y B v
 Input layer Hidden layer Output layer

A13.3 Hetlr A~ EHE.

a Artificial neural network for the unit cell

@ Reflection spectrum

Incident angle Frequency

ANN Voltage

x (mm) x (mm)

K3.4 (a) MEHETHEMAHENEHER,; THAHKEANGE (b)) BEEFHERKEET
Fi(c) REW WKW AE Lot = B #3720 %; (b—c) Z & 34 CST Microwave Studio

HfE AR, NAERA MK, #MPELREAE, MEH 8 GHz.
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MTARSTHE, BNFEAELEKEXRBETEMEALZTLES, WAFHHE

P 4 R R Jk T | B A T, W 3. 5a. LA 3.5b Frc A, UNHEEENAE

REMNARESBRESY Loy, BEyFm 27 REBERS, RAKEEHE™EHd. R,

LBHRHAE S EESN, KAENBEMECRTUKRE, R Eg G2 Kt
HE— .

a Metasurface cloak

Unit cell 1

Input 1 ——)—) Output 1

Unit cell 2

»| ANN
(share)

Input 2 > Output 2

Unit cell i
| ANN
(share)

Input i

> Output i

Unit cell M

>| ANN
(share)

Input M > Output M

K3.5 (a) MEWENFTHREOREZEHFHNENETEN;, TEHENAE (b)) BEE
HHEFREM (c) RENAREWKR LW Z B 8372 H; (b—c) &7 LA CST Microwave
Studio 7T A& R, NAHEA ™MK, MEH 8 GHz.

3.3 BRER B T RE

3.3.1 BFRRHWEMRIT

Wl 3.6a i, RNRUHTERMFENEAGRATRANERTETEN, B
WETHEMEER=HoME: RIAZPRNIT BT, ETFRFE, mi—
NEREZAE; FE RN BEHA 3.5+0. 0031 B FAB AR AM; REEZZENS
BE, WEETHEMEAGRAR, BB ETEM T EERIEE - REW T H, W
3.6a, K& 3.6b £ B L SMV2019-079LF & & — W E#y SPICE # 4, X T ETHEKE LT
B9 A4k, AT F B 8 Advanced Design System # B E B R EH &%
MBAEA 5K, BRNEEGERMH CST Microwave Studio ##HAT{HFE., WA 3.6¢c Fr
T, REZRENER BB Z —/RLC B B4, # 3T Advanced Design System
WS Bk MBERC 5%, UEEANH A, E384HTRRXANWEEFTEER,

HFEFTAHAMCERTAEREN/LTFEET -180" 5] 180°
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a b c SMV2019-079LF

Portdr -~ """~~~ """ Port 2

Port 1 °r—wwx—|, FAANA— ol

L __C__R_.
L [
s — Vdc
Rs -—C § Terminal
T “p
Varactor Z = 50 Ohm
diode
Port 2 = =

K 3.6 (a) MEABETLETER, 2M0: mn, TE _BREMRELFZEWITFA G, &
W EE B ZRERNTTE, A FER A A E # Oy 3.5+0. 0031; (b) SMV2019-079LF
S & By SPICE A, (¢) SMV2019-079LF 2 25 — 4k & S e s g AL

TRWERER T EERKESRKEHEME TR LRI 7 & KA EFAELL
TIAEESSE, RETeWLATE. §—, 2R EETERASFERRERRME T
g mBATE RS, ZUHALBRERREN, RUHKER. §=, W THRRELWEXE
BUEM, IAEFEEFERANEZEHNAARTNZR, RRFEARELARWTE
BR, MRBRMMEREE2WEF, EAITATRNRE. F=, BHMHK5ERTHN
FRARRRR ZFdE & teny, BIER P ERREBUEN, AAFLFRZEHRRITAMLML
ARE, XM AEURFAENLHEERGHTEF, A tFREVAERA,

a b | L
o 1
TL
L1
Zo /\ ¢ Z
‘ TL
o 1
X =

K37 BEAEETEMNNEREHELY, (o) EEAEHEWHAE,; (b)) ETEMHFHK
W, Z,=3770 2B aE A FHER, L 2B ER, ¢ REAREE, Z=2,/Ve
AL =2md/A, =R AN REERR M RKE, £F, o B d 20 FERB A2 E KA
FBE, A =N RERFHHEK.
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REFATAURTMZMERNEABEKE, NTTAAAEXEZANRREELER
Ro BB RE T HEXRA . XAREMTENNE FERABAEAKF, LEEHEN
M B AR FAFEHAGR T AR, REF I EA TR
FERET WS ELAGELR ", 2.3.2F, MRTARKEFE, REFI T
AR ER, BEWMEZRERSFR L, A UR T IE A AR R AT A4 B T,
ARAUREAF B X B HTEBERBEL R KB, RNENEFI FEATH
Mreemp A R EmEE A ALE, REWRRESHEFENERER S, WHSB.8, fF
G FR B T (B 3.7) MBIESE 77 i 8 FUNAS B An iz 47 3 E 40 A B A8 B #h 8 TR
B3 (H3.8), MAAREECHFEWE ARME. Flan: FHEE 7 EEER G 28
REEMANAEEXAATHESAN, EEREE LR EEFER 62 mEwEEHT
RERBT. BEFEFEAENWRBRESAR, LEENFLMEHIE.

180

6.8 GHz 75GHz " 82GHz

’
- i1 !

= o0k . AR . AL . ]
?b © Deep leamning , © Deep learning P © Deep learning

. . . . 4
2 N Data interpolation — - Data interpolation ! — - Data interpolation ’:
S _ B - - - ! 1F
Q — — Equivalent circuit ',/'( —— Equivalent circuit //” ! —— Equivalent circuit
< - B 1
= L 9 1L = Numerical simulation _r/ s ][ — Numerical simulation
90T T 2= . ’

0 5 10 15 20 5 10 15 20 5 10 15 20
Reverse bias voltage (V) Reverse bias voltage (V) Reverse bias voltage (V)

A13.8 $MEFE. FREE . BEGEMEEF I WM 77 kR B2 RE KA.

3.3.2 & IR A W B A M AL

AR 2.2 5 P B FDTD B3k, SRV ZRITF B 2 W 4, LN 47 B 14 & 280 B % 25 T 12
U= faMAERBAEEEA (B3.90), 4N ETHMEAMELRTECERBEEZAL
KW, ZAVSBHALKEHN 90 mm, #AN20. FERREyY FHEAHUR, HE
FHREELRE, ATHEMESRTE, wE 3.9 fix, —AREETETZEBHEN
SERRER, ¥, NAEEARES S RENESREESHTEENTRED, A
ERI P AEEF WS A ZERER™, BT HEFRAZE IMAAATER, ATUK
o P T MR

EFDIDFET, BErBETEMHMER AREEELIMRENET, wE3. 9. 4
BHT RN 2z = 120 mm I B NGB RAR A B, NAE A ER A EER, RA A E
FEH, wE3.9d. £X 15 2R G, RUBENHEELAREREREHELE AT

AW GARR, A E HIIR & o e BBUE, ROAT R R 1R B A AR AL AR bRk B P2 (] 3. 9e),
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FERNRRT % HERPETR T ERREEHAEN, BIRE, 3RINFHSL
HE, MPRIETHEEEBHNT AN, FEXEN 15 EVREHEAEHETR P
FEWRAEE, AT iR -3, RATRE FDID 7 & 814 & & ¢ 19 R AL A e
4 15 25,

A T o T T —20
a { ] { ]
L ° [
[ ] ° { ]
100} = °® 110
i 3 °
O
- — 20
®
80 h e ¢
° )
® @ =
«® {110 =
= Q
L ] o
.60 S
g | . 2
P ey 20 ®
E | 9 ]
2]
40 |- o
3
410 @
A -
9
©
2
20 —sI
< —
(0]
- 0
=
o
ey
]
0 ¢
1 | 1 1 | |: - il
=1 o 1 Mox BT mMax O 2 4 6 8 10
Excited signal (a.u.) H n unit cell

A 3.9 BHREYZBENBEAMNE. (a) ™ TEHHRKOKF, #HEgl)=cos@rf,-
(t — to))e (@ t)/D* QR f =8GHz, T =33ms, t,=52ms; (b—e) 4 A&7~ 0.35 ns.
3 ms. 15 ms f1 16 ms BB = [E @7 47, 43 15 ms RALBEE 5, #E&E R 30
B, BMAGWEMN; (-1 kT AL R ABRAETEMHR WRERE, BT ZRA
MR AEEHH, BREZENRE TAL 2 A ANERXTELENHNRAREEESE
1 % A [E] B

3.4 HRERAWERKIE

3.4.1 HEKENREMFRER MRS
HBHEMNRE AR ERERRIENERR e BTN EZNNRRB RS, BN
HHENAEE . REEMIRERAEERE T ZRIE S BHHIE S K.
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C 6-10 GHz

T

BPF

Mixer

b

BPF

6.5 GHz

8.0 GHz

Frequency

Il

X

T6 GHz

Il

0-4 GHz

SDR

Incident angle

Neural
network

Ten sets of real and measured incident angles and frequencies

Real

18°, 7.4 GHz

23°, 8.9 GHz

13°, 7.0 GHz

11°, 8.7 GHz

78°, 8.1 GHz

Measured

17°, 7.4 GHz

23°, 8.9 GHz

14°, 7.0 GHz

12°, 8.7 GHz

79°, 8.1 GHz

Real

52°,9.2 GHz

5°, 6.8 GHz

29°, 7.8 GHz

43’, 6.2 GHz

35%, 9.6 GHz

Measured

51°,9.2 GHz

5°, 6.8 GHz

30°, 7.8 GHz

44°,6.2 GHz

34", 9.6 GHz

K310 maEHENR%. () BEEKXRERE, #EEW Vivaldi K LM E = E D EA
s (b)) AFEH Vivaldi K& 6.5 GHz. 8.0 GHz f7 9. 5GHz WM 424 7 | E; (¢) 4
HlESREAGTERE, 6-10 GHz NSHE5EMEME 0-4 GHz, BEERHLLEFE
(TMEME 0-6 GHz), LNA, K5 K A%; BPF, ##JRK A SDR, M LLEF&;
(d) TR E BN ST Fo 2 5o ) & 45

Deep learning system

: e Down-converter
Signal acquisition

B3 11 AMETABEARNERE, GFETREESE, BAER, P TEBER
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HHERNRARFELH RIS ERE, \NHAEFRRMEL. BAE AT
# Vivaldi A% (335 7 dBi, T1Es M 1.4-10.5 GHz) MZE## el L (F 3.10a), X
ESHBANETRAEAAETHES, FERBEL, RELNS KGR X7 &
Fofk e e HLAR A 4 F 1K JR B AR L, 4w APG-63 (V)1 F ik, [ 3. 10b & Vivaldi A& % 6.5
GHz. 8.0 GHz #7 9.5 GHz W %E4t 7 W E . Fut Al 24 VIR R EEZ 2,000 r. p. mo
AT FEER, BRINEA Sl mEtEFRmELE, WaEAHN 0 -90 -
180" - 90" - 07). S AEAGH REE WA 3.10c fi~, N&ES (6-10 GHz)
AR EEFRAE. FRERE, BEIRAERAZ 040z WEE, RERRELE
A TL&BFe (THEME0-6 GHz) HATA/D HEHBAAE, \NAEFHAEEL
MAEWETHTREEETRRBE, EMIEFHERTWAEN AN THME,
NG SN AR ICRESHERBR NN S H BN AZERR, B0 —a, H
AR B BETAEEERA, FTUARNE RN BEHRMN, TFEFIRM. ERF, RAT
FEALRE 10 ENSES, NE3 10d TUEY, Zhillg8 R ELHEFEEEE.

b Distance (cm)
75 5 95 105 115 125

[Fry T orrrs | REAEE RS LR L [T rrrrTey LR LR TTTTrrrres [Ty [TTrr Ty ]

50F¢ Measured -

: — Cloak 1

/\ — - Landform A

o D . i :

= G, o O | R L 1 R O UL o TR Y L SOOI . 2, Y

é """"" [T T T [T ErTr T o o R R e B [T T EenTT REEE R L REESEEEES ]

n 50 Fd Real B

— Cloak :

/\ —- Landform 1

0 ;'-'-—--—:—-‘.:...l'rr-.u..-r'.’.'r.-.—. Rrira T u—rT'.—.-.—.-r..T..TT'r~_ .A-r.'.’:—.-. ..:.l".'.“r-‘A--".’l'.—.’.—:.:'.‘.'-
-200 -150 -100 -50 0 50 100 150 200

x (mm)

B13.12 FFERAMA L. (a) RERGLA TR MR AEHTEREE; (b JE

MEBEESM; (o) MEKNF (D ERWHTARGECTEREL.
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NERMAGHENE LR ARG EHNEESL. RITKA—MNEEEG
3k (Intel RealSense D435i, &%) 90 1) kLB HRNE FHikfT B IR JLERE
B (F3.12a). M zigzag HH A, E 3. 12b RN ENZEEEL>F, FHAZAF
B ZEERSAHEAATELS . TURH, NEWEELH (E 3. 12¢) MELTHH
Eaf (F3.12) FEFMA, BIET HAERMW R AR ANE.

3.4.2 R AWK ERE WA LN R

BT R EERAER fu st ho n TA & % [ Z 09| 29, # R E W CST Microwave Studio
HEEREEZRERV T —H AN TREHEREEGEMHRE, RNZRXEMTE
KEHRSERREFESE., A3 13 RERERAENIRNERE, HIMHNKRE
(B FEEETHE) KEAEFHEAT 1.6 n (LT ARK) WRE, EENGK
EHIABRERAMUAFER. RNEELRENETEM M TRNRARELE (L0
VE 2 V), RELHRENANSAZE (-90°F] 907, (K& REUEATHEEHT N A
# (6-10 GHz). FE&, KA KET FTRLAATHLERARNRAKE, ATHBELRT
B R B AR AT A A — AL T

Réfléction |spectrum measurement

Meétagurface ~

Power module
. d TP T YN

i

\ @Y L
-»g“'
‘»J'. | \

3,13 AAERATHILRIE %

Bl 3. 14 HT LAAZE A TEXREORAESREREN AR, BXHE 6-10
GHz E WA AREMELEZRE (FH3. ). B TEA-_RENTERNFE, Bk
EWRAHEE X2 F 2 EHME (F3.14b). B2, EESENEZRNlEd, HMNLAC
FBREMNGRRE BRI EALTH. AAKTHEF, HNTURBLTABK
W kAN, T RAGRR S BN EE™,
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2 180 - T - T v : .
B R

Phase (degree)
=
Amplitude (a.u)

i

NN

6 7 8 9 10 6 7 8 9 10
Frequency (GHz) Frequency (GHz)

Bl 3. 14 2RMEH (o) REMEMAM (b)) KAEE.

27 10,000 H B HAE L KNG E (80%) , MRE (10%) FIIEE (10%) , #iE
%A — AT EL G S N W S, AR T DU R W A B sk BT 4 3. 2.2
WAk, WEMEU{RSERAG K >REREINBAME. XB, RIOTEXLT A
RERK. $—, ¥HNHEEE, WHHIE# (nean square error, MSE) , H&F,
GEWNHTREZRUFERE, RANE, RIEXZ—NENEFIWILE; RIEEWH
TR Z I DUE 4 5 W A2 R A48, B b A IR E M iR 2 R U 8 & &
WEME. £=, FHHEAIRZE (mean relative error, MRE) H#, EI4HE W 4 b fu
Ao zmedERUAZH BN RMEE, ATENATHRENELER, RNEA
tanh #E B #0f Adam 068 % k)1 4 M 4 (Python 3. 5.0, TensorFlow 1. 10. 0, GeForce
GTX TITAN X GPU and Intel(R) Xeon(R) CPU X5570 @2.93GHz 48GB RAM) .

Number of hidden neurons

30 40 50 60 70

3 layers | 1.98% | 1.87% | 1.82% | 1.86% | 1.94%

4 layers | 1.83% | 1.79% | 1.89% [ 1.87% | 1.92%

5layers | 1.92% | 1.86% | 1.81% 1.83%

6 layers | 2.27% | 1.81% | 1.86% | 1.82% | 1.99%

7layers | 1.91% | 1.89% | 2.08% | 1.92% | 1.95%

K 3. 15 K| fa 4 B Aot 22 0 i 40 4 W 46 3¢ 2 89 448 /TR =
EINGHEWNE 2w, RINWENITEENNERE, CNHEEHE P H
W~U(—/6/(n+ m),\6/(n+ m)), n K m 7 7| & N Fn ki H 09 4 & o AR A &2 Bk & 7

RMANBWES, CEREERE. WET M HFI£%E (E3.15). RERILE L
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HFHENIRE, RINTRLERT —IMEE 5 MREE, EF 60 METHAEREM
ZW%, FIEK0.01. B3.16b BT RILEHH TR EZRE ERRKAEUERL, &
NEB BTG R, BRI EANRE R L FHEREHDT 2. 1%, KANKHHEK
BEAINE, BHRFEHZMEN.

Metasurface cloak

Detector1
~

Random background

Observation region

Deep learning system

b 10 T+ e ——————— ;

_ MSE | MRE

§ Training | 3.15e% |1.47%

2 107 Validation |3.22e7(1.74% 73
=2 Test |5.59e%(2.09%

g

[0)]

&

& 107 E
L E 3
(7))

=

10 v v v 0y sy Ly v v w00y L o s ooop o i o [P
0 2000 4000 6000

Epoch

E13.16 (a) BRERARG; (b) REEWNAFIREMEERRENWEN, BwAKEE
MRAEEWNHFTREMFHHELIRE.

3.4.3 FRRAWELRNE
A 3.16a 2 —EXZEWNEHREH R %, BEANMRNE (BEKENE Detectorl fu
HU T TR AR N 2 Detector2), 5T94L 3 2 (RF processor), % 5 3] %4t (Deep learning
system) fufB X% & B % (Metasurface cloak). HLELEFEMBHE AT EME £, F
LB/ % 2 3R A R 2 B B B AT 4 I R O SRR R o 7 AN BRI B FR M2 R SE B
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MBI AT A P AL, W WSRO R R, R R E P E A TS A
Rk, REGGBHOEHEL, BEARN-RAE-BELEBRANEE 15 2, £,
TWIE L EAE T Ao 018 i, AT LL#— 5 BRI R G, 4o (7 AR 35 15 F 34,
%5 4 MUSCI #1 ESPRIT % 3 3% 77 [ (direction—of—arrival, DOA ) i 3 45 8 45 | it g =,

BTk, RAVNAG#T oA A0 m & LS & E (radar cross section, RCS)
MERFMBRIC G BHNIE SR, B3 1Ta UGN ERE, G HaEEER&ME
ABMKIR, R TEHEIERE L. MABRLEZEZLNETEHNMRE L, L2
mm B2 (8 5 K AWM EE A (y=0F&E, x A-200 £ 200 mm, z A 0 E| 200 mm) += # 5k
g AR (RE W& S21 540, REFEMEW S21 H4E, L # TGN =
S, E3.1Tb REGMERE, BRALESRFL LT (0°F] 180 N E#H TN A E 4
fio RAREMBRAEEETR GEMHp=13m (KF2D%/A, DEREDF), LT
RIEN 2 & RFERTY p - o BN EHERTMASE,

Near-field measurement

Detectorl
Pl obc ~

RF pr’écesso?“
Deep learning system

Detectorl Transmitter

f
Wétel\ /er

Detector2
! C loal\ " @

/\ Deep learning system

VNA/ RI proubsor 1

Tk

L
v

A BN
B 3.17 (a) #&ifn (b) mFEZRNEXE,
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EF—HEEZRF, 8.4 GHz 9 M FEHEKZEENSTE WM L, wE 3. 18a A
To RANMEMBEATHWEERB 2 HPEE. BAWAREN R, KB, &
SERIERERCRER, G UBERECRTH Y. AIEERTUEY, &
ok AT REMHA (F 3.184), #ETEAWEET (B 3.180) 44; HE,
LRENHEE R ES R BENE, RATWEEFMECKEER (H3.18c), FHH
TRMEA T — 3. H3.18v4 Fcd FWEEHI L HAMB R, XTEEETRER
BN E R E ST RN, i, TUEARAELAETRERNE LRSI
ERE. ANTERERRELERERIEHANER, RMNEXNT NMNZ0 TR AT
Octoakedbare = 27p|Hy/" — H£|2, Heb, HS, HY A H) 2 AR AR, KSR
EWHE", p=13m (JLE 3. 17b WM E). M 3. 18e L #l T k& & Fo K& & B Y
ENERHAEE. EREALERN SRR T EME, BT EE DI &0 E Rt
REAALER, BHE LM RE [ octoakeaspare 40 FE 1K T B3k 85%0L £,

- $ 8.4 GHz - $ 8.4 GHz - $ 8.4 GHz $8.4GHz
777, 7 T 7

200r

b2 BarRAIANG d2

B13.18 Rt A B ERANHT TR FERE. () WA TEE, KELKT
BETEAR, BHEERETERER; (be,d) BT R, BAEEENENE#

T Hy ZWE A (o) RAMEAREN RN Z0E LR RE .
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RN L i A B RTRE IR AR S

AFZHZB T, NAREME. \GAZHRYERFERBENLZ N, wE S 19a
Frow. ipmmg il &4 RHEH, SRR BFEBRTNE ETHERERET R L =
2, BB ERYERNRATEEALN, RoRIET EREN THRER S S
BTGB, SHERIFIRINAE L ELUN, TGS “BRK” HEANEZ
1520, MEARFRELFEALN 6 VAT EEFEE.

EEZATRE, RNXA-NNERBEAER, FEKLT. 1 GHz, 16"\ 4 AR
SEIMY £, Wk 3.20a v, XMELT, BRRASGEFAARTNRIKER, &
NREBHTNBEEAECFEL, FXL L, TRRNEMPVERE —AE _HALhF
WAENMTY, SEECEALNMT, FERAIBHETHAUV T ELRAERTEN E
THFENRAEER, BRASMENEEA T, wRNEGRRATRNAESE, T
TR HEBRERREF T EFHEMES BE, HULRTEGRAL K, #Hi#BX
HEGRRUREZF AN, RRFHRABHEG TEELMARHPVEZFTHNERR
B, #ERNEFEUENRHERERZRZGEEZNH T RAEN

a1 0=9° a2 6=21° a3 6=35° a4 X o
f=7.4GHz f=8.3GHz f

[l » = ‘ i :
-200 0 200 0 200 0 200 0 200
e1 Differential RCS e2 Differential RCS e3  Differential RCS e4  Differential RCS

—— Cloaked

H 319 BHIEEBAETRMA T EROMETHR S, () HRBTHTER,
(bye,d) HHHE. AMERREHKRU LT H, ZHAH; (o BANETREH
ey S H e
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RN L i A = TR IR R

| -Max
K 3.20 Beble & 2 th A EHY P98 ek, () NEHT REE; (b) REYEAMm
REMENZES) FARAEE; (c-o) BT Z . RAMEKRR FY K H, =8 5.

EENASRY, RNTRET —IFR A/ DFELR, wh 3. 2la . 8 GHz FH
HEANAERELS 1 XWUDLAFHY £, BRAE0=20 FHEERAL (X&)
EHEMEHTOEWEI (S21 580, AE3.21b #ALUEY, SERERENFRER
HEXRMXE (ARALY 2T, BhETHRBE/LTREIE. HR, I—HARS
NEFRFEARNUXE, REFTHBELAT BZARZ, R NE LR HEFHEE
. ZERTTRIET ERREINFANSEUE R FEF EHRANRETD

a Transmitter R b
C'Ce

-
7
7/

Uncloaked vehicle at 8.0 GHz

I 1 (!
Time (s)

1
! Cloaked vehicle at 8.0 GHz

1 /7
0/

—
L

Cloaked vehicle 6 =20
_)
/
X
K3.21 BREfR B NEWNERER, () IHEETEE, EHRAPNEZZTRAEMY

TFEHY, EREEY, BRREAEHRNEHTHEA; (b)) FRENF (T)
KE&HNE (L) WERNEE R,

3.5 ARG
eI & B R TR LA RS BT SBER, STHETER
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RN L i A = TR IR R

—MEEE, REEETR2 AT, S —FH, RIBHTH - KEEREASR
BE, EAFEEMAARZLT, BENRETHSEUNE RN EMAT K, BT —
ERENRBREEGAELY, BRETRENBARAMNG, B TRITEENTTE; #
REBAERNEMZREFR ARG, RITERE#RAME, TRXERERTREF
oo s, RAVNLF BT/ AT E LGRS BEF 7 0RKARF M, TR
TEARE, RIETHRRAINTTHE., FBEMEIHKE,

BRI RIS T A AR A TSR, 5ESME
TH, BRRARXAECNFEEZAATRERINEEFIER, ENATREF LR
W DA BB RY R R, ARG T AL E, X — A TR ERRE
HEEMACARTFNEER. SEANTELR/TREFEANRAERE AR, &R
S BHA TN EUTRMNGE, % EEHEARE, EIFECMNANEET,
EREVREENR A,

BT EREIR T E A i it Fix v ULy RE| KM Z . A EZ M. BTk, &A
7 AR BE R A B EIATE XTARETEN R RN RAERE, &
% Hwm TR &L R

F—, HS R AN AT T DL T i S IR R SRR AR R B B B S A
AR LR S RANI T ERBRTEE, A PRAERAF FRAUMENER
A E B, X7 | A MR ERME, 6w T tREs R RS ANEgERE.

F, #omm AN EREMMCER) A ETETF@E R EAOLF
T A, BAISR ARG, XEABAFER S L ERAZ M. BT
AT EEEAZEME AR, o LREEF KA TORR 3" £ 7% KA R

TSR, EAE S5 ¥ DB OGS NS KIT3RE, N AMREKS 27
DL 3 Ge ot/ R OO [210] A B E BROER RN B KA X THPARE S HHHE
W, KATTUERAREHEFEF MBI EFERENERATFONRLE G £T L
REA, BATT U —F 2B IR & B 1

ARE WA = T{EE.7E Nature Photonics #{F| % %,
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FUE ETRENRNETERA

jut

t—EZRRANETEMERA, TAEZUSNE TN EHAR RS £
F—F, BNARUENBT Bl =t & F oy @ aat 7ok, BAMEN-REHA. $8RTH
MAMATM R EHRS . 5L, HMENTERANEHSRERER T2, TREZFE
R LWEMBERH T EAAWERFE AT ZRZOATA A EINE, SMotH e
B, ERMAEE KR MU TN, SERTERANEANEE . BXFE T
B, AFTTRTIAAEIE. F—, HNERFEHTERS THEREE -, EHWE
AR, M R T AR M dh 5 A UM S R B S T, R R T A EANA
FZ, A EREBHTERMBEA. HEEE. ZREZAFEA, FHEETAA
AP BEREMERPEL ML KBRA BT %, FEZRFERUNMT ERAAZL.

4.1 ZHBBANE X LI R

WA REBFTRNERIR ., SRS ARME IR, Pk e FRKEEERRIK
B, ETEFEEFRLLL, KARS: B —HorEENUANNRRE, TRARK.
AT H TR A T [ B T A R R 454 . B E 1871 4, Rayleigh. Raman 7 Mie %
MEZAT S BHHEAAZITRT AR, BETERAFFRZIAL, flm R =F0iE K0
& T e A R R TR K R BT — B R B AT R AR R

B KRB EO T LR B ok o 3 | AP R Lt # e  E DUR R B RRY
ETHKAYF, RREEENERRGEABREAEEZ L AME™", EXNHHKE L,
MIEELERUMBERTEAN “B”7 , HEEFEHJLARFREL LW “4” . X%
BeB- MRS, TERNRBEMNEEETRIEREE—. EHEL. FiEA
SR A, TR AR B TR R e B H AR — AR KK

4.2 T X el mA B S S B

WK, BN E R EE G e AT RA R ZXE,
VBN WERG . BB E LB A e RETEA R BN AME™ . Bwl,
ERHFUEM BN RELTERTM: ATRENR, FlineB-NR S ZELENT BN
REMBFEM; KRRV AR, Flaxr @ = a0E™ ™, KFULEMAH (boron
nitride, BN) A6, FiTHEZRHA T EHNMNA .
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RN L i A CALEE SR EZ T )

AU EFEHEBEERN TR, ETEGSANEBEEBE R ERE, REMNUT
SEBHOCH F TRACHIT . B AT E W b 6 #As AR I AR B 4 AT 4 W (reststrahlen band)
WE-TFE RS- FEms s e F 5 E IS, AW AE A% 400

e 0 0
&=[0 ¢ 0 4-1)
0 0 EH

51—51(00)"‘51;12(“—’2” I=1,]| (4-2)

—iypw-w?’

AF, e fe A ARFTAEETAMMFENESNBEE . L g e, WHFSHRA,
MANEHFAEARNEE. EF—F _RRFEFT NEEESF e >0, <0
(B—ER MDA e, <0, g > 008 = K i AR ARYE B R AAH 1 09 52 B B 48,
ZE W (in—plane direction), g(o) = 4.87,s,, =183 (RENHEE 2L, ®KIMA X ho,, =
170.1meV, RTEFIEE hy,, = 0.87 meV, &4 (out—of-plane direction), g(w)=2.95,
Sy = 0.61, hw,, =92.5meV, hy,, =025meV. EERNLHFEFELT, KATE X @A FHEH
B IRTB R E A 0,

4.1.1 X R RN R FEHR

A 4.1 4T N FEANR-NRFREFEE, NERANANEENd, BAE
yoz P, AAEARBREANREXBAHFLF A 4 M- FEE (HGELTHREH
M) NEANEEE S, ARBTG5 8

H, = ze™yY (etikixX 4 Re~ikixX) (4-3a)
H, = zeyY (B, e*tkax* + B_e~tkaxX) (4-3b)
H; = 2e™yY (Te*ksxX) (4-3c)

ﬁ¢,hf:%arw;kﬂ=/§q—@g,hf:%afwgﬁ%%ﬁ&2ﬁ¢xﬁ@%
B, ky Ry HEBIEER, o 2ARE, cREZFTWHRIE, e 1 g3 A EZAFN
AN EEH. B fEz=0fz=d AN FAAFRTEEMH, KEKHRZAHERN:

(1+a)(g+w—gb+wb)—-2w(1+b) (4_4)

R = Gr—a)r D@ Dw

R, a=befl ol g g,y oo, [ T RAR B F AR R R

€r1 kzx &3 kax

N E FRAUHTEX, Elcfk Foam T, RIOTEEA €W & B R KA & i 2
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AY
Air
Hyperbolic
1|2 P Dielectric
0 d X

B 4.1 Hodh = @0 B F-EARE =

4.1.2 X R @A R A 4

ZERM-TFEKE (EFEELTHREHE) NEEHSENE R Z %X b FmA RN
&, WwE 4.2 From. NATEE N H = 2Hpe™*, B BRI A exp (—iwt), Hoy TR,
ki = W</ EgEr1lo /—*EE EI éﬂr/_\l—\'l\ﬂ é"]ﬁ*ﬂk’ w %ﬁﬁiﬁ’ Erm FEE E éﬂﬁfl\ﬂ E’ﬂﬂ‘ﬁﬁﬁ\%%‘#{, =) %U Uy
oA = B E = B WA AR R N RN py, XA EE A g0 Bd )
R BEHp,—py EELTT, CHEMNEEH e, =, Mey =5, =g RELHH
St HEER, FARBWEGETHLE LT AR

E,=—1 % (4-5a)

P iwegepp 00

E, =~ 91 (4-5b)

¢~ iwegey Op
B (4-5a) Fr (4-5b) #AARK (4-5e) H:

20%°H; | 0H, 2.2 _ =2 — -
p 6p2+p6p+(kp M2)H, =0 (4-6)

A, k? = wlepepno, M=m\feg/e,, m 2B, A (4-6) BYEME A

H, = Qum(kp) + Q2Hy (kp) (4-7)
KF, Jn FHSY DR RNEA M WERBHAE — LR AREH T L EE®ENES
RN, ep=e,, M=mBEEK; HTRERANR, e+, mem, mESEEE
W, AR, B#FET NG EG YT IA A, N5 8T A
mEMA, HFE:

Htotal =Z2Hy Ym=-w (im]m(klp)eim¢ + imSer(ri) (klp)eim¢) (4-8)
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RN L i A CALEE SR EZ T )

Kb, S, RAHBAEE m* QI FH. RESHIGE p=p, 0 p=p, AMLTELH,
KB FH S, A

5, = — BaCa=ColytBatty=DyFy (4-9)
ApGy—CyEy+AyHy—DyE,

1 oHS )(klpz)

ﬁ: #, Ay = Hﬁ)(hpz), By = J;m(kypy), C; = H,(ﬁl)(kzpz)Rza, D, = Jm(kyps), Ex = Zotn ap

(1)
_ 1 9Jmkipy) _ 1 0Hzg (kapa) _ 1 6]m(k2p2) 2
F= £0Er1 ap ' G, = £9€¢ ap K, H; = £0£¢ ap ki = w? €oér1to- k2 = w? €0€¢pHo- /?35(
(1

_ _BiGi-GiR _g@® — 7 _ 1 0Hg (kzpy) _

Ras = A1G,—CLE; A = Hy (kzp1) , By =Jm(kap1) , Cy = Jm(k3py) . E; = _£0£¢—ap , B =
1 9Jm(kap1) _ 1 9Jm(kspy) 2 _ 2

0 ap Gl - £0&r3 ap ’ k3 = W EpEr3lpo

NHHEIEE N Hy = |20, NEHEMREEEEN = - MUAHRE AT R E %

meter
S N 2
%;é%{%ﬁﬁ%é Psct - Z?Z:—oolsmlz %ukﬁﬂ»ﬁﬁﬁg ’ Ep Csct - Psct/IO - m——oo |Sm| ° 1/%/]\7%

B8 A R RE R 15,0 <1, BT 2B HARR 0,
y
Hyperbolic

1 I Dielectric

Bl 4.2 B 7\ -0 B

4.1.3 ET Kb WA F S HEH A

WA 4.2 i, BYSEE—ANUAMH AT, AR RN T E KA,
S ES R AN R E IR, RAIAES — (22.3-24.5 THz) F g =
(41.1-48.2 THz) FIRSLH 2 A TE % (g, <0,65 >0) FE =K (g, > 0,54 < 0) K
AR T AR A AR R AR XA B O 20 1 R 4L L2 WR
NFRAEREAER, FAEPBKMAEES, RNGABHUFEN—A5H: p, =
0.12 um, p, = 2.06 um. HE S B A F K 4.12 pm, & B TIEAE 22. 37 THz (K 13.41 pm)
A8 47.54 THz (EK631um). ERITAERBA HH, RAVB IR AT A 8.8 5 5 A0 F
HANHMH—H. REZERNEDREEALM AKEZREA, MH-A2HKE
1457, EZELHE=AHKER™ . B, WAMWAERE, ET AW T LA MNEK

A E A
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Bl 4.3a £ 7 TRAFEATEBA BN T —HARH BT EREH T EE. EF
MIEFER, AEEE m=+L, R2WHABEEERELES, SO RE Y 2@ E Y
SIRIREY 3.99 f, EF, m=15m=-1, m=25m=-2HEHE#. ¥ TLHKEH
®, AN A 2R A AE —RLEDN, Eilt, B4AE 4.3a PAXARASNER
Bm=+1L 12 HHBEENE N, EC/LFRERAREHESE, WA A 288 S8 E
WRA. E4.3b, efic, AL T ANEREm =215 m=+2 WHAT, BT
ER AR, EEHEREAMA. FHit, YA EEE m=4+1Fm= 12 AT E
Bk, BHABEA A EES BKTH AEATER#ES GEHETH), wHE 4 3d
A g BToR e

//
| L | . LA s | b | . |

N
1
—
o
~

—— m=+l

—m=12

Single-channel limit

Scattering cross section (21/)
|3
1

(=)

/L
T Y 1 3 771 L I L T ¥ T

220 222 224 226472 474 476 478
Frequency (THz)

T e
g \177 3
Z0 ((((-))) ) | (((s30))] é’» Max
—— ~
40 = 2
e = & —
Eiﬁ 0 (((((@))") ? l Mugn)») a 3)))))))))) -Max
-40 = =
-40 0 40 -40 0 40 -40 0 40
x (um) x (pm) x (um)

Bl 4.3 LARAFL T A ST — HBREE AT 2. (a) VT— 1 £ 38 38 FU A T A
R B, MU FE B TAEE 22. 37 THz o 47. 54 THz =, M6 & 5 (& 238 8 8 4T
BIR; (be) AZIEEE m=+1 B HAT; (c,f) AFEHEEm =12 WHEHT: (d, 2
ANEREm=+1Tm=128FFRMWENER; (b-d) 0 (e—g) & A3 5L A # AT 2

P TR MR E L
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EEERIFANHFAENERLT, wE 4. 40 Fior, BRAHEERTZET — 240
#, tEEEMADERENHARE. EL, CHEISTREMAET T £& 8 5K
PR, 4 B2 8 HU AT 161 £ (22.37 THz) A7 2.19 f% (47.54 THz). FKATFIA A
A (4-8) % | 4 # 5 25 Bl B W 377 oA, IR A0 B L 8 IR 0 7 LA COMSOL Multiphysics
HREEATHL. AHEEE—®K, AR T AR ERNEAE. £H 4.4b F1 ¢ +,
™ FEBENALZL LS, EREYABEERVRETARHY, FEEBHBEEEETT —
MRAATEEEWAY, 5@ 4.3d Mg ie—%. AT FERER, RITHE
T AEERTH_ENEEKR, WE 4.4d e fioR, FEK T Z EMEE R EY
JUFRAZE R, 5RYATEN REERH .

T T T /T T
(a) ——m=xI
m=12
total

l L I 8 I /I 1
224 22.6 472 474 476 4.8
% Frequency (THz)

mmmmm I

]

Scattering cross section (2A/r)

o

y (um)
o

40 :,:N
g 0 -Max
P
-40
-60 0 60 -60 0 60
x (um) x (um)

Bl 4.4 FHAFNT RS H 0T — AR EE RG24 (a) )T 28 3 84 E Ao
R ET. EEEARELEBEMIRIR; (b,c) 2 H 2 HE 4% 4 22. 37 THz F7 47. 54
THz B9 & B oA (e, d) 2 A2 E % R+ ZAWAEAEE 22. 37 THz f7 47. 54 THz W 2 #
oA (b-d) FHHEFREN L TRERF 2.
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RN L i A SBVYEE ST 517040 o 1 22 AR BN

TR B R R AU T UL MHEXNE T RAHT, KUT 2B
FHERBEE FHRET. FIRABTEENRAANMN R EEE, £F AL, T
IR E FRAB T £ EK, FTUBRT BN L. wE 4. 5a FHEFR, HA
AURSHER B EREFR—ETREFH AR BB — &, £F, FREFH
SEEEHBEHNE—— R, RIE 4 L1 FHEHER, KN4 T RUW-NR-TK
HEF IMENEHKE L, WAL IR, ERMRKHEEN, AUH-NFFREST
UXFSMHEREMNE FRUBTER, A2 HBRAARAW R EZ LR, SHEEH
% BeRB-NRABHAET Y, AAH-NRABEHBEMEMYE, TUXHELMF T
A TAER, HiwT LHL LSRN T, FEERT AR TARENERE.

—%, ROMMEIELHMRFWEHSSE, EH 46+, EALMNE — R4
SEEN, BENERNIEEZARE, FEASNFRENELT, BRHEEZ=S
METHABHBREMALT T LREHARIR. £E4.7F, BROEARMIEEEZAT
— W =A== E TRACHOT R, KRR ECE I A A AR PR B 5. 93 Fu 5. 95 fF .
B 4.7b Foc REBHABEFANMAE THERT 24, EREEsaT, BERHAELTTKEK
HCRE”, PEAY T RRNZEERS . H 4.8 RINZFANMBAANERL, £
BROAT B BB AT A T R R B AR TR AN 2. 60 F 3. 44

10
8
= =
3t <
5 2 E
;-)_ -
= 24

22 //

0 i 2 3 4 5

B (x 106 m~1)
K 4.5 ARUH-NFFRESSF ™M B GRS &. 208 &K TE A (fro) MY HHIME
(fio)» HF, fron =223 THz, f,0; = 24.5 THz, fro, = 41.1 THz, f,9, = 48.2 THz, AALHHHA
BEE 4 1.94um, N-FA &M, MEANEEL 2.1, Ry &4 ™ FEEMNEINEE

RACT-AFF BT B KA R 2R, B RN E AT A
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Scattering cross section (2A/x)

Scattering cross section (21/x)

0+

—'m=li]
—_—m=12

total

1 1
22.8 23.0 232

Frequency (THz)

1
22.6

I 1
234 23.6

A1 4.6 (a) TfR#AEM (b) AHAFA TERN ST — MR EE; ERAETHELER
PHIEN & — IR 5T & = MR, R S LF S84 py = 0.01um, p, = 3.31 pum,
FEEE A, EAXNANEEHA 2 L

Scattering cross section (2A/r)

=)}
1

4

yi
L A I L I
—m=4l

L) 1 v 1
(a)
—m=12
——m=413
total

Single-channel limit

O yi
22.1 22|.3 22I.5 22”7 472 474 476 478
Frequency (THz)

L)
U o (1=
-Max

-60 0 60-60 0 60

x (um) x (um)

Bl 4.7 THAFN T RSB0 T — SR E 7 04 . (a) )7 — {0 3 18 3 B 5 A E A
B st A @, & 22.42 THz f747.45 THz, REATEE 2 A % 218 & TR IR 5. 93 Fo
5.95 f; (b—c) ™ FEENATEBE S BN EH T 04, BUAENLASHE Np, =
0.595 um, p, = 2.59 um, F [&] /) JF B9 A XA B E B 0. 732,
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I//

3 4 —_—m= +2
otal

| ——m=43
t
2_/////\\\\\

Scattering cross section (2A/x)

¥ I L 1 . I /I/ L) I X T ¥ I
221 22.3 22.5 2277 472 47.
Frequency (THz)

I muuuuw

e
30 oml'"ll | ' =
>

-40 } -Max

-60 0 60-60 0 60
x (m) x (jum)

Al 4.8 FHAF N T RSB0 T— IS EE 704 . (a) )7 — 2 8 3 8 5 E Ao
REATRE, 7 22.42 THz #n 47.45 THz, AEEH &M R EE N 28 B H AR IR A
2.60 f13.44 f; (b-c) M-FEHEANSE BRI BB EHT LA, BUSABNSH.
EREHE 4.7 %

Ik, —ELRKOBHSAERZTEREN, B2, WRIRNERHAEKETA
TIEK, ABMRERANE BB HENHAAETHEE. ULE 4.9 A6, H=4
AR BRI A 100 ym, XN EBRAEA AN TERKE 7.5 1 15.8 7, Hv¥ 54
Bl 4.3 fRF— 3. B BB COMSOL Multiphysics U7 B4 R ZHAE 4.9a fn b, HE
4.9d fn e WE R B A A EFHE. AT R ERFXHMF B EE, ROVEE B #at

&ﬁa—mnm%$;ﬁ¢ S(@) F1 S () DB R TAE R EERNSEE, ¢ BT +x

HAE R RBRAT B4 9 i RA-_ SR - SBYAENE LB RTEF S,
Bl 4.10 32 T AT REE . AT/ % 00 QA B 2 A B A B A B T
W R BT, R S AW T B E AN T E R AR BRI,
BATERR R £W/Mets, ELEHRAET/LFRESL . B 4. 10c BoREIHE L A
PP ERANHL RPN TEN, BRRARKIBERF. MELRF, RAUMNRE
HoE o LR S L E 7ok RN, AT, R R RO B s e A T
REMMABAEERGEERE, HAIIMBERAAZ LR IARHE T FovEi,
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3D rod with a finite length

(a)

2D rod with an finite length

)] ‘(C)'

20

—2D rod with an infinite length

v == 3D rod with a finite length
\

180
¢ (deg)

r =——2D rod with an infinite length
= = 3D rod with a finite length

90 180
$(deg)

4.9 ZfFRKAZELRKEZHBENLR, (a, ) ZEFRKM (b, o) ZHLR
KERABHZ BT 04 (¢, £) BEAMBPEE, ZFERIABNKEH 100 pm, X

CIREME 43R

(a)

Scattering cross section (2)/x)

/L
I N I LA ! 1 N I N I

——d =188 um
——d = 1.90 um
——d=192um
——d =196 um
/L

T ¥ T T 7/1 T T T T T T
ya

T LI /A S B B R

(b)

Scattering cross section (2A/r)

Single-channel limit

Egiet = 1.8
Egiet = 2.0
£diet = 2.2
Egiel = 2.4
yi
I 1 1 7 1 1 1
ya
T T T 77T T T T

(c)

Scattering cross section (2A/7)

Vvl = Yo

— ¥t =2
— ¥t = 3y
— Vw1 = 4y
L~ Yu1 =5V
' T L T T 70T T d T . T
222 224 226 472 474 476 478

Frequency (THz)

(a—c) Ao (d-f) R TAEHZE 22. 37 THz #7 47. 54 THz.

Bl 4.10 (a—c) A ZAWHMEE, NFEN-EE8, AMHMREX LU AT S

Vo FOT B IR B 1 B S B 4R A
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4.3 ATHAREW S TEEH

FRFHS, ARAR, BEXELBRTABENUNTHK LT, TUMHEA
TREFEHMT. AT BN REERHT, ATREFEHTLHEFA/ N EHHE
HEER R AT, RATEFR TR £ T8 Ry 8 o & LR Il 2 s A I & .

4.3.1 ETEREW S HEHA W EAI 7%

Wi 4. 1la For, R, o Ew ZADEQNFAEM R, NRaFEREY
BERERT. BREEEARERFMEK, SENARHT/DTRKE, £ T FREK (L
Wiz 7 ED) NS, BREHROESE o, HETER 2,

T - (4-10)

T,
Os,jlj+1 w(fr,j+£r,j+1)Wlncsc(ﬁ)

AF, w i g o R 5B B E A = SRR T s no M c AR B i = B R [ A ot iR
Erj M &y jpq A AIERS A0 j+ 1 AN BE SR WERE =1, RATBEZAKEj =5,

X 1402 g FEALEHERE, T o1 =0

RIEZBMATERL", KB 1MWE, fn Hy BRZR N

Ez1 = Ynemoo i (k10)e™ P Ty (4-1la)
o Ky .y OJm(K ;
Hyy = zm=_wﬁlm%elm¢hm (4-11b)

X3 2 2| 5 8 E, 70 Hy #1 R IEA A -

. , 1 i . i
EZj = Zm:_(x) (lmen)(kjp)elmthj,j—l,m + lm]m(kjp)elm(b) Tj+1,j,m (4-12a)
o —k; ((m Mg (Kip) m Om(kip) i
H¢j = Zm:—mm(lmTjelmdej,j—l,m + lma—l)jelmd)) T_'i+1,j,m (4_12b)

R, k=2 e Jm P2 HS ZHE m i WERBHAE — KT REH. & BREE
WEAFEL, TUMENELEMAR TR, REERESEE, BB EXPH /AN
ARH R Ratm: Razms Razms Rsams Toims Tazms Tazms Tsam T R Tesm BIR TR o XS
., RWEGE TS BGA m g, REREEREA:

Feotar = 2Eo Zip—oo (1™ (ksp)e™? + 1S, HS (ksp)e™?) (4-13)
AP, Sp=Rogm BAFNEEE m™ ST RI; By =Tesm R NS ETHIEE . RE8SH
B H Coor = Do Coctmr EF5 Coctm = 2 ISl 1Sml < 1o
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(a)

(b)

o <@ = N W
(2 Illll TrIrrr TrIrrr Trrr T
~N
\ |

o W

Scattering cross section (2A/m)

Frequency (GHz)
A4.11 RS EZyEmEI—CELHAEE. (o) BRAENIHE, ca=FEH#
lkE (&) FHENFMR, BXEELEKEARATHR, LExTERFEHFL
Im(o5) <0, X% TE REH; (b) HUABWT—HEBATRE ML A 22 8809 BA &R
W, BEATHEIIEAE 2.2 GHz #73.73 GHz.

AT ZABEHINE, RONEZFHEGEAHE LWL L, ZAENEKEE RMAMMLE
WEREY. FHEFEEANMEARLEZANBEANE . ARLFHAEERHENER
INTHEK, MNAEERREZHRE, BREWAHTNTRK. RAUEEQTENEN AL
BEfAAMANEEH, ZHERENELARMEAENTE. R EeT:

FHRL: HMEET, E2RAELAERMES, HTHLHBEE Cu(S)o

FIR2: ERMSHIAF EFMS, 1 H BB BRE Co(S) T E AT = e (S) — Coee(S)-

F B 3: RAE Metropolis AN BEZH AL S’ B MR, Y AT > 08, BZHMES; BN,
PAME R exp (—AT/T) HEZH S,

FHA: EEPATHFR2 M3, HERAERAB R E 2 RKE L TR

FBE: BKEBET, ABEEPATIEK 2,3 4,
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SR RAZEN, RINEEHG SN —EA58. wE 4. 1la fror, mAESL, AR

EEARIK A d; =34mm, d, =1.7mm, d; =6.2mm 7 d, = 6.68mm, /-8 F KKK K
€1 =24, &7 =27, &3 =23 g, =21, HBEREWEW EH 5 7K wys = 33.88mm, wsj, =
16.94 mm 1 wys = 1129 mm, AW T E A gy3 = gaja = 0.14 mmA g, 5 = 0.1 mm.

Al 4. 11b 2B AT S R W3 — LB R E . £ 2.2 GHz (KK 135.7 mm) o 3.73
GHz (80.4 mm), AFEEHE m=41, 2 WHAHEEFAELE S, SHAAEE L E 5
MIRE WA B BN ER A ERATERKE0.26 F10.45 1, B TR K KR T %,
412447 ARBEERBMOUAT. Ym=+1Fm=+28, TEXTEEIBEHRHK
AR, FARERER, PRESHSAZ. H4.13 24 T BHAENEA T EBTH
A, TEFEHEANEDNG, ERHERBELTTRAWHAZ, Hal Mt AT 5 mat.

150

[ 1 Max

0 8 2 3 . R
,é\ : N
E 150 — [
>‘ -

0 D) J ]

.” ‘_ -Max
-150 — e
-200 0 200 0 200
x (mm)
K 4.12 AAZhE#E m=+1,+2 WA T, FOoHBREERAHE

300

(=]
T T T

B 413 BB ERMTHEARTH (a, b BAFM (¢, D BoFaH.
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EWEBE, 2BATERRER, EREITUALTREORSE o, REAR, o, IR
0. HRIECH[239], & Im(o,) <0, BEEFF TEREHE; % Im(oy) >0, EKMEIHF TN
KEK. B4 145HTZEXVEROHNREETE, £2 GHz 214 GHz 28, & T#
EREE Im(o,) <0 B |Im(o,)| > 80G,, HEFGy=e?/an ZEBFALFETE, nETLHHE
R 2n, BN TE REKKBRBELRTEN W TE. B 4. 15 £ A &N
M—#TRESFHEeHREE, TEXTREEREEE, BEEETRE 7 E Y BIH. TE
AEEMEHE AT AT AR EL (light line) W T4, ¥HBEREETHEK
RE, WENLZEAFTREFEZ £, £F 4.15 F, EFFE5 058 E B
BTN THEMEME, AN EEE m=+1,+2 WBRAE, B BIRERHT Uiz -F
K R B R

~ 0 [P rr e e fryrrrrororr [Trrrrrorrr [rrTTTTTTT ]
O -
S s ]
> -200: :
= r ]
g -400 F :
s ]
g -600F ]
o =
8 - —Im(0,33) ]
‘E -800 F —Im(0,54) -
2 f —1Im(0; 4/5) ]
1000 b A i, o
2 25 3 35 4
Frequency (GHz)

K414 BHAEFT_EXAPVBLTNERTRIE,

Frequency (GHz)

0 40 80 120 160 200
B (m™)

Bl 4.15 FHRE T8 TE B B8 4o A B A BB SEX H — % FREFHX, K& 1
s HAETHFAR, RESHEMBHABRTE—H, p=k, #EHEFTH, EXMEE2AK
REBBABOFAANTERERL, ANERE m=+1,£2 WIFRMLE,
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4.3.2 ETHEREW S A # A LR BAF

MERAER, BROBRA LN BFERARDAHEN TR B RS S S, wE
4. lafrr. BABMNERUHERET A TMKBHMHE, ERLYLTHEHSEKE
TAFIEEKE, RS REAMELN _ELRKBHSBHMBETHMN. LR+, K
BB B WK Z & 510 mm, *F 572 TR KK E.

A 4. 16a RLFEZRNERE (NE), LA RELEBRSKRNER Y 1.5m, #ARK
NEE IR HAT R E R T P EK . BRRLEBHAANEREZ Y 1.5 n, #
RN ERARRXFHAT KA A BRA AP ERFLR —MAFEE. B 4. 16b
RAGIHMNEREE, KHREKEZTUHNEK L5 n. MNERFREAEAEE=ZLNETSE
HALARE £, D2 mm 89 % 8 KA XA EHE (200 mm x 200mm, x A -100 mm %
100 mm, y M\ 0 mm 2| 200 mm) HEIFWIEEMELER (K2 ML SN S21 540, K
TR T, RAOVENERA AR NS, BNER S RN LY, REHE
J1 B NS 715 B A

Far-field measurement

Regeiver

X\/ Sl 4 (y
A, - NN L —
. -/

El4.16 (a) ZZHEHABEMNERXE; (b) AFRFMNERXE,
7
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Scattering cross section (24/m)

/L
LI S B B B S S e e B e S e A/ e S e B B B B S B B B S S B

5F (a) Superscatterer .

Frequency (GHz)

—Simulated © oMeasured

K4.17 B REAHEEBNELE R, () BEIENT—HEHARE; (b) BERT4
BRI — R aT AT, At amnt T/EA£ 2.2 GHz f23.73 GHz, LAREB
B CST Microwave Studio HIfF B4R, BARKIZLINE 4

(a) Superscatterer 2.2 GHz (b)  Superscatterer 3.73 GHz
90° 90°
135°

180°

225°
270° 270°
©) PEC 2.2 GHz (d) PEC 3.73 GHz
90° 90°
135° _ 135°

180° 0° 180°

225° 315° 225¢

270° 270°
— Analytical o oMeasured

4. 18 T ERHGEHTMNELE R, (a, b) BT EWETREGTET; (c,d) FHERT
S BERENEAYHET, Kk ERKEAET AN, £A: 24/1.
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RN L i A CALEE SR EZ T )

H A4 1Ta e T BB BNT LA ERENELE R, £2.2 Gz 723.73 Gz £
SHARTELRE WA BB EEU L. SRIELERE CST Microwave Studio
FHRER, H4 1lb B p L —%., GRAEEFERTA L, MEEATEERT
MR RN, KRR B AR E T A, S 5B 7 AR A U
T —3, RTRAENTERMTRE, RENRULFERESHEE BT EEREE
B, fEA AR, H4 1T S TRERTARAENARIRE. BAVAHLK
SHRERE, (B U A BT R E AN T O B MO AR, BT P R MR
418 4 T BERBPEASRT4BAENAYEAHMRENEL R, FhU
SERCH O B N = omp L, BV MR R . B B

0I E|?’
HELEH AR, — B B3 B HSRE C,, = fz”“fd¢ TE FEBIEE +3 7 61

%, ¢ RTRHGERE +2 He KA, TWEEAK0 R 2n. wE 4. 18 R, EEAHH
WA EAT BRSNS, BERREE 2 E TR, REMENHA T Exca(d po)r KA
ARG ADNERE m™ WA REK Sy

RE AR (4-13), BEAHEFH TR T A

Esca($,P0) = Eo Xne—o ("™ SmHyy (kspo)e™? (4-14)
EXFAFEEFL M (M EEY, REAHERD), BEF LA o Mo — B, 72
13T Esca(dh po)e™Pdp = Eq [ oo o (™S, HS (kspo)e™PeiMPdp  (4-15)
Kb, RAEYm=-MB, [Temdemody T2 F 0, Fi kR T ULH A
I Esca($, po)e™®dep = 2mEoi™MS_y H') (kspo) (4-16)
AF, ks REEZEER; By ENAEFWEE . RE\BNEWEST T, KATKF, £2.2
Hz, |Si1| =089, |Sip|=094: % 3.73 GHz, |Siq| =092, |Sip| =097, #&F REAEH
BEAEREYHRR, EABRAARZE 2 MR EHERERTI AL,

F4.19 G EMRER T2 BEENATNEE R, TE FEEMALNEE#
sk b, BUMHSWHHT A ENER T REER THERPR® (FE 4.12 $EL—
B, HTHEm=+1FEE m=12WHAFENHERMEL (HKTH), EFHE
ML (M T, FrUBSA RN HRAT AT EHRA. AFNELEREHT EWH
WEBHNEREG, SRSRT2BEEANEA TN RERSL, RoIEH T A&

A A NG B R R A I RUR .
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100

(b) (© (d)

0] ®
ISuperscatterer ] PEC 1 Superscatterer F{PEC - o
’é\ 2.2 GHz 2.2 GHz 3.73 GHz 3.73 GHz s
EN (e ® (®) (h) —
s o | e |
' 0
] Superscatterer 1PEC . Superscatterer 1PEC !
100 2.2 GHz 2.2 GHz 3.73 GHz 3.73 GHz
-100 0 100 0 100 0 100 0 100

x (mm)
Bl 4.19 iR EMELER, (a,c,e,g) BRI ENHIHEETTAT (b,d, f,h)
B&ER~T42BRENEEAT; (e-h) LHRERM (a-d) BRERFEFYE; KeBMEeE
B a7l ks A a e B R A,

4.4 RE/NG

KE, RAVNERPER 7 EHITT S 5 4 F o A & T 7 4B Bk A o A

Bk, RIOBENERAN RN BRAFRT, BIT —4RERENF-NFF
RS oy e MR fo — R R A RN R R ST LUR R AR A Y
I, FIFBEBEKE S, R TG RE T HES MIRHEHRE. X0TLRENE
BEE YT, AUMTULRREE FRAMT, SEANF FRAYTERERT BR
WK BTN RARS B EGRAEN, SHEE XU R T M TRRE®R L, #
BT AR BT ERE, EEYRE, ARTERGMEERESTREEEME,

HR, RAVEH T EFHEEGHRE SRS, FELELH AN T B4t
2. BEHMBEHEARCAH REEHR, FAATEALYBEGRT. £HBET ALY
WwREE R, EEASTNT THEEK. EEME, BAETUXHFLNAREUFH X
Hik. FIAZESAELREREKEE, RUEESEANETRLR, THAT A%
BYUS AL ARE LT, ROVNE GRS BRE LT REAAN A EANT BHAIEL,
BEMBWASH BT TR LB RARR WG, TRATRERTHHETLBEAE.
P B AR A T S A o L = 4 S A B A AT B S e U A LR T b R

ARE WA = T {E B, #£ Physical Review Letters 7 ACS Photonics B F| E % %,
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FLE ETHARBRAWAFEETH

WA ETRHRE KA e o Al 2 Gl g ik ik at. £—F, K&, &
MH TR BB AEAERFEBU T T AN EROAFEE N EEEFEIINK
BEAT Z A0 R RS, BT RN/ RRAREMIT SRR,
AR A, RIONEREET —MHE TR WEAAFEEE TR 7%, EAE
WA T Z 7 i AT A 2 &k, BAA SR RAERE AT T LRI, &R/
WRT R ENREE, TEM, THREEM T LERKES.

5.1 AFZEITHENEXFEZIH R

NEK, MAEATER. BRRAAPAZEFELRIABNETELR, FRETERRE
BOEEIE IR AREFRT, LHEEATHZ IR L AW RE. SHEAR, 7
EA-B. BREAAPKETHRELRACRCTREANT e, £F—F, &
AGNABTHNMEZEN AT ERE: AFRFAREE, AFHENEMLFEHEL
. &9, A¥EBUHERZREAANUE LT, ANRETRES. BREAL-EIHE. E
TEBRAZHBEFTETERZNANE. AT, CANAEFERBHEEEFERHE
NGRS/ RFE IR E . AL RAUAERANER . RARE AT R A0 L EH A
FAMNTAFEZBE TN E RN, ZRHFIRITEERNARE, F AR LR
A C0” Am “17 By b EEERK.

AR — A, BN AFEBNERMANBEFI PO RES, RHT —MET
BEEEA (BT H A WA WEF BB LRt 7. ZRITFEXA LN T EHR
EARMAN, BXEFERERAZHTXE, ZATANEETESE. L7, AAEW
WItEFEE, RE. TE, TRA AT/ P ERET T XE 7K S RIE LR
AEFRXR, AP aRMNERLRE T .

Rt FZ Bt EAL, AFWAFEBHEIREATTERSE . & —, RN
SHRAFEBUHEARLZS N2t Z Bt E 2 nw &/ H 4 (H 5. la), ZHITH
BUZ AR R, AENEZYRAFERNEXZT R LET, W2 FE
HE KR, BT SEEHER. £=, CRNEZHAFEEHEFE ) TR K%
AAEE G, MEA TR FEEARREALZ L LER AL (B 5 1b). &
M, AENZAREAFERBTEN TR FRAEFHE, JE. TE. B, AFTHE
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ARAAFEZBETH NN, ERUMEAEELALT EE P,

a b
NOT
Switch Switch NOT
_ 5 OR g OR A
AND
AND

5.1 () BAMEHREAFEEZE; (b)) ETTHAWENLEN L NELFEHITE,
5.2 ZTHHBMWAFERITE

5.2.1 Z A fniy 3 R

AL, BHRETETHTUSERY - NETEN _EDRES XX, HF, X M
X, RN, W 5.2 Fror, RATANER Lo A5 W 4412 481+ 5 15 B 4T
Ve E &b, BEAFRERMRISH G R C, AARE, ¥, 84— N=ZAR—NTH
W %47, w%ﬁiﬁﬁpéﬁqiﬁm,mﬁﬁ FRY=1; GNly=0, XAEFEIHE
Bn—%, BFREEHEEE, TURBC, RBNAFAR TR, fln=AFNLTRL,
LA ly, UHRFENE S 20, WREPAEZANREAN, EEERARHLD LY 20, @
V>0, @2" 20 (H5.20), ZHEXBHERH g LB, WEREF5% D =

hY =h{ = 1. %6, AR R EHEMERERKw? =w)) =wl? =1 FRE P = -25,

KNEE: RELOQO=A44RAm#HER, hP =1, ¥F ¢; KEF B 45— ATHN
SN, CALBRGSMEAR LR TERRE, BRENHAN 7 &, BERERHP
RELEH w? =w? =-w? . =w@ =1, bP =-(m-35). &5, ERRELEP %
ERAN S A KB e, hP =1
rMENENE=ZE, BLRESK WY =wd =1fpP = —05, RNBF: L&
PHEZARITHANEATA, ¥ =1; R, REYS PRMTAZ AR FANS LR
W, Y=0, rREHRBTHENSNE AL RES (EREEBHE) WA

. ¥T 2B, RNTUSEEUY LS KES XX X,), HF, X, &
TE. R, FEEREHAY, BRARVNIM T EREMENERM,
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a XA Ly

tw Xy +w) X, + b =0

cwX +wdX, + bV =0

1 z=0
g(z)_{o 2<0

B15.2 (a) Z#HZEHXIDH C, W C, FK; (b) MERNBELI L kES.

7 F S B, R AR AT 4 (B 5. 3b) FAERUA T2 F 4 (8 5. 3a).
A 5.3 REEREAMEN, EESERAHCARLEREUIRES, A
GRGHEGEHESDEETRRS, BALENERE LT/ HE TN AR
I K E A R, RAERA- R A EATAEERD, BIBeENS N HATE
Tt = (xylh ) B —A KR, EEATEA AR T E, HEEEHEE Y

HW(F =7 = G6(#) - nl™ (7 -7 (5-1)
A,
R (7 — i) = 2 (ik - 2) e (5-2)

K4, R= (o) + (-l + (-2l kD EEERERH, () B AREE T H
e 0 u(F) P i R (7)) R

G(7) =u(?) - (@) (5-3)
W& LET A BRE LT/ £ KRG E BT u@):
u@ = [[° H (7 - 7)) dxdy (5-4)
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WL R 5 2 i FLE ETERER AT

N (5-1) F (5-4) #R TATHHE WL E mEFEHEE , AT 5 E W 4% 6 4
H, RNEXEEAANEENTHKAWERKXE, (KH5.3b) . WRAH,EAEEE sV =

@) REEEE, WHHERA 1 K2, WREEELE, WHHERA 07,

a Logic operation by an artificial neural network
A= WoX h® = g(Z(i)) Y = th(")

Hidden

Bl 5.3 (a) ATHEMELAEZHITH; (o) ETUHAHENBOALFERIZH,

EREEEEDF, RAELT M RABHFE) = (M - ghH1)’, Hop, gt
HEBHE N, KRR E . KR E R
minF(t}), s.t. 0< ¢/ <2m,0<al <1 (5-5)
R, t(7) =al e, BTR, ROTRFHE THRESEARBRATHRMAKM. F(t) 2 F
e B1R 5

oF tl! 4 « guM+1
P = RS — glr) real{(uf*1) e (5-6)
HeRN, ¥ ERE R
w ™t = Tgen i O Vieo 21+t (e Yiews Zien) * ks Oken, Viens Zier) (5-7)
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LY 1=M H,

Quy ki z) _ 0 Tia My iV Zie) iy (k1 Vi1, Zka) Uiy (X1, V1, Zk1) (5-8)
acl=M - at=M
A 1A

HHLEX, 73

duie ™ G Y Zi)
=M
at!

AR, HRFREEERFAECIRE A, BNEHEE R0, EXEAUY:

=t O, v, 2i) - ud (0, Vi, 21) - Y (e Vi 2k) (5-9)

QuR O yizk) . M M M
— dpI=M =it Oy z) wy (6, Y2 by (e, Yie 2g) (5-10)
1A
EKH, H1=M-18,
Uyt (ki z) _ 0 Tiex high ieVie Zic) ties (X1, Vi1, Zk1) Tz Ty~ (ka Vi1 Zier) (5-11)
atl=M-1 - atl=M-1
L L

aukMﬂ(xk'J/k'Zk)

_ sM-1 M-1
5i=M-1 =t (pynz)w o (xynz) -
i

Y1 iy i Vies i) + ey (ks Views Zien) Wi (Xkeas Yieas Zia) (5-12)
REER K FEN, FIE G XTHAREE1<I<M-2HRKS:

M

du T (X ViZ) _ tM—A yM=A L pM oM Y, hM-A+L . M-A+1. pM—4 (5-13)

I=M-4 =1 u; ky Mk " Tkl kaMkpkq—1 " Liy ik
at!

K, 2<A4<M-1, AKX (5-6) £ (5-13) A H T ENER AT BERTESN R RN E
B, ERH, RATHE Linux A% % (Intel (R) Xeon(R) CPU X5570 @2.93 GHz 48 GB
RAM GeForce 249 10 GTX TITAN X GPU) LAl Python 3.5.0. 41 TensorFlow 1.10.0
(Google Inc.) kM4 W %,

5.2.2 ¥MEth KA LB IE

DEAME, . FEHITH AR, RIOKXKAANEEE (2X30X42 MEKEE T,
HREETHHIER T H 0574 % 057, Ay A TAEHK), BE5EZ E BB EEE A 1720,
HTERH A RARAMENE, RENTERETURME. AHZRE LA X Th
NE, CHRETREEHE, RiE. TE, ULwE 5. 52 6], BEXILH 7T HFXHE,
ENTFREHBRT —Fhel. YHATENBEREHZHTR, RFHREX LN T X,
B4 & 5. 5a WK R E HIZH “1+0” WA A . RATIIZK B 472 RIEATH 19 % 81t
HE#H, DRI FERRESHEXN > HINEE, REENRE, B 5 4a B T 474
ZPMEENFTRFHRAR oL, B 4 2FAREEHNREMHELL M.
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WL R A 2 A
a Training loss over epochs b Trained two layered phase mask
1.0
2m
(2]
(2}
Ke) ]
12}
205 2
£ a o
©
= 8
0
0 1 1 1
0 1000 2000
Epoch

A 5.4 () YIARZMEARAENEMAEL; (b BEEZHIELER.

HEE, HMNTIIEMES =17GHz, TIEHKK Ay =176 mm, [E& 2K FAHEM /A
B4y 3.510.0031 B FAB M AN ET., HRTHEERT, NABKBENELES
W, BEAEHER. Bo/N, RUTERE, TR EREPC, A F B L B 7 Z A CST
Microwave Studio, f#%|K 5.5b FTmmy AR LT ELE . N AR LT ¥ THESTE
EH AT 0.85, BHAMITMH R h = dop/2nAn, EF, An HNFRE LT/ EZ £,
hANFHEE. RE, BAECHITANE A TRETEM SR EHRME, d—
¥, BRINGEENAERERONERL, WHENEESEQM EI? wE 5. 5¢c-1 frx. 17
EHROG R+ HEBTELERAHEH, AAERINENRANGEESHEEFTHL,

a 100 b 180 1.0
NOT s
) Y -
Q () p = }
0 = o SEEX 5
5|05 o g 3o R El s
" - - L
2 = <
AND e
, =
(100%) 0 g0l . , : 0
42p 5 10 15 20
h (mm)
c 0 d 1 e 0+0 f 1+0 g 0+1 Max
® ® ® ®
1 0
— - : - — — — E
h 1+1 1 0- J 1-0 k 0-1 | 1+1
® ' ® ® ®
10p 1
— 40

K 5.5 (a) Tt ME WL M AN\ ERmA 77N, FNFXEHEFARE, 0% 100%%E 51 &%,
YEEE BT B R, WA T RBBEEE, p =057, £ &K T E TN EH; (b)
HETE THEG L, (c-1) TBLEWNEBEFALER,
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EMEERF, KHHNKRE (TE K, £FEH x 7 ) KEEESH A Z 800mm
(450¢) BHELE, 4o 5.6, XA, NATHK LB N\ JZ B 000 F & i, B8 B A Al Ao A 2
KA T FEHEBIZE, HBE S ba R R, BEWANELBERWEAL TR,
EiHE, BAA—MDNEERFREANERT E, WEE L%, E5 6a FHEANEREEE
ZHE 10 WHEEXRE 2. B 5.6b 2% T HEECEBITHENE R |E(0)?/
max (|E,(xo, ¥)|?), £H, xo=190mm. kB A WEEHMCTHYPNCE, BAERNE
WXBEEWHGIFAT 9.6dB. ERNMEMRXESI), F—LUBHEEFE, XTELE
BT EA-NRNER ARG R, ik, LUK F JE b 40 R AT 4640 5k #F — & s 24,

o

Normalized |E,|?

A15.6 (a) MOKERIMNERXE; (b) ZRMWELER.

5.2.3 ZEWERNFFH

BT 5. K EEEEE, RNMRUTFELTUERACE L FBEL AR A
FPERXNEHFZE, wEb. 7HR, KA NZETHMENE (3X30X40 MERE
2w, EERZEMBAERY 2272, ARMERT 5. . . fF. 5E. FadE,
REEHEAZEUE, B84 HT AEANEANEE S EN ML ERENHG, &
RETHANITAERNEH, BAERNEANEESLERK.

87



WL R 5 2 i FLTE ETEREEN AR

a b
30 T T T
: : : 100 - ] ] Max
NOT 1 OR , AND | 3 [ ]
----l----:———-1'-———- a 20F .

o I | | % & [ ) N
Q 10((;0/ | NOR :XNOR: 0 g > | ] I~
—(——3)4'————:————T———— E 10 1 0 7

I I'NAND! XOR ' | g [
I 1 | - L 4
{0%)1 L L 0 Db 1 0
40p -20  -10 0 10 20

BI5.7 (a) tHEBZEMANENRG TN (b) 04 1 (WKE G RLE

100

50
B
™o

Intensity distribution (%)

0+0 1+0 0+1 1+1 00 10 0.1 1-1

100

50

Intensity distribution (%)

+ + 0+ +1
Ll 1 1 1

100

50 -

Intensity distribution (%)

0 T

00 10 01 1+1 000 1®0 01 1&1

K58 tHZHIZENHELEE,

BATT UM R R ET K E M Bt Bk F FEee, LA 5. 9a & ERHKK
BAPl, FIRBKESHERET 12 tirdion 0 58 E T 3 09X R A\ e D AH
BETHEEE TN/ e R KA 100%, F2/E 5. 9b-d WEEFEER. R
ERIREAR & AT RE/ANT 100%, ERBATT LUK ZHE 6 H R L& 28 8 2ot
Zw, FRmERANER. A5, BiE—EHEITRE/ 0w 7R g — A 54T
SN/ e D AE AR, FTIE T LAAG K RS Al & &, 2L 1 LA L F BB A7 6 o RE DL

88



WL R 5 2 i FLTE ETEREEN AR

a Logic gate 3

Logic gate 1 Waveguide " ’— ET |

Wa"egu;de o Lodic gate 2

waveguide

b 1.0+1.1  Jfc o0.1+7 Jfa@roeas0 '8
® ® ® H}
1 0 1t It 10—
10p
5.9 (a) R¥BHIZEWEBKATZE;, (b-d) FHERBFWEWH L E-REZELF.
5.2.4 F E& R

BT REE, RNTTUAAFAENRBIARETF R B TETENR Eb¥EEE
To EMZ AT, = EHEARAF Vuckovicll, Fh4t A% Menon® 7 Fn g #7 f B A % &
AR YUl A B 4 2 51 ok ot F R BRI 0 B R ik 4 R B % B . AAT, FIA
FDTD k@& miMhf &, RMR T TR LR REARNEF R EETHET. wHE
5.10a Fior, ZTHEETRTH 2.4X2.4 un’, BEAFHNZEEEN 1.0 um B N\ EEE
SRh—AMUEES, FEHFEHN 440 nn, HEHA 300 . ZAFFREB L LT
FF 2 A TE FHER, TIERKA 1550 nm. E 5. 10b-d G EEBEE S F (07
1. 1FROM LR 1D SHMERESHBEAHAR (0FH0, WEHIANO.

a b e T T T
Ay
v

// Silicon E
— =

y 1 1 P Y 1 I. m
X >
-4 2 0 2 4 e
=
X (Um) N
c 1 T I T T d T T T 1 T g
2 L 1®0 4 2+ 1®1 a Z
<
0
2f J 2[ ;
L 1 ! 1 1 (1. 1 1 ! 1
4 -2 0 2 4 -4 -2 0 2 4
X (um) X (pum)

K510 F gk btFEEITE, (a) ZHEITEETLTIER; (b-d) FDIDfHFEE R,
89


https://www.nature.com/articles/nphoton.2015.69#auth-6
https://www.nature.com/articles/nphoton.2015.80#auth-4

RN L i A FLTE ETEREEN AR

5.3 AFE/NNG
AFEBUHARAUHETRNARRAZ —, XEPRRLTRES, 2T HEMER

BT EFRFTERE. AW, FAWAFEBHHEEFEIALZUR THOLER R R X
BRERNG R/ REANEE. A, B, ERADERE, wREZLELER R R
FRH‘K, KFERAEZICFEEETH PR AR ERMN, HEZFIRITEERNTR
Fo AR R—FH, RIMNERBLREMIREZAT —MHETHERS THHEHE)
WLt FE BB TRt k. EMBEEE L, KA G RN 5K T AR DT 502 W %
WIREE, AR T ZrEEEmk, Sk, TREEMF EERZIATE. ZTES
TR HABTERNE, DY BB BERCF R G, ik HATRE MR A %
P20,

AREWIA > T/EE & Light: Science & Applications B F % %,

90



RN L i A SORE

HRE

B BERBEITEARILTERTRERNT R, SMFWENRS, £
FRREZNT, TRIRER, REFE, MANMEBFFEATRLAEETEZHA,; L%
BN, EEDEATRERTWE UK, TRALUS, TAEEMER. KL
BGAGEEREETNRT) Z MR SERUWENRE, FEERAF BRXHT
AEE, TXIAXTHE, ZEFRETER, HENMARA BB R FART EZNE.

B SR e A, ARSURRITR T BN —RA K, R — 0. B
— AT ENEL., TR, ZRAK. HNENFENRSRUNESHB ., MFE. 54
B, fERE, TEERXBRFXBRFMEAE R, FoRUNFMREFT, 25
WHRITRT Bt B B ER R AXWHAE TEBRT R uN BRI EB LI F
B, T RENREFNTERE, X7 RN RESFOF NI ALEE, AR
ER 3O de kR ey i

e, EENARXEENNEHTELEMRE:

1. % RE LB IR B A AR R AT B 7 VR B o BT X% SR ST 7 ik e DA R IR B AR A A R Y
BEASNE, T FE A, BT B AEER. FHTE @3N FE R
AREQER, BT T REREUANHESHRLALE, KHH) THEFENT FIRE KA
BBEHNTEREZXER, ZRECT R EELCE RN ROHR, Gl il f £
BREErEHEEF. £—F, REUEREMETNT ARG HTRZIBF 7%, BEET. &
BRI T k. XE QNN B K IRA RITER T B2 Bk A s ie KA.

2.ETREFIANERRE. HNERRERSETZ. WHF. TEEXEZFH
A, BRERFEFZRZITETREFINERR Y, ELFECMAANRENERL
T, REMENE SN FIREREMHE, EAERTERARE . BRI GHFHHER
BENHBARELBEF, BT TERRINIERENEDRGSREHKR . X L,
BET —EARN. musRENZTELERRA AR, AAENAG KBTI B AT
BERIET FRR A LH ., SRt ERE. EEETHEF?, RIEA— P TEL/E
RREHER, MATEHA, TR, ERNTEIE, FRARELCERREN TS,

BETRENMWEZMEHA . AN ERERA & TEARE— SME R THEK.
hil & A, ELLZRNEFE A, TRT HrE . F—, &EAFR b= @A FgE

SHBHHN T %, RE T ERANTHEREMIMRE, EMRTHEEME. £,
91



RN L i A SORE

FEHTAMAXYEEREHEATRBFEBRTERAN T &, oL BRHERMELER
KE %, ERAEME SR I T A IR X TR OB = 4 M WUt e 2 L A
RN AR ERRETEX, Pl e kG g i,

4 ETHEBRHAFEETE. A ERCFZ BT AT EIINEBREAT & 89
RERMAS, TATHENNEN, ERUERPHEERREEFFA, FEERT —
FMETERRAWBERCFE BT E ik, FNER LA T 27k AT R T &K,
BRABMNFEFXEENREE, TREAT LA EFZRBTHAET, RERRT Z
W T R TR ER RS XH)H R R TEAHEXER,
WA BN F R GARE EATREFTRATEE B LIEA.

92



R NE S i e AT S 230k

53 ik

[1]J. A. Kong, Electromagnetic Waves Theory [M]. MA, 2005.

[2] W. Cai and V. M. Shalaev, Optical Metamaterails: Fundamentals and Applications [M].
Springer, 2009.

[3] N. Engheta and R. W. Ziolkowski, Metamaterials: Physics and Engineering Explorations [M].
Wiley, 2006.

[4] V. G. Veselago, The electrodynamics of substances with simultaneously negative values of
epsilon and mu. Physics uspekhi 1968, 10, 509-514.

[5] J. B. Pendry, A. Holden, W. Stewart, et al. Extremely low frequency plasmons in metallic
mesostructures. Phys. Rev. Lett. 1996, 76, 4773.

[6] J. B. Pendry, A. J. Holden, D. Robbins, et al. Magnetism from conductors and enhanced
nonlinear phenomena. /EEE Trans. Microw. Theory Tech. 1999, 47, 2075-2084.

[7] D. R. Smith, W. J. Padilla, D. Vier, et al. Composite medium with simultaneously negative
permeability and permittivity. Phys. Rev. Lett. 2000, 84, 4184.

[8] R. A. Shelby, D. R. Smith, and S. Schultz, Experimental verification of a negative index of
refraction. Science 2001, 292, 77-79.

[9] P. Berman, Goos-Hanchen shift in negatively refractive media. Phys. Rev. E 2002, 66, 067603.
[10] S. Xi, H. Chen, T. Jiang, et al. Experimental verification of reversed Cherenkov radiation in
left-handed metamaterial. Phys. Rev. Lett. 2009, 103, 194801.

[11] H. S. Chen and M. Chen, Flippling photons backward: reversed Cherenkov radiation. Mater.
Today 2011, 14, 34-41.

[12] S. H. Lee, C. M. Park, Y. M. Seo, et al. Reversed Doppler effect in double negative
metamaterials. Phys. Rev. B 2010, 81, 241102.

[13]J. B. Pendry, Negative refraction makes a perfect lens. Phys. Rev. Lett. 2000, 85, 3966.

[14] N. Fang, H. Lee, C. Sun, et al. Sub-diffraction-limited optical imaing with a silver superlens.
Science 2005, 308, 534-537.

[15] S. Zhang, W. Fan, N. Panoiu, et al. Experimental demonstration of near-infrared negative-
index metamaterials. Phys. Rev. Lett. 2005, 95, 137404.

[16] V. M. Shalaev, Optical negative-index metamaterials. Nat. Photon. 2007, 1, 41-48.
93



R NE S i e AT S 230k

[17] C. M. Soukoulis and M. Wegener, Past achievements and future challenges in the
development of three-dimensional photonic metamaterials. Nat. Photon. 2011, 5, 523-530.

[18]J. B. Pendry, D. Schurig, and D. R. Smith, Controlling electromagnetic fields. Science 2006,
312, 1780-1782.

[19] D. Schurig, J. J. Mock, B. J. Justice, et al. Memamaterial electromagnetic cloak at microwave
frequencies. Science 2006, 314, 977-980.

[20] H. Chen, C. T. Chan, and P. Sheng, Transformation optics and metamaterials. Nat. Mater.
2010, 9, 387-396.

[21] N. I. Zheludev and Y. S. Kivshar, From metamaterials to metadevices. Nat. Mater. 2012, 11,
917-924.

[22] H. Chen and C. T. Chan, Transformation media that rotate electromagnetic fields. Appl. Phys.
Lett. 2007, 90, 241105.

[23] L. V. Shadrivov, A. B. Kozyrev, D. van der Weide, et al. Nonlinear magnetic metamaterials.
Opt. Express 2008, 16, 20226-20271.

[24] D. A. Powell, I. V. Shadrivov, and Y. S. Kivshar, Nonlinear electric metamaterials. Appl. Phys.
Lett. 2019, 95, 084102.

[25] L. X. Ran, J. T. Huang-Fu, H. Chen, et al. Experimental study on several left-handed
metamaterials. Prog. Electromag. Res. 2005, 51, 249-279.

[26] H. Chen, L. Huang, X. Cheng, H. Wang, et al. Magnetic properties of metamaterial composed
of closed rings. Prog. Electromag. Res. 2011, 115, 317-326.

[27] J. Valentine, S. Zhang, T. Zentgraf, et al. Three-dimensional optical metamaterial with a
negative refractive index. Nature 2008, 455, 376-379.

[28] D. R. Burckel, J. R. Wendt, G. A. T. Eyck, et al. Micrometer-scale cubic unit cell 3D
metamaterial layers. Adv. Mater. 2010, 22, 5053-5057.

[29] J. K. Gansel, M. Thiel, M. S. Rill, et al. Gold helix photonic metamaterial as broadband
circular polarizer. Science 2009, 325, 1513-1515.

[30] S. Xiao, V. P. Drachev, A. V. Kildishev, et al. Loss-free and active optical negative-index
metamaterials. Nature 2010, 466, 735-738.

[31] D. Sievenpiper, L. Zhang, R. F. J. Broas, et al. High-impedance electromagnetic surface with

a forbidden frequency band. /EEE Trans. Microwave Theory Tech. 1999, 47, 2059.
94



R NE S i e AT S 230k

[32] J. B. Pendry, L. Martin-Moreno, and F. J. Garcia-Vidal, Mimicking surface plasmons with
structured surface. Science 2004, 305, 847-848.

[33] H. T. Chen, W. J. Padilla, J. M. O. Zide, et al. Active terahertz metamaterial devices. Nature
2006, 444, 597-600.

[34] N. Yu, P. Genevet, M. A. Kats, et al. Light propagation with phase discontinuities: generalized
laws of reflection and refraction. Science 2011, 334, 333-337.

[35] N. Yu and F. Capasso, Flat optics with designer metasurface. Nat. Mater. 2014, 13, 139-150.
[36] S. Sun, Q. He, S. Xiao, et al. Gradient-index meta-surfaces as a bridge linking propagating
waves and surface waves. Nat. Mater. 2012, 11, 426-431.

[37] S. Sun, K. Y. Yang, C. M. Wang, et al. High-efficiency broadband anomalous reflection by
gradient meta-surfaces. Nano Lett. 2012, 12, 6223-6229.

[38] Z. Wang, K. Yao, M. Chen, et al. Manipulating Smith-Purcell emission with babinet
metasurface. Phys. Rev. Lett. 2016, 177, 157401.

[39] A. M. Shaltout, V. M. Shalaev, and M. L. Brongersma, Spatiotemporal light control with
active metasurfaces. Science 2019, 364, eaat3100.

[40] T. J. Cui, M. Q. Qi, X. Wan, et al. Coding metamaterials, digital metamaterials and
programmable metamaterials. Light Sci. Appl. 2014, 3, e218.

[41] H. S. Ee and R. Agarwal, Tunable metasurface and flat optical zoom lens on a stretchable
substrate. Nano Lett. 2016, 16, 2818-2823.

[42] E. Plum, J. Zhou, J. Dong, et al. Metamaterial with negative index due to chirality. Phys. Rev.
B 2009, 79, 035407.

[43] Y. Xie, W. Wang, H. Chen, et al. Wavefront modulation and subwavelength diffractive
acoustics with an acoustic metasurface. Nat. Commun. 2014, 5, 1-5.

[44] P. Li, I. Dolado, F. J. Alfaro-Mozaz, et al. Infrared hyperbolic metasurface based on
nanostructured van der Waals materials. Science 2018, 359, 892-896.

[45] G. Zheng, H. Muhlenbernd, M. Kenney, et al. Metasurface holograms reaching 80%
efficiency. Nat. Nanotechnol. 2015, 10, 308-312.

[46] M. Decker, M. Ruther, C. E. Kriegler, et al. Strong optical activity from twisted-cross
photonic metamaterials. Opt. Lett. 2009, 34, 2501-2503.

[47] R. J. Lin, V. C. Su, S. Wang, et al. Achromatic metalens array for full-colour light-field
95



R NE S i e AT S 230k

imaging. Nat. Nanotechnol. 2019, 14, 227-231.

[48] L. Huang, X. Chen, H. Muhlenbernd, et al. Three-dimensional optical holography using a
plasmonic metasurface. Nat. Commun. 2013, 4, 2808.

[49] A. A. High, R. C. Devlin, A. Dibos, et al. Visible-frequency hyperbolic metasurface. Nature
2015, 522, 192-196.

[50] D. Lin, P. Fan, E. Hasman, et al. Dielectric gradient metasurface optical elements. Science
2014, 345, 298-302.

[51] J. Teyssier, S. V. Saenko, D. Van Der Marel, et al. Photonic crystals cause active colour
change in chameleons. Nat. Commun. 2015, 6, 6368.

[52] L. Deng and M. Han, Microwave absorbing performances of multiwalled carbon nanotube
composites with negative permeability. Appl. Phys. Lett. 2007, 91, 023119.

[53] M. J. Moghimi, G. Lin, H. Jiang, et al. Broadband and ultrathin infrared stealth sheets. Adv.
Eng. Mater. 2018, 20 1800038.

[54] W. Cai, U. K. Chettiar, A. V. Kildishev, et al. Optical cloaking with metamaterials. Nat.
Photon. 2007, 1, 224.

[55] S. Xi, H. S. Chen, B. 1. Wu, et al. One-directional perfect cloak created with homogeneous
material. IEEE Microw. Wirel. Compon. Lett. 2009, 19, 131.

[56] N. Landy and D. R. Smith, A full-parameter unidirectional metamaterial cloak for
microwaves. Nat. Mater. 2013, 12, 25-29.

[57] H. Chen and B. Zheng, Broadband polygonal invisibility cloak for visbile light. Sci. Rep.
2012, 2, 255.

[58] H. Chen, B. Zheng, L. Shen, et al. Ray-optics cloaking devices for large objects in incoherent
natural light. Nat. Commun. 2013, 4, 2652.

[59] J. Li and J. B. Pendry, Hiding under the carpet: A new strategy for cloaking. Phys. Rev. Lett.
2008, 101, 203901.

[60] R. Liu, C. Ji, J. Mock, et al. Broadband ground-plane cloak. Science 2009, 323, 366-369.
[61] J. Valentine, J. Li, T. Zentgraf, et al. An optical cloak made of dielectrics. Nat. Mater. 2009,
8, 568-571.

[62] L. H. Gabrielli, J. Cardenas, C. B. Poitras, et al. Silicon nanostructure cloak operating at

optical frequencies. Nat. Photon. 2009, 3, 461-463.
96


https://onlinelibrary.wiley.com/doi/abs/10.1002/adem.201800038?casa_token=aX8E9s0NzN0AAAAA:Jb4GlObwK2xFDkO-zOim7mTsGGeia0-Bvm4Ln01UN1VDAEHmaF_XQQ7ZpgXiC4zObIUoplCe1JoMvg

R NE S i e AT S 230k

[63] T. Ergin, N. Stenger, P. Brenner, et al. Three-dimensional invisibility cloak at optical
wavelengths. Science 2010, 328, 337-339.

[64] H. F. Ma and T. J. Cui, Three-dimensional broadband ground-plane cloak made of
metamaterials. Nat. Commun. 2010, 1, 21.

[65] B. Zhang, T. Chan, and B. 1. Wu, Lateral shift makes a ground-plane cloak detectable. Phys.
Rev. Lett. 2010, 104, 233903.

[66] J. Zhang, L. Liu, Y. Luo, et al. Homogeneous optical cloak constructed with uniform layered
structure. Opt. Express 2011, 19, 8625-8631.

[67] X. Xu, Y. Feng, S. Xiong, et al. Broad band invisibility cloak made of normal dielectric
multilayer. Appl. Phys. Lett. 2011, 99, 154104.

[68] B. Zhang, Y. Luo, X. Liu, et al. Macroscopic invisibility coak for visible light. Phys. Rev.
Lett. 2011, 106, 033901.

[69] X. Chen, Y. Luo, J. Zhang, et al. Macroscopic invisibility cloaking of visible light. Nat.
Commun. 2011, 2, 176.

[70] S. Zhang, C. Xia, and N. Fang, Broadband acoustic cloak for ultrasound waves. Phys. Rev.
Lett. 2011, 106, 024301.

[71] L. Zigoneanu. B. I. Popa, and S. A. Cummer, Three-dimensional broadband omnidirectional
acoustic ground cloak. Nat. Mater. 2014, 133, 352-355.

[72] T. Han, X. Bai, D. Gao, et al. Experimental demonstration of a bilayer thermal cloak. Phys.
Rev. Lett. 2014, 112, 054302.

[73] H. Xu, X. Shi, F. Gao, et al. Ultrathin three-dimensional thermal cloak. Phys. Rev. Lett. 2014,
112, 054301.

[74] M. Farhat, S. Guenneau, and S. Enoch, Ultrabroadband elastic cloaking in thin plates. Phys.
Rev. Lett. 2009, 103, 024301.

[75] S. Narayana and Y. Sato, DC magnetic cloak. Adv. Mater. 2012, 24, 71-74.

[76] F. Yang, Z. L. Mei, T. Y. Jin, et al. DC Electric invisibility cloak. Phys. Rev. Lett. 2012, 109,
053902.

[771 Y. G. Ma, Y. C. Liu, M. Raza, et al. Experimental demonstration of a multiphysics cloak:
manipulatin heat flux and electric current simultaneously. Phys. Rev. Lett. 2004, 113, 205501.

[78] S. Zhang, D. Genov, C. Sun, et al. Cloaking of matter waves. Phys. Rev. Lett. 2008, 100,
97



R NE S i e AT S 230k

123002.

[79] U. Leonhardt, Optical conformal mapping. Science 2006, 312, 1777-1780.

[80] L. Xu and H. Chen, Conformal transformation optics. Nat. Photon. 2015, 9, 15-23.

[81] U. Leonhardt and T. Tyc, Broadband invisibility by non-Enclidean cloaking. Science 2009,
323, 110-112.

[82]Y. Ma, Y. Liu, L. Lan, et al. First experimental demonstration of an isotropic electromagentic
cloak with strict conformal mapping. Sci. Rep. 2013, 3, 2182.

[83] A. Alu and N. Engheta, Achieving transparency with plasmonic and metamaterial coating.
Phys. Rev. E 2005, 72, 016623.

[84] B. Edwards, A. Alu, M. G. Silveririnha, et al. Experimental verification of plasmonic
cloaking at microwave frequencies with metamaterials. Phy. Rev. Lett. 2009, 103, 153901.

[85] P. Y. Chen and A. Alu, Mantle cloaking using thin patterned metasurfaces. Phy. Rev. B 2011,
84,205110.

[86] Y. R. Padooru, A. B. Yakovlev, P. Y. Chen, et al. Analytical modeling of conformal mantle
cloaks for cylindrical objects using subwavelength printed and slotted arrays. J. Appl. Phys. 2012,
112, 034907.

[87] A. Alu and N. Engheta, Multifrequency optical invisibility cloak with layered plasmonic
shells. Phys. Rev. Lett. 2008, 100, 113901.

[88] F. Monticone, C. Argyropoulos, and A. Alu, Multilayered plasmonic covers for comblike
scattering response and optical tagging. Phys. Rev. Lett. 2013, 110, 113901.

[89] D. A. Miller, On perfect cloaking. Opt. Express 2006, 14, 12457-12466.

[90] M. Selvanayagam and G. V. Eleftheriades, An active electromagnetic cloak using the
equivalence principle. I[EEE Antennas Wireless Propag. Lett. 2012, 11, 1226-1229.

[91] M. Selvanayagam and G. V. Eleftheriades, Experimental demonstration of active
electromagnetic cloaking. Phys. Rev. X 2013, 3, 041011.

[92] J. Zhang, Z. L. Mei, W. R. Zhang, et al. An ultrathin directional carpet cloak based on
generalized Snell’s law. Appl. Phys. Lett. 2013, 103, 151115.

[93] X. Ni, Z. J. Wong, M. Mrejen, et al. An ultrathin invisibillity skin cloak for visible light.
Science 2015, 349, 1310-1314.

[94] N. M. Estakhri and A. Alu, Ultra-thin unidirectional carpet cloak and wavefront
98



R NE S i e AT S 230k

reconstruction with gradied metasurface. IEEE Microw. Wirel. Compon. Lett. 2014, 13, 1775-1778.
[95] B. Orazbayev, N. M. Estakhri, M. Beruete, et al. Terahertz carpet cloak based on a ring
resonator metasurface. Phys. Rev. B 2015, 91, 195444,

[96] Y. Yang, L. Jing, B. Zheng, et al. Full-polatization 3D metasurface cloak with preserved
amplitude and phase. Adv. Mater. 2016, 28, 6866-6871.

[97] B. Orazbayev, N. M. Estakhri, A. Alu, et al. Experimental demonstration of metasurface-
based ultrathin carpet cloaks for millimeter waves. Adv. Opt. Mater. 2017, 5, 1600606.

[98] S. W. Fan, S. D. Zhao, L. Cao, et al. Reconfigurable curved metasurface for acoustic cloaking
and illusion. Phys. Rev. B 2020, 101, 024104.

[99] M. Danilov, R. DeVoe, A. Dolgolenko, et al. Detection of very small neutrino masses in
double-beta decay using laser tagging. Phys. Lett. B 2000, 480, 12-18.

[100] C. Loo, A. Lowery, N. Halas, et al. Immunotargeted nanoshells for integrated cancer
imaging and therapy. Nano Lett. 2005, 5, 709-711.

[101]J. Zhao, X. Y. Zhang, C. R. Yonzon, et al. Localized surface plasmon resonance biosensors.
Nanomedicine 2006, 1, 219-228.

[102] A. Kinkhabwala, Z. Yu, S. Fan, et al. Large single-molecule fluorescence enhancements
produced by a bowtie nanoantenna. Nat. Photon. 2009, 3, 654.

[103] H. A. Atwater and A. Polman, Plamonics for improved photovoltaic devices. Nat. Mater.
2010, 9, 205-213.

[104] J. A. Schuller, E. S. Barnard, W. Cai, et al. Plasmonics for extreme light concentration and
manipulation. Nat. Mater. 2010, 9, 193-204.

[105] P. Del’Haye, T. Herr, E. Gavartin, et al. Octave spanning tunable frequency comb from a
microresonator. Phys. Rev. Lett. 2011, 107, 063901.

[106] M. A. Green and S. Pillai, Harnessing plasmonics for solar cells. Nat. Photon. 2012, 6, 130-
132.

[107] A. Schliesser, N. Picqué, and T. W. Hinsch, Mid-infrared frequency combs. Nat. Photon.
2012, 6, 440-449.

[108] T. Yang, H. Chen, X. Luo, et al. Superscatterer: enhancement of scattering with
complementary media. Opt. Express 2008, 16, 18545-18550.

[109] Z. Ruan and S. Fan, Superscattering of light from subwavelength nanostructures. Phys. Rev.
99



R NE S i e AT S 230k

Lett. 2010, 105, 013901.

[110] M. Zhou, L. Shi, J. Zi, et al. Extraordinarily large optical cross section for localized single
nanoresonator. Phys. Rev. Lett. 2015, 115, 023903.

[111]J. B. Pendry and S. A. Ramarkrishna, Focusing light using negative refraction. J. Phys. Cond.
Matter 2003, 15, 6345.

[112] M. Rahm, D. Schurig, D. A. Roberts, et al. Design of electromagnetic cloaks and
concentrators using form-invariant coordinate transformations of Maxwell’s equations. Photonic.
Nanostruc. 2008, 6, 87-95.

[113]Y. Luo, H. Chen, J. Zhang, et al. Design and analytical full-wave validation of the invisibility
cloaks, concentrators, and field rotators created with a genral class of transformations. Phys. Rev.
B 2008, 77, 125127.

[114] H. Chen, B. Hou, S. Chen, et al. Design and experimental realization of a broadband
transformation media field rotator at microwave frequencies. Phys. Rev. Lett. 2009, 102, 183903.
[115] W. H. Wee and J. B. Pendry, Shrinking optical devices. New J. Phys. 2009, 11, 073033.
[116] X. Luo, T. Yang, Y. Gu, et al. Conceal an entrance by means of superscatterer. Appl. Phys.
Lett. 2009, 94, 223513.

[117] Y. Lai, H. Chen, Z. Q. Zhang, et al. Complementary media invisibility cloak that cloaks
objects at a distance outside the cloaking shell. Phy. Rev. Lett. 2009, 102, 093901.

[118] Y. Lai, J. Ng, H. Chen, et al. Illusion optics: the optical transformation of an object into
another object. Phys. Rev. Lett. 2009, 102, 253902.

[119] B. Zheng, H. A. Madni, R. Hao, et al, Concealing arbitrary objects remotely with multi-
folded transformation optics. Light Sci. Appl. 2017, 5, e16177.

[120] C. J. Foot, Atomic Physics [M]. Oxford University Press, New York, 2005.

[121] P. B. Catrysse and S. Fan, Understanding the dispersion of coaxial plasmonic structures
through a connection with the planar metal-insulator-metal geometry. Appl. Phys. Lett. 2009, 94,
231111.

[122] Z. Ruan and S. Fan, Design of subwavelength superscattering nanospheres. Appl. Phys. Lett.
2011, 98, 043101.

[123] W. Liu, Superscattering pattern shaping for radially anisotropic nanowires. Phys. Rev. A

2017, 96, 023854.
100


https://aip.scitation.org/doi/abs/10.1063/1.3148692?casa_token=FIHAYlx9Ot0AAAAA:C-Oo-PckEy6j_5VPOQYlIpvxgm9KgE2Z1wJVYbcQyADO7fCJXTAJBHSG59TS9tOYLGVi9l6_Tw
https://aip.scitation.org/doi/abs/10.1063/1.3148692?casa_token=FIHAYlx9Ot0AAAAA:C-Oo-PckEy6j_5VPOQYlIpvxgm9KgE2Z1wJVYbcQyADO7fCJXTAJBHSG59TS9tOYLGVi9l6_Tw

R NE S i e AT S 230k

[124] A. Mirzaei, 1. V. Shadrivov, A. E. Miroshnichenko, et al. Cloaking and enhanced scattering
of core-shell plasmonic nanowires. Opt. Express 2013, 21, 10454-10459.

[125] A. Mirzaei, A. E. Miroshnichenko, I. V. Shadrivov, et al. Superscattering of light optimized
by a genetic algorithm. Appl. Phys. Lett. 2014, 105, 011109.

[126] R. Li, X. Lin, S. Lin, et al, Tunable deep-subwavelength superscattering using graphene
monolayers. Opt. Lett. 2015, 40, 1651-1654.

[127] L. Verslegers, Z, Yu, Z. Ruan, et al. From electromagnetically induced transparency to
superscattering with a single structure: a couple-mode theory for doubly resonant structures. Phys.
Rev. Lett. 2012, 108, 083902.

[128] W. Wan, W. Zheng, Y. Chen, et al. From Fano-like interference to superscattering with a
single metallic nanodisk. Nanoscale 2014, 6, 9093-9102.

[129] M. Silveirinha and N. Engheta, Tunneling of electromagnetic energy through
subwavelength channels and bends using &-near-zero materials. Phys. Rev. Lett. 2006, 97, 157403.
[130] X. Huang, Y. Lai, Z. H. Hang, et al. Dirac cones induced by accidental degeneracy in
photonic crystals and zero-refractive-index materials. Nat. Mater. 2011, 10, 582-586.

[131] M. Zhou, L. Ying, L. Lu, et al. Electromagnetic scattering laws in Weyl systems. Nat.
Commun. 2017, 8, 1388.

[132] I. Liberal, A. Mahmoud, Y. Li, et al. Photonic doping of epsilon-near-zero media. Science
2017, 335, 1058-1062.

[133] B. Edwards, A. Alu, M. E. Young, et al. Experimental verification of epsilon-near-zero
metamaterial coupling and energy squeezing using a microwave waveguide. Phys. Rev. Lett. 2008,
100, 033903.

[134] P. Moitra, Y. Yang, Z. Anderson, et al. Realization of an all-dielectric zero-index optical
metamaterial. Nat. Photon. 2013, 7, 791-795.

[135] H. J. Caulfield and S. Dolev, Why future supercomputing requires optics. Nat. Photon. 2010,
4,261-263.

[136] A. Graves, G. Wayne, M. Reynolds, et al. Hybrid computing using a neural network with
dynamic external memory. Nature 2016, 538, 471-476.

[137] N. D. Lane, S. Bhattacharya, A. Mathur, et al. Squeezing deep learning into mobile and

embedded devices. IEEE Pervasive Computing 2017, 16, 82-88.
101


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.033903
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.033903

R NE S i e AT S 230k

[138] A. Silva, F. Monticone, G. Castaldi, et al. Performing mathematical operations with
metamaterials. Science 2014, 343, 160-163.

[139] T. Zhu, Y. Zhou, Y. Lou, et al. Plasmonic computing of spatial differentiation. Nat. Commun.
2017, 8, 15391.

[140] J. Zhou, H. Qian, C. Chen, et al. Optical edge detection based on high-efficiency dielectric
metasurface. Proc. Natl. Acad. Sci. 2019, 116, 11137-11140.

[141] N. M. Estakhri, B. Edwards and N. Engheta, Inverse-designed metastructures that solve
equations. Science 2019, 363, 1333-1338.

[142] C. Guo, M. Xiao, M. Minkov, et al. Photonic crystal slab Laplace operator for image
differentiation. Optica 2018, 5, 251-256.

[143] Y. Shen, N. C. Harris, S. Skirlo, et al. Deep learning with coherent nanophotonic
circuits. Nat. Photon. 2017, 11, 441.

[144] X. Lin, Y. Rivenson, N. T. Yardimci, et al. All-optical machine learning using diffractive
deep neural networks. Science 2018, 361, 1004-1008.

[145] T. W. Hughes, 1. A. Williamson, M. Minkov, et al. Wave physics as an analog recurrent
neural network. Sci. Adv. 2019, 5, eaay6946.

[146] Y. Zuo, B. Li, Y. Zhao, et al. All-optical neural network with nonlinear activation
functions. Optica 2019, 6, 1132-1137.

[147] D. A. B. Miller, Are optical transistors the logical next step? Nat. Photon. 2010, 4, 3-5.
[148] M. T. Fatehi, K. C. Wasmundt, and S. A. Collins, Optical logic gates using liquid crystal
light valve: implementation and application example. Appl. Opt. 1981, 20, 2250-2256.

[149] M. Manjappa, P. Pitchappa, N. Singh, et al. Reconfigurable MEMS Fano metasurfaces with
multiple-input-output states for logic operations at terahertz frequencies. Nat. Commun. 2018, 9,
4056.

[150] H. Wei, Z. Li, X. Tian, et al. Quantum dot-based local field imaging reveals plasmon-based
interferometric logic in silver nanowire networks. Nano Lett. 2011, 11, 471-475.

[151] H. Wei, Z. Wang, X. Tian, et al. Cascaded logic gates in nanophotonic plasmon networks.
Nat. Commun. 2011, 2, 387.

[152] Y. Fu, X. Hu, C. Lu, et al. All-optical logic gates based on nanoscale plasmonic slot

waveguides. Nano Lett. 2012, 12, 5784-5790.
102


javascript:void(0)
javascript:void(0)

R NE S i e AT S 230k

[153]Y. G. Sang, X. Wu, S. S. Raja, et al. Broadband multifunctional plasmonic logic gates. Adv.
Opt. Mater. 2018, 6, 1701368.

[154] Q. F. Xu and M. Lipson, All-optical logic based on silicon micro-ring resonators. Opt.
Express 2017, 15, 924-929.

[155] M. W. McCutcheon, G. W. Rieger, J. F. Young, et al. All-optical conditional logic with a
nonlinear photonic crystal nanocavity. Appl. Phys. Lett. 2009, 95, 221102.

[156] J. Li and C. T. Chan. Double-negative acoustic metamaterial. Phy. Rev. E 2004, 70, 055602.
[157] N, Fang, D. Xi, J. Xu, et al. Ultrasonic metamaterials with negative modulus. Nat. Mater:
2000, 5, 452-456.

[158] S. Zhang, L. Yin, and N. Fang, Focusing ultrasound with an acoustic metamaterial network.
Phy. Rev. Lett. 2009, 102, 194301.

[159] S. Narayana, S. Savo, and Y. Sato. Transient heat flux shielding using thermal metamaterials.
Appl. Phys. Lett. 2013, 102, 201904.

[160] R. W. Ziolkowski and A. Erentok. Metamaterial-based efficient electrically small antennas.
IEEFE Trans. Antennas Propag. 2006, 54, 2113-2130.

[161] D. Schurig, J. B. Pendry, and D. R. Smith. Calculation of material properties and ray tracing
in transformation media. Opt. Express 2006, 14, 9794-9804.

[162] H. Chen, B. I. Wu, B. Zhang, et al. Electromagnetic wave interactions with a metamaterial
cloak. Phy. Rev. Lett. 2007, 99, 063903.

[163] W. C. Chew, Waves and Fields in Inhomogeneous Media [M]. IEEE: New York, 1995.
[164] R. W. Ziolkowski and A. D. Kipple, Causality and double negative metamaterial. Phys. Rev.
E 2003, 68, 026615.

[165] Y. Zhao, C. Argyropoulos, and Y. Hao, Full-wave finite-difference time-domain simulation
of electromagnetic cloaking structures. Opt. Express 2008, 16, 6717.

[166] P. Yao, Z. Liang, X. Sun, et al. The physical picture and the essential elements of the
dynamical process for dispersive cloaking structures. Appl. Phys. Lett. 2008, 92, 131118.

[167] P. Yao, Z. Liang, and X. Jiang. Limitation of the electromagnetic cloak with dispersive
material. Appl. Phys. Lett. 2008, 92, 031111.

[168] K. S. Yee, Numerical solution of initial boundary value problems involving Maxwell’s

equation in isotropic media. /EEE Trans. Antennas Propag. 1966, 14, 302-307.
103



R NE S i e AT S 230k

[169] A. Taflove and S. C. Hagness, Computational Electrodynamics: The Finite-Difference
Time-Domain Method [M]. Artech House, 2000.

[170] S. A. Cummer, B. 1. Popa, D. Schurig, et al. Full-wave simulations of electromagnetic
cloaking structures. Phys. Rev. E 2006, 74, 036621.

[171] H. Zhang, Y. Lu, P. He, et al. A study on PML-FDTD and boundary consistency conditions
of total-scattered fields in cylindrical coordinates. I[EEE International Symposium on Microwave,
Antenna, Propagation and EMC Technologies for Wireless Communications 2005, 1, 720-723.
[172] F. Zolla, S. Guenneau, A. Nicolet, et al. Electromagnetic analysis of a cylindrical invisibility
cloaks and the mirage effect. Opt. Lett. 2007, 32, 1069.

[173] G. Labate and L. Matekovits, Invisibility and cloaking structure as weak or strong solutions
of Devaney-Wolf theorem. Opt. Express 2016, 24, 19245.

[174] H. Chen and C. T. Chan, Time delays and energy transport velocities in three dimensional
ideal cloaking devices. J. Appl. Phys. 2008, 104, 033113.

[175] B. Zhang, B. I. Wu, and H. Chen, Optical delay of a signal through a dispersive invisibility
cloak. Opt. Express 2009, 17, 6721.

[176] B. Zhang, B. 1. Wu, H. Chen, et al. Rainbow and blueshift effect of a dispersive spherical
invisibility cloak impinged on by a nonmonochromatic plane wave. Phys. Rev. Lett. 2008, 101,
063902.

[177] T. Ergin, J. C. Halimeh, N. Stenger, et al. Optical microscopy of 3D carpet cloaks: ray-
tracing calculations. Opt. Express 2010, 18, 20535-20545.

[178]Y. Luo, J. Zhang, H. Chen, et al. High-directivity antenna with small antenna aperture. Appl.
Phys. Lett. 2009, 95, 193506.

[179] Y. Luo, J. Zhang, H. Chen, et al. Wave and ray analysis of a type of cloak exhibiting
magnified and shifted scattering effect. Prog. Electromag. Res. 2019, 95, 167-178.

[180] G. Gémez-Santos, Universal features of the time evolution of evanescent modes in a left-
handed perfect lens. Phys. Rev. Lett. 2003, 90, 077401.

[181] W. H. Wee and J. B. Pendry, Universal evolution of perfect lenses. Phys. Rev. Lett. 2011,
106, 165503.

[182] X. Chen, T. M. Grzegorczyk, B. I. Wu, et al. Robust method to retrive the constitutive

effective parameters of metamaterials. Phys. Rev. E 2004, 70, 016608.
104


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.101.063902
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.101.063902

R NE S i e AT S 230k

[183] C. Pfeiffer and A. Grbic, Metamaterial Huygens’ surfaces: tailoring wave fronts with
reflectionless sheets. Phys. Rev. Lett. 2013, 110, 197401.

[184] K. Sarabandi and N. Behdad, A frequency selective surface with miniaturized elements.
IEEE Trans. Antennas Propag. 2007, 55, 1239-1245.

[185] O. Luukkonen, C. Simovski, G. Grant, et al. Simple and accurate analytical model of planar
grids and high-impedance surfaces comprising metal strips or patches. IEEE Trans. Antennas
Propag. 2008, 56, 1624.

[186] I. Malkiel, M. Mrejen, A. Nagler, et al. Plasmonic nanostructure design and characterization
via deep learning. Light Sci. Appl. 2018, 7, 60.

[187] J. Peurifoy, Y. Shen, L. Jing, et al. Nanophotonic particle simulation and inverse design
using artificial neural networks. Sci. Adv. 2018, 4, eaar4206.

[188] Z. Liu, A. Zhu, S. P. Rodrigues, et al. Generative model for the inverse design of
metasurfaces. Nano Lett. 2018, 18, 6570-6576.

[189] W. Ma, F. Cheng, and Y. Liu, Deep-learning enabled on-demand design of chiral
metamaterials. ACS Nano 2018, 12, 6326-6334.

[190] W. Ma, F. Cheng, Y. Xu, et al. Probabilistic representation and inverse design of
metamaterials based on a deep generative model with semi-supervised learning strategy. Adv.
Mater. 2019, 31, 1901111.

[191] J. F. Rodriguez-Nieva and M. S. Scheurer, Identifying topological order through
unsupervised machine learning. Nat. Phys. 2019, 15, 790-795.

[192]J. Schmidhuber, Deep learning in neural networks: an overview. Neural Netw. 2015, 61, 85-
117.

[193] G. Hinton, L. Deng, D. Yu, et al. Deep neural networks for acoustic modeling in speech
recognition: the shared views of four research groups. IEEE Signal Process. Mag. 2012, 29, 82-
97.

[194] R. Ramprasad, R. Batra, G. Pilania, et al. Machine learning in materials informatics: recent
applications and prospects. npj Comput. Mater. 2017, 3, 54.

[195] G. Carleo and M. Troyer, Solving the quantum many-body problem with artificial neural
networks. Science 2017, 355, 602-606.

[196] A. Esteva, B. Kuprel, R. A. Novoa, et al. Dermatologist-level classification of skin cancer
105


https://ieeexplore.ieee.org/abstract/document/4538157/?casa_token=ksF6qh0K6jQAAAAA:1fK6hvvAFhsfcqcfTh3uvkjbDJtaFFFX3oldDvuPrcQUgejmTaGL4006_disS4A6SwKAk8Y
https://ieeexplore.ieee.org/abstract/document/4538157/?casa_token=ksF6qh0K6jQAAAAA:1fK6hvvAFhsfcqcfTh3uvkjbDJtaFFFX3oldDvuPrcQUgejmTaGL4006_disS4A6SwKAk8Y
https://www.nature.com/articles/nature21056

R NE S i e AT S 230k

with deep neural networks. Nature 2017, 542, 115-118.

[197] P. Raccuglia, K. C. Elbert, P. D. F. Adler, etal. Machine-learning-assisted materials
discovery using failed experiments. Nature 2016, 533, 73-76.

[198] X. Ma, W. Pan, C. Huang, et al. An active metamaterial for polarization manipulating. Adv.
Opt. Mater. 2014, 2, 945-949.

[199] H. Li, C. Ma, D. Ye, etal. Dual-band Fresnel zone plate antenna with independently
steerable beams. /[EEE Trans. Antennas Propag. 2018, 66, 2113-2118.

[200] H. Kwon, D. Sounas, A. Cordaro, et al. Nonlocal metasurfaces for optical signal processing.
Phys. Rev. Lett. 2018, 121, 173004.

[201] A. B. Constantine, Antenna Theory: Analysis and Design [M]. Wiley, 2005.

[202] D. Ye, K. Chang, L. Ran, et al. Microwave gain medium with negative refractive index. Nat.
Commun. 2014, 5, 5841.

[203] Y. Zhang and B. P. Ng, MUSIC-like DOA estimation without estimating the number of
sources. I[EEE Trans. Signal Process. 2010, 58, 1668-1676.

[204] B. Widrow, P. E. Mantey, L. J. Griffiths, et al. Adaptive antenna systems. Proc. IEEE 1967,
55, 2143-2159.

[205] D. Colton and R. Kress, Inverse Acoustic and Electromagnetic Scattering Theory [M].
Springer, 1997.

[206] M. Aeschlimann, M. Bauer, D. Bayer, et al. Adaptive subwavelength control of nano-optical
fields. Nature 2007, 446, 301-304.

[207] C. Xu, G. T. Stiubianu, and A. A. Gorodetsky, Adaptive infrared-reflecting systems inspired
by cephalopods. Science 2018, 359, 1495-1500.

[208] Z. Tian, B. Xu, B. Hsu, et al. Reconfigurable vanadium dioxide nanomembranes and
microtubes with controllable phase transition temperatures. Nano Lett. 2018, 18, 3017-3023.
[209] Q. Wang, E. T. F. Rogers, B. Gholipour, et al. Optically reconfigurable metasurfaces and
photonic devices based on phase change materials. Nat. Photon. 2016, 10, 60-65.

[210] S. Yi, M. Zhou, Z. Yu, et al. Subwavelength angle-sensing photodetectors inspired by
directional hearing in small animals. Nat. Nanotechnol. 2018, 13, 1143-1147.

[211] L. Rayleigh, On the scattering of light by small particles. Philos. Mag. 1871, 41, 447-454.

[212] G. Mie, Beitrage zur optik triiber medien, speziell kolloidaler metallosungen. Ann. Phys.
106


https://www.nature.com/articles/nature21056

R NE S i e AT S 230k

1908, 330, 377-445.

[213] A. E. Miroshnichenko, Non-Rayleigh limit of the Lorenz-Mie solution and suppression of
scattering by spheres of negative refractive index. Phys. Rev. A 2009, 80, 013808.

[214] W. Liu, A. E. Miroshnichenko, D. N. Nesheyv, et al. Broadband unidirectional scattering by
magneto-electric core-shell nanoparticles. ACS Nano 2012, 6, 5489-5497.

[215] J. M. Geffrin, B. Garcia-Camara, R. Gomez-Medina, et al. Magnetic and electric coherence
in forward- and back-scattered electromagnetic waves by a single dielectric subwavelength sphere.
Nat. Commun. 2012, 3, 1171.

[216] O. D. Miller, C. W. Hsu, M. T. H. Reid, et al. Fundamental limits to extinction by metallic
nanoparticles. Phys. Rev. Lett. 2014, 112, 113903.

[217] T. Coenen, F. B. Arango, A. F. Koenderink, et al. Directional emission from a single
plasmonic scatterer. Nat. Commun. 2014, 5, 3250.

[218] A.L. Kuznetsov, A. E. Miroshnichenko, M. L. Brongersma, et al. Optically resonant
dielectric nanostructures. Science 2016, 354, aag2472.

[219] A. Poddubny, 1. Torsh, P. Belov, et al. Hyperbolic metamaterials. Nat. Photon. 2013, 7, 948-
957.

[220] D. N. Basov, M. M. Fogler, and F. J. Garcia de Abajo, Polaritons in van der Waals materials.
Science 2016, 354, aag1992.

[221] T. Low, A. Chaves, J. D. Caldwell, et al. Polaritons in layered two-dimensional materials.
Nat. Mater. 2017, 16, 182-194.

[222] A. Woessner, M. B. Lundeberg, Y. Gao, et al. Highly confined low-loss plasmons in
graphene-boron nitride heterostructures. Nat. Mater. 2015, 14, 421-425.

[223] J. Aizpurua, P. Hanarp, D. S. Sutherland, et al. Optical properties of gold nanorings. Phys.
Rev. Lett. 2003, 90, 057401.

[224] M. L. Tribelsky and B. S. Lykyanchuk, Anomalous light scattering by small particles. Phys.
Rev. Lett. 2006, 97, 263902.

[225] X. Xu, B. Ghamsari, J. Jiang, et al. One-dimensional surface phonon polaritons in boron
nitride nanotubes. Nat. Commun. 2014, 5, 4782.

[226] M. Bechelany, S. Bernard, A. Brioude, et al. Synthesis of boron nitride nanotubes by a

template-assisted polymer thermolysis process. J. Phys. Chem. C 2007, 111, 13378-13384.
107



R NE S i e AT S 230k

[227] E. D. Palik, Handbook of Optical Constants of Solids [M]. Academic Press: New York,
1985.

[228] S. Kirkpatrick, C. D. Gelatt, and M. P. Vecchi, Optimization by simulated annealing. Science
1983, 220, 671.

[229] N. Ooi, A. Rairkar, L. Lindsley, et al. Electronic structure and bonding in hexagonal boron
nitride. J. Phys. Condens. Matter 2006, 18, 97-115.

[230] C. A. Balanis, Advanced Engineering Electromagnetics [M]. Wiley, New York, 1989.
[231]J. D. Caldwell, L. Lindsay, V. Giannini, et al. Low-loss, infrared and terahertz nanophotonics
using surface phonon polaritons. Nanophotonics 20185, 4, 44-48.

[232] T. Q. P. Vuong, S. Liu, A. Van der Lee, et al. Isotope engineering of van der Waals
interactions in hexagonal boron nitride. Nat. Mater. 2017, 17, 152-158.

[233] A. J. Giles, S. Dai, I. Vurgaftman, et al. Ultralow-loss polaritons in isotopically pure boron
nitride. Nat. Mater. 2017, 17, 134-139.

[234] G. Goubau, Surface waves and their application to transmission lines. J. Appl. Phys. 1950,
21, 1119.

[235] A. F. Harvey, Periodic and guiding structures at microwave frequencies. IRE Trans.
Microwave Theory Tech. 1960, 8, 30.

[236] S. A. Maier, S. R. Andrews, L. M. Moreno, et al. Terahertz surface plasmon-polariton
propagation and focusing on periodically corrrugated metal wires. Phys. Rev. Lett. 2006, 97,
176805.

[237] X. Shen, T. J. Cui, D. Martin-Cano, et al. Conformal surface plasmons propagating on
ultrathin and flexible films. Proc. Natl. Acad. Sci. 2013, 110, 40-45.

[238] S. Xu, H. Xu, H. Gao, et al. Broadband surface-wave transformation cloak. Proc. Natl. Acad.
Sci. 2015, 112, 7635-7638.

[239] S. A. Mikhailov and K. Ziegler, New electromagnetic mode in graphene. Phys. Rev. Lett.
2007, 99, 016803.

[240] S. Xu, X. Cheng, S. Xi, et al. Experimental demonstration of a free-space cylindrical cloak
without superluminal propagation. Phys. Rev. Lett. 2012, 109, 223903.

[241] B. O. Raeker and A. Grbic, Compound metaoptics for amplitude and phase control of wave

fronts. Phys. Rev. Lett. 2019, 122, 113901.
108



R NE S i e AT S 230k

[242] J. W. Goodman, Introduction to Fourier Optics [M]. Greenwoood Village: Roberts and
Company, 2005.

[243] T. Cai, S. W. Tang, G. M. Wang, et al. High-performance bifunctional metasurfaces in
transmission and reflection geometries. Adv. Opt. Mater. 2017, 5, 1600506.

[244]1 H. Yi, S. W. Qu, K. B. Ng, et al. 3-D printed millimeter-wave and terahertz lenses with fixed
and frequency scanned beam. /EEE Trans. Antennas Propag. 2016, 64, 442-449.

[245] T. Driscoll, H. T. Kim, B. G. Chae, et al. Memory metamaterials. Science 2009, 325, 1518-
1521.

[246] A. Y. Piggott, J. Lu, K. G. Lagoudakis, et al. Inverse design and demonstration of a compact
and broadband on-chip wavelength demultiplexer. Nat. Photon. 2015, 9, 374-377.

[247] B. Shen, P. Wang, R. Polson, et al. An integrated-nanophotonics polarization beamsplitter
with 2.4 x 2.4 um? footprint. Nat. Photon. 2015, 9, 378-382.

[248] E. Khoram, A. Chen, D. Liu, et al. Nanophotonic media for artificial neural inference.
Photon. Res. 2019, 7, 823-827.

[249] P. D. Hougne, M. F. Imani, M. Fink, et al. Precise localization of multiple noncooperative
objects in a disordered cavity by wave front shaping. Phys. Rev. Lett. 2018, 121, 063901.

[250] M. Jang, Y. Horie, A. Shibukawa, et al. Wavefront shaping with disorder-engineered
metasurfaces. Nat. Photon. 2018, 12, 84-90.

109


https://www.nature.com/articles/nphoton.2015.69#auth-1

R NE S i e AT AR TR1 4 & TBU 1 - 2 67 303 1) A F 7 RUR

P& A

A, B, 1993 FHE, MTAFEAEGEFIRFIE 2017 ZELH R £ (FHE
), IMABRLIMHEER, R HERFHAR M ZEHEZ, THEEBES. RI K,
A MBFIMATEERFHR. BLHE, UEF XX xEIHEA
SCI # X 6 &, &1 Nature Photonics. Physical Review Letters. Light: Science
& Applications ## ACS Photonics F E T #F 4 8Tl (2 B ESI ®#& 51X, 1 B4
EHELX, R PHEF 69.6, FEHHF 4 GRN/EFEA, Nk “2018 F F i
TIAFHEEARAFAFER RITX, “2020 FEBENMIIAFF AL+ RFAH
BR”, e “BEAEERE¥27, “LHE—FL¥e7 “WTIHhFELAE.
“ISEEREF T “2EMRAERFEE _FL “RAERRKE"FRE, 50 2017
S HT A A 2019 & AA PIERS E R« VOF# B LR &, 2019 4 8 A £ 2020 £ 8
F 7 % E A )N 2 T # % Changhuei Yang ZF R MHE AR5 1 £,

T AR ] T 5 R

HARX

1. C.Qian, B. Zheng, Y. Shen, L. Jing, E. Li, L. Shen, and H. Chen, Deep-learning-enabled self-
adaptive microwave cloak without human intervention. Nature Photonics 14, 383-390, 2020.
(IF=31.6, SCI % %)

2. C. Qian, X. Lin, X. B. Lin, J. Xu, Y. Sun, E. Li, B. Zhang, and H. Chen, Performing optical
logic operations by a diffractive neural network. Light: Science & Applications 9, 59, 2020.
(IF = 14.0, SCI # %)

3. C. Qian, X. Lin, Y. Yang, X. Xiong, H. Wang, E. Li, [. Kaminer, B. Zhang, and H. Chen,
Experimental observation of superscattering. Physical Review Letters 122, 063901, 2019. (IF
=9.2, SCl k%, HiEHEHFL, ESIFmHT £ )

4. C.Qian, X. Lin, Y. Yang, F. Gao, Y. Shen, J. Lopez, I. Kaminer, B. Zhang, E. Li, M. Soljacic,
and H. Chen, Multifrequency superscattering from subwavelength hyperbolic structures. ACS
Photonics 5, 1506-1511,2018. (IF = 7.3, SCI # %, ESI &# 5] X)

5. C. Qian, H. Wang, R. Li, B. Zheng, Z. Xu, and H. Chen, Observing the transient buildup of a

110



R NE S i e AT AR TR1 4 & TBU 1 - 2 67 303 1) A F 7 RUR

superscatterer in the time domain. Optics Express 25, 4967-4974,2017. (IF =3.6, SCI & &)

6. C. Qian, R. Li, Y. Jiang, B. Zheng, H. Wang, Z. Xu, and H. Chen, Transient response of a
signal through a dispersive invisibility cloak. Optics Letters 41, 4911-4914, 2016. (IF = 3.9,
SCI # %)

7. C.Wang, C. Qian (3£ [F] —1F), H. Hu, L. Shen, Z. Wang, H. Wang, Z. Xu, B. Zhang, H. Chen,
and X. Lin, Superscattering of light in refractive-index near-zero environments. Progress In
Electromagnetics Research 168, 15-23, 2020.

8. S.Xu, F. Y. Dong, W. R. Guo, D. D. Han, C. Qian, F. Gao, W.-M. Su, H. Chen, and H.-B. Sun,
Cross-wavelength invisibility integrated with various invisibility tactics. Science Advances 6,
eabb3755, 2020.

9. T. Chen, B. Zhen, C. Qian, and H. Chen, Progress of novel electromagnetic cloaking research
CE AL B B B 4 5 B %5 3t /B ). Acta Physica Sinica (%172 % %) 69, 154104, 2020.

2P X

1. C. Qian, X. Lin, Y. Yang, X. Xiong, H. Wang, E. Li, I. Kaminer, B. Zhang, and H. Chen,
Experimental observation of superscattering. Progress In Electromagnetics Research
Symposium (PIERS), June 17-20, 2019, Rome, Italy.

2. C. Qian, B. Zheng, H. Wang, L. Shen, X. Lin, Z. Xu, and H. Chen, Observing the transient

buildup of metamaterial superabsorber in the time domain. Progress In Electromagnetics

Research Symposium (PIERS), November 19-22, 2017, Singapore.

2l
1 &8, RO, —FEENBLRTEURI K. (RO

111



