TI TLE METAMATERI ALS FOR SURFACES AND WAVEGUI DES CROSS- REFERENCES TO RELATED
APPLI CATI ONS [ 0001] This application clains the benefit of priority from
provi si onaib 2appi2isat i on no. 61/091 , 337 filed August 22pCcZaB8)0%ionIor por at ed
herein by reference. STATEMENT REGARDI NG FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT [ 0002] TECHNI CAL FI ELD [0003] The technol ogy herein relates to
artificially-structured materials such as netamaterials, which function as
artificial electromagnetic naterials. appr oaches provide surface
structures and/or wavegui de structures responsive to el ectronagneti c waves
at radi o-frequencies (RF) mcrowave frequencies, and/or higher frequencies
such as infrared dVIETANATERIALTIKIBISHSRFACED ANDYBAVESHIDEDe

el ectromagneti c responses include negative refraction. Some approaches

provi de surface structures that include patterned netamatehal elenents in a
conducting surface. Sone approaches Er ovi de wavegui de structures that

i ncl ude patterned rfeR@%R-KEFRERE 19 RELMERBARMBEIEADGNS ng conduct i ng

surfaces of the wavegui ding structures (e.g. the boundi ng conducting

strips, hes, ; f i - LSS i P

st ue il G1C5) i BpRRSatEn 2R o et of Bhiorly A BRSS! AR e ey
[ 0008] Aot 6110812337 filedrAugust 22, 28081 inebporatdd hereirebgpmefeeencd.s can ext end
the el ectromagnetic properties of conventional materials and can provide
novel el ectronmagnetic responses that nmay be difficult to achieve in
conventional materials. Metamaterials can realize conpl ex anisotropies

and/ or gradi ents of el ecBTATRIMENTCREGARRING FERERALLY permittivity,

permeabi lity, refract SRONSOREDRESBEARCH QR CGEELOPMENTDY to inpl enent
el ectromagneti c devices such as invisibility cloaks (see, for exanmple, J.
Pendry %oﬁ], "El ectromagnetic cl oaking nethod,” U S. Patent App. No.

TECHNICAL FIELD

10 [0003] The technology herein relates to artificially-structured materials such as
metamaterials, which function as artificial electromagnetic materials. Some
approaches provide surface structures and/or waveguide structures responsive to
electromagnetic waves at radio-frequencies (RF) microwave frequencies, and/or
higher frequencies such as infrared or visible frequencies. In some approaches the

15  electromagnetic responses include negative refraction. Some approaches provide
surface structures that include patterned metamaterial elements in a conducting
surface. Some approaches provide waveguide structures that include patterned
metamaterial elements in one or more bounding conducting surfaces of the
waveguiding structures (e.g. the bounding conducting strips, patches, or planes of

20 planar waveguides, transmission line structures or single plane guided mode

structures).

BACKGROUND AND SUMMARY

[0004] Artificially structured materials such as metamaterials can extend the
electromagnetic properties of conventional materials and can provide novel

25 electromagnetic responses that may be difficult to achieve in conventional materials.



11/ 459728, herein incorporated by reference) and GRIN | enses (see, for
exanple, D. R Smth et al, "Metamaterials,” U S. Patent Application No.
11/ 658358woherogizn73sncor porat ed by reference). Further, PCTIGS2o®8ibte to
engi neer nmetamaterials to have negative permttivity and/or negative
perneability, e.g. to provide a negatively refractive nmediumor an

i ndefinite medium (i.e. having tensor-indefinite permttivity and/or
perneability; see, for exanple, D. R Smith et al, "Indefinite materials,"

U.S. PatMetarfyiplials@iainaealite cdfphebafitotropieseant/ongidiaits iof élditroreagiétice) -
[ 0005] The basic concept of a "negative indeﬁé transm ssion line, formed by

exchangiRAGAMKEErS kBYEh a3 paEmitilyibe PesmeaRiits raiaetivihinderncagd wave impasanssde

for Cape{@ﬁéﬁﬁ?fo méleﬁ{m”é’leét&{mﬁéﬁéﬁﬂ §evitds E’Qﬁﬁ‘%s iMitQibﬂN‘?E%a'ﬁEgEﬁé’,%tng

(Wley 3 transm ssion”line approach to netanateri a as been
expl or ecexamnple.oh Rewtirgcet al;, “Eldatymagrktiel ddakinginetheddid. BRatenhApgoNont o) .

vot aftat 1 0148 LUt Ph P dBelaTence s Aot N TeRBaE S8R TaT cEampigy & ce
(Vol . 7,R bpsitttetlalPMetbbateAARY) U. S kit }liabﬁﬁﬁtiéﬂq\lo.% $888358 AnercitP06] The

transnission |ines (TLs) disclosed by Caloz and Itoh are based on swappi ng
t he ser iiegorpadied Sy defesenicen Unurtherpilds passiblecto engineermetamaterials tachavg ai n

the TL i . e Lve jJndex nedi.um Because .shunt cgpacitance and
sories mhdatreREtm g, AR} b¥SatvipERabIT. s & 16 AreY S ARe BN ent dua
behavi orrefrictiveemébiunt BraNnJhdEknitd AR divin 3i.¢ IRpling tshssrusdefitd surnittRatyenci es
and a typical forward wave at higher frequencies. For this reason, Cal oz

and 1Pt orengiRrerarmenbility;fiee: forexaraples DalR. Bmih et ehp bylafiaiteirgaterials, t UnSinded"
TL, or TA ﬁlﬂ(%—{ ' r . rgg@ capacitors and
I nduct O%E%trApe%Eéﬁg ent’ 1@?%%1%136%%@%%6%?55%?0 u'&ééga )'t hat functions
I n one dinension. The CRLH TL concept has been extended to two di nensi onal
struct ur[@808ly Cal dhedbasit cohceptnaf dina@dhive imdek’Etafdnhissioadiee, f@oted bidse of

A L PR e NS O

of net agsphaitarcceashBvATRF ekhitipte, in BY%r, MdfowabbEngiisering 8¥Rey 3d EPY401

" 15  The transmission line approach to metamaterials has been explored by Itoh and Caloz
(UCLA) and Eleftheriades and Balmain (Toronto). See for example Elek et al, “A two-
dimensional uniplanar transmission-line metamaterial with a negative index of
refraction”, New Journal of Physics (Vol. 7, Issue 1 pp. 163 (2005); and US Patent No.
6,859,114,

20 [0006] The transmission lines (TLs) disclosed by Caloz and Itoh are based on
swapping the series inductance and shunt capacitance of a conventional TL to obtain
the TL equivalent of a negative index medium. Because shunt capacitance and series
inductance always exist, there is always a frequency dependent dual behavior of the
TLs that gives rise to a “backward wave” at low frequencies and a typical forward

25 wave at higher frequencies. For this reason, Caloz and Itoh have termed their
metamaterial TL a “composite right/left handed” TL, or CRLH TL. The CRLH TL is
formed by the use of lumped capacitors and inductors, or equivalent circuit elements,
to produce a TL that functions in one dimension. The CRLH TL concept has been
extended to two dimensional structures by Caloz and Itoh, and by Grbic and

30 Eleftheriades.



The CSRR was denonstrated as a filter in the mcrostrip geonetry by the
sane group. See e.g., Marques et al, "Ab initio analysis of frequency

sel ecti veweunfoaresebased on conventi onal and conpl enent CY/TGspdo00477Ng
resonators”, Journal of Optics A: Pure and Appl ied Optics, Volunme 7, Issue
2, pp. S38-S43 (2005), and Bonache et al "Mcrostrip Bandpass Filters
Wth Wde Bandw dt h and Conpact D nensi c?ns (M crowave and Optical Tech.
Letters (46:4, p. 343 2005). The use of CSRRs as patterned elenents in the

ground [gbe@® of a Wse bPaiconiplemenexy splitfing Tésstator (IDISRR)@MIailtr@fsﬁib t he
m crostrip equival ent of a negative index nedium fornpmed usi

pat t er n&HCHik elereeqt wan drop i Falpane ef kb 1Babinet principle 8?’ t‘éé‘?ﬁiuct or.
Thi I 0

apl i tor oS ERIRCES RnBRaRAENEIO SPhLE RERTR O Ipsug TP RTMA.
magnet i dHel GERR was. deinowtaatdd edsoangltelhla thmmlcmsttlp@esﬁmtry Efynme:samleerrent ary
SRR%CSRR . Qn the her . éubs{ ant é&%’y {Je onds t out of pI ane
o octr; Orouia) $F% £, Matiues ahani BhgMiaanela o Fegunaesdefly

regar de%a@éd%??corﬁﬁé?‘lt@%l arﬁ’d‘@bnﬂeﬁm@ﬁtﬁ@ ﬁﬂ%f F@é@ia‘f@r@t’ SJdUrﬁﬁl' (SP‘@Htlé’seAe' n

may include CSRR el ements enbedded I n a conducting surface, e.g. as S haped
apertur &re@mmhgl@d @ptlpsar\f'@iume oOnisstie 2, ppt SBBM(@Oﬂ)naedrB@rm@belaial hons

2 bounal T BB BeBPP4 F e Pies Berfifarl et CAREENE Ding o eEegu ae.

m cr ost '(Mibrbwlé@e L OplieA0HchMietters@6:4 - 5.1 4B Pegs)aTheé st IRRBRRs as
substantially coupl e to an out-of pl ane magnet ic field, sone netamateri al

appl® caPalrIehplemerts intha graung: Plane of ArNICEPSYiP W EXPIoFE T hesegranes
|
el ect i Gefisldr tJ&‘ﬂ?eenﬁ&JBE{r@aéw@a@thfl I Ig%fwe %éf&% epl t{ogr&'%ﬁ @%’?&t ric

LC (ELC) [eSONAL OF S rons are

Schurig (BRlab pattlélmf:di in tr?efgrehddqﬂamé arldroapaciivertaebks Walwamp%a leﬂ!fdlmntdrl vity
net anat eri al s pl. Phys, Lett 041 109 (200 ile the electric LC
(ELQ) é‘b%‘é’?&fwéétﬁit%mﬁ%’d;tq GORIBOAT @%Cf%tr@r{'ﬂ%?ﬁ»)ﬁ@ electric field, the

conpl errent ary electric LC (CELC) resonator substantially responds to an

i n-pl angoa@gnet i ¢ A splitthing Rsorlakdr (Bﬁ@ﬁﬁﬁﬁtaﬁﬁ%yﬂ%sb@ﬁéﬁ ¢S dn'dif-of randret

dual of 'the 'ELC resonat or, andenbodi nents di scl 0sed herein may include CELC
r esbhat onagnadiediald ((@Jdl@qt@d Alpmgytheraxis of the SRR). The complementary SRR

(CSRR), on the other hand, substantially responds to an out-of-plane electric field
(i.e. directed along the CSRR axis). The CSRR may be regarded as the “Babinet”
dual of the SRR and embodiments disclosed herein may include CSRR elements
embedded in a conducting surface, e.g. as shaped apertures, etchings, or perforation
20 of a metal sheets. In some applications as disclosed herein, the conducting surface
with embedded CSRR elements is a bounding conductor for a waveguide structure

such as a planar waveguide, microstrip line, etc.

[0009] While split-ring resonators (SRRs) substantially couple to an out-of-
plane magnetic field, some metamaterial applications employ elements that

25 substantially couple to an in-plane electric field. These alternative elements may be
referred to as electric LC (ELC) resonators, and exemplary configurations are
depicted in D. Schurig et al, “Electric-field coupled resonators for negative permittivity
metamaterials,” Appl. Phys. Lett 88, 041109 (2006). While the electric LC (ELC)
resonator substantially couples to an in-plane electric field, the complementary electric

30 LC (CELC) resonator substantially responds to an in-plane magnetic field. The CELC
resonator may be regarded the “Babinet” dual of the ELC resonator, and



additionally to CSRR el enents) enbedded in a conducting surface, e.g. as
shaped apertures, etchings, or perforations of a netal sheet. In sone

appl i cat iwo0sm2ai3scl osed herein, a conducting surface WwCThiSesmdderl CSRR
and/ or CELC elenents is a boundi ng conductor for a wavegui de structure such
as a planar waveguide, mcrostrip Iine,4§tc. [ 0010] Sone enbodi nents

di scl osed herein enploy conplenentary electric LC (CELC) netanateri al

el enents to provide an effective perneability for wavegui de structures. In

vari ous egfisflineeis gistletfHarein may(inelldeiCRIC pesomabdt bidnyenmY alterratioak/esr
then one, |ess than one but greater than zero, or |ess than zero.

Al t er natadgitiopady to &R RRehemepts)sinbeddad i aeAPdUEting-SWERGE 18 c?h SBapedy
conpl e k= L] . ' provi de
ot f ol e NG SRiaPhs CFATRATER BRI bble SHEERRbAs R, D 0

enbodi neldciodgteherfelg cd comdativigadurfage with mnbieddedyCBRR bad@r £EleC diémentne,

| ess_t han gne but greater t han zero, or |less than zero [001 1\1ﬁg§§x§rrpl ary
non-Pi ni't P?F@UPQH’[QJ dugtor foriayaveswdaistiusiueisysh asea plagar yya ®or which
an ef f echi b tdivity, perneability, or refractive index is near zero
St ruct u?@gyﬁ’gﬁ)&%bﬂbén effective permttivity, perneability, or refractive
index is |less than zero Structures for which an effective perm’ttivi_tE or
per meabil0010] i s arBamedembrdimnants disclqsedeherginvemgldocomplasnentasy alegtric LC

ti ' | . G,adi t g, f b i NQ.:
DR B e Eabra 0k b st O BERL W
i nserti gfrucRAss. ARGArBUEWHNOEIMEMS tRn bffadiver(reRYive) pEn@abiigAbgBeNt ary
metanat eri al el ements such as CELCs and CSRRs to substantially

i ndéPen@seatey thasnene,ess than raghet orealnnthaneerei ef lessdhargere.cdfematively,
of a Su%fr%ﬁﬁitﬁhap?xsg%% ‘}%ﬁ@diﬂxerﬁ%is@%s%%e@%hwnﬁﬁle%& Ir-gcgplit-ring-

gr adi ent” engi nee spersion control enent a

nmet amat eesalatet @SRRY nietanrajeridi elstradnte tgpysidaan effeatied pesmittivity foviptenar
devi havi i ngl dj ust abl

evices wa%/\élgﬂ%ecs?trrécﬁape%r.]dllnn\gar%)u% érlrngogll?neents the effective (relative) permittivity may

be greater then one, less than one but greater than zero, or less than zero

15 [0011] Exemplary non-limiting features of various embodiments include:

Structures for which an effective permittivity, permeability, or refractive

index is near zero

Structures for which an effective permittivity, permeability, or refractive

index is less than zero

20 o Structures for which an effective permittivity or permeability is an
indefinite tensor (i.e. having both positive and negative eigenvalues)
. Gradient structures, e.g. for beam focusing, collimating, or steering
o Impedance matching structures, e.g. to reduce insertion loss
. Feed structures for antenna arra'ys
25 . Use of complementary metamaterial elements such as CELCs and

CSRRs to substantially independently configure the magnetic and electric



el ectromagnetic responses (e.g. to adjust a steering angle of a beam
steering device or a focal length of a beam focusing device) Surface

st ruct ur esoanth/oeaxdegui de structures that are operabl e aPCRRES2000004702Ve, OF
even higher frequencies (e.g. mllimeter, infrared, and visible

wavel engt hs) BRI EF DESCRI PTI ON OF THE W NGS [ 0012] These and ot her
features and advantages will be better and nore conpletely understood by
referring to the follow ng detail ed description of exenplary non-limting
i 1l ustrative réspuris@enictpeetiselynotarurfact icewaneguidd)e.gr fanipugsosss ofhi ch:
[0013] Figures 1-1 D depict a wave-gui ded conpl er_rentar)(‘ EL (Imagneti C
response) st imeedarce majehing19ragigntangineering) o5 HRREMSPNRGLY | ve
permttivity, perneability, wave inpedance, and refractive index (Figures

1A-1 D), [0014] Fi - j <y R
(electric r espons%ﬁ%@?é@e % E?%@t%&?g&a‘l‘fgﬁﬂglﬁ%{ﬂg P g??%afﬁgf fective
perm ttivity physicabpdranéters wepmvidepdedoes hasing cerfespondingly adisstatrlegur es
A N R T L
an 'Y an i

and assoc at vReQirta ficaf lerffth ioY'? It dusihd Moviegy MeADI | 11y, vave _

i npedance, and refractive 1ndex (Figures 3A-3D); [0016] Figures 4-4D depi ct

a wave-gui ded structure with both CSRR and CELC el enents (e.g. to provide
an ef fectiwve negatSufadersteucturesi and waspguide stambuiesttbat arepoperablefatdift.i ve

ermttivity, .pe bilit A I d , . t.i i
i 4D) | [ Q0L BT o5 N UG BT es e b el R bl lrer BT bRt o e
(Figure 5) arg hgfed plots of effective permttivity, pernmeability,
wave i nmpedance, ang refractive index (Figures 5A-5D); [0018] Figures 6-6D

are depict a mcrostrip structure with both CSRR and CELC el enents (e.g. to
provide an effective negative index) (Figure 6) and associ ated plots of

effegtive permttivity, BREEFSHESCRIPTIONVOF I THE ORAWINGSS8! refractive i ndex

[0012] These and other features and advantages will be better and more
completely understood by referring to the following detailed description of exemplary

non-limiting illustrative implementations in conjunction with the drawings of which:

[0013] Figures 1-1D depict a wave-guided complementary ELC (magnetic
15 response) structure (Figure 1) and associated plots of effective permittivity,
permeability, wave impedance, and refractive index (Figures 1A-1D);

[0014] Figures 2-2D depict a wave-guided complementary SRR (electric
response) structure (Figure 2) and associated plots of effective permittivity,
permeability, wave impedance, and refractive index (Figures 2A-2D),

20 [0015] Figures 3-3D depict a wave-guided structure with both CSRR and CELC
elements (e.g. to provide an effective negative index) (Figure 3) and associated plots
of effective permittivity, permeability, wave impedance, and refractive index (Figures
3A-3D); '

[0016] Figures 4-4D depict a wave-guided structure with both CSRR and CELC

25 elements (e.g. to provide an effective negative index) (Figure 4) and associated plots
of effective permittivity, permeability, wave impedance, and refractive index (Figures
4A-4D);



(Figures 6A-6D); [0019] Figure 7 depicts an exenplary CSRR array as a 2D

pl anar wavegui de structure; [0020] Figure 8-1 depicts retrieved

perm ttiwoypomnmtier neability of a CSRR el enment, and Fi garais8ecd/o0ep: cts t he
dependence of the retrieved permttivity and perneability on a geonetrical
paranmeter of the CSRR el enent; [0021] Figures 9-1 , 9-2 depict field data
for 2D i npl enentations of the planar wavegui de structure for beamsteering
and beam focusi ng applications, respectively; [0022] Figures 10-1 , 10-2

depi ct @o%errpl arpigGds®-80 @gpista mickdstfipesmpiaveatdrd ELC stratture (Pigave di ng
an indefinite nmedium and [0023] Figures 11-1 , 11-2 deé;f)i ct a wavegui de
based gPA@nErAssosigd Ipkals of efiestjaiPaEmittivitye geameakllitys Wavs impedancey agd

pat ch apéf;?%@e% i’“@ﬁ@%ﬁﬁ%ﬂ ON [ 0024] Various enbodi ments discl osed

herein inc tamaterial el ements, which may be regarded
as Babi net conpl enments of original metamaterial elements such as split ring
r esonat §0818JSRRs) Figdresl @60 are dépickes onatastrip cEUCkre Withdx3h GBRRSRRI el enent
functio n artificial magnetic_dipolar "atam" duci a .

SUb<s an GG FTomREnIR (oS B psBHEE A SteuRruaraate PhexErialie Bt eseaniang. i
wave. | b%t@%@lew@btivéifséfmihi\;ifw P@ﬂﬁBmeRj?tv@d\bé ifiPddaniceNtng $6RaSR indeRRR) .
functions as an electric dipolar "aton enbedded in a conducting surface

andpr od(tigwge6Acffdt,antial |y el ectric response to the electric field of an
el ectromagnetic wave. While specific exanples are described herein that

sunst st 0REVRE tor nat 9uts L PERcRY S s HIRPR e ARy el PLTRALE [Rtequide

conduct istrgctirepct ure having a substantially magnetic response to an
out - of - pl ane magnetic field (hereafter referred to as a "Mype el enent,”

t he, SRR being an anpl e thereof) may define g conpl enent .struct
(notCar 18528 30 aHE &4 SRRy treslectorir i iy EREPERTRAGY 5 S GRE o
f/ gie(rjeofe zeéem%h : %inESFaigu?éJQ& ASHiLR the-RPangehestdfhs hemadedpRithittifity h¢hi ng,
’ pe}meability on a geometrical parameter of the CSRR element;
[0021] Figures 9-1, 9-2 depict field data for 2D implementations of the planar

waveguide structure for beam-steering and beam-focusing applications, respectively;

15 [0022] Figures 10-1, 10-2 depict an exemplary CELC array as a 2D planar

waveguide structure providing an indefinite medium; and

[0023] Figures 11-1, 11-2 depict a waveguide based gradient index lens

deployed as a feed structure for an array of patch antennas.

DETAILED DESCRIPTION

20 [0024] Various embodiments disclosed herein include “complementary”
metamaterial elements, which may be regarded as Babinet complements of original
metamaterial elements such as split ring resonators (SRRs) and electric LC

resonators (ELCs).

[0025] The SRR element functions as an artificial magnetic dipolar “atom,”

25 producing a substantially magnetic response to the magnetic field of an
electromagnetic wave. Its Babinet “dual,” the complementary split ring resonator
(CSRR), functions as an electric dipolar “atom” embedded in a conducting surface and



conducting surface. The conplementary Mtype elenent will have a

Babi net -dual response, i.e. a substantially electric response to an

out - of - plaopeoslectssi c field. Various Mtype el enents (e&ch/usedooni4rg2 a
correspondi ng conpl ementary Mtype el enent) may include: the aforenentioned
split ring resonators (including single_split ring resonators (SSRRs)

doubl e split ring resonators (DSRRs), split-ring resonators having nultiple
gaps, etc.), onega-shaped elenents (cf. CR Sinovski and S. He, arXiv:

physi ngﬁé’dd& Q) substantislly S1EEtHE ressomid ® thefeledtricPRild bhan@llecttoméyhetid-et t .
30, 3198 (2005)), or any other conducting structures that are substantially

magnet | d¥avey Whilaspgeticiexagples ara 0ggasibedhhatain dhat deplex SRR elements in

i ed \ s | ! ficial
o bct 11 SRS blrbchrés bbb Sblod Enis ik stk e AREH|AR AmRRSTRLL P2 |
el ectri exanmgle, arfy substhrtidllyoptagaetondweting. stiucsurdatiavied a'shitstaritidllye
conpLenentary electric L

X C (CELQ) .elenment, functjons as a_magnetic djpol ar
" at ot eSROBSE Khal AUt Rianeg M”&HB*‘E&G&P?@%’%@E&S aoesa IN-
magnet i PSR "tRe RENG ' i 1 ' '
speci fi gy%eig%pl es’ a{ﬁ% é(]ggcri beghﬁeéagi%\lgttﬁérte% e@%g?@g‘?gﬁ@?&ﬂ@%ﬂfﬁr%ﬂeﬁus
st r uct ur(bereaftehar‘cemipteinentary Mrypesalesént/ittbe 43RR1zing @nedxareplestheremf),

| e, . sub ti.al l ] d ' t hayi .
o ber e EEY 8 RRRERN B EaBiy Bty S ofshnEbL T YNt Fitbinss ¢ e
referr e%oh@ué‘t%%'ﬂl_sﬁrfaéé’. p?hé'c@ﬁﬁﬂénién‘té’l‘? I\ﬁitﬁp@ brRIFBEht Wl HE/e2d Bl dual
thereof) may detine a conplenent strucCture (hereafter a "conplenentary

E-tJBe despanse, i.et asubsiantiply eleciiic senanse to aey @Wrof-plane alectgc dield.

b . | _ . _ i . . ) . .
Condoct VALY SROLY RERSRI NG LSRR Roribhrtif e
Babi net elerabnt) esppimetude: tite aforemieitionedadpliy ringoesdnators@nelndingt single split
i n-pl ane, ma%net ic field., Various E-t enents (each defin

| f

cor r espdidITHEORRIRET ESSRRS yAeuRlS selibiiagEtonatelyi MSFIGE). SPibHRg Tesanatees

orr espohd Eyseh a8l & A
o o 1EYEMHEIBe bapORRE), ORICLAHANLHNRARS (408 RISTNGNIEENY S et >
"El 85t r iacXivipysiostg1 08 9) esutnairersirf @emeetm(dfve. Pallig ef af, Opt. Lett. 30, 3198

tamaterials, " Aopl. Phys. Lett.. 88 041 109 (2006).and in H.-T. Cen et
o o e heh SR auctiid sviclesshat are SABSSheal magmeticay % 0s4
(2007)) potdr2eade’d. by rard@BRiRdU&ion)h rédpore t8lan applied magnetic field.

[0026] The ELC element functions as an artificial electric dipolar “atom,”
producing a substantially electric response to the electric field of an electromagnetic

20 wave. Its Babinet “dual,” the complementary electric LC (CELC) element, functions as
a magnetic dipolar “atom” embedded in a conducting surface and producing a
substantially magnetic response to the magnetic field of an electromagnetic wave.
While specific examples are described herein that deploy CELC elements in various
structures, other embodiments may substitute alternative elements. For example, any

25 substantially planar conducting structure having a substantially electric response to an
in-plane electric field (hereafter referred to as a “E-type element,” the ELC element
being an example thereof) may define a complement structure (hereafter a
“complementary E-type element,” the CELC being an example thereof), which is a
substantially-equivalently-shaped aperture, etching, void, etc. within a conducting

30 surface. The complementary E-type element will have a Babinet-dual response, i.e. a
substantially magnetic response to an in-plane magnetic field. Various E-type

elements (each defining a corresponding complementary E-type element) may



"Broadband gradi ent index optics based on non-resonant netamaterials,”
unpubl i shed; see attached Appendi x), |-shaped or "dog-bone" structures (cf.
R Liu etwal2pi0/@iadband ground- pl ane cl oak," Sci ence 32871/136@9(02009) ),
cross-shaped structures (cf. H -T. Cen et al, previously cited), or any

ot her conducting structures that are sufstantially electrically polarized

I n response to an applied electric field. In various enbodi nents, a

conpl ementary E-type el enment may have a substantially isotropic magnetic

r esponséndladéncgpaiter-iikg BEUtrés ebdpledad o’pp‘ushénf/adﬁeraédi Yospy @&&tihndfggres 1,
magneti c response to in-plane magnetic fields 0027]. Wile an Mtype

el enent 3rdy hﬁvén‘é1§)ub§'t" pthar ee@mpléw yarigtiep drﬁi?gﬁ{@fjl'@ Q- &ghutigest aln sone

ha ,
e e ponseC Tt MeldRgied FEnclt B Hebir beitRiE ABiarharePalihpBL Piife, ©
a smal | duetisﬁﬁc@pﬂi(bﬁ (20(}6)tdmirl)1 HRE. @agmitalCOoespiemtaﬂyrplahasterap@nmaches
th Il h bst
(out Sof rGBteBrsc{obe EXBapaniess ETRRET N plemep s (chR oy Hedinet i
r esponsegtdiaibany gradfent i ﬁc%'b &h nbﬁ%%%&ngﬁt%bwﬁstén%w (e.g. having

a smal |l er susceptibility than ectrlc response. Ssmlarly, while an
E-type elrwbhshemweleaammegmmlx)au shappd anégogbeoet 'structus@s)(rsfeR Lm gbne

hes. -1 | t addi tian out - | a
magnet | iy ELpATRANE B ane SRRt S PEIR TR 450 OBy 2P B8N ST ARS e ¢ han
(e.g. hawiueturas $emH. a7 Cabeeat pRiVibidly théd), or RpyItRét EdkdU@PBIARtulds t hese
approaches, the correspondi ng conplenentary E-type element wll have a

subd® aptth%ﬂar@. substantiglly @é@i@@alw pelapzed &) respensdde @inorplied elactric field. In
tmon ¢ udarBRS Erfttiiehty - aRBRmoaly ERyBe MeRUiTY 0 dls 2 tho ok fly

r espons ésotfdie fagsetie resmmbemhsmanevnal@w@tioxwegmmsabgtantnanyeahmtrbgloone
or nore boundj ng conduct | nglpsurfaces t enbed conpl enentary el enents such

as thosé& 1G éﬂoﬁ%m toRlppe magnetgl Sﬁi de context, quantitative
assignment of quantitiestypically associated with volunetric material s-such

raver nSLZEIT L, PSVELS S0 BRIRER o AT S AUnLBLLRSE Dee et
pat 12r néelspange, imeomeranpsaaches gndditype atessent may additionally have an (in-plane)
electric response that is also substantial but of lesser magnitude than (e.g. having a
smaller susceptibility than) the magnetic response. In these approaches, the
corresponding complementary M-type element will have a substantial (out-of-plane)
electric response, and additionally an (in-plane) magnetic response that is also
20 substantial but of lesser magnitude than (e.g. having a smaller susceptibility than) the
electric response. Similarly, while an E-type element may have a substantial (in-
plane) electric response, in some approaches an E-type element may additionally
have an (out-of-plane) magnetic response that is also substantial but of lesser
magnitude than (e.g. having a smaller susceptibility than) the electric response. In
25 these approaches, the corresponding complementary E-type element will have a
substantial (in-plane) magnetic response, and additionally an (out-of-plane) electric
response that is also substantial but of lesser magnitude than (e.g. having a smaller
susceptibility than) the magnetic response.

[0028] Some embodiments provide a waveguide structure having one or more
30 bounding conducting surfaces that embed complementary elements such as those

described previously. In a waveguide context, quantitative assignment of quantities



For exanple, one or nore conplenentary Mtype el enents such as CSRRs,
patterned in one or nore bounding surfaces of a wavegui de structure, may be
char act erwpeditzritsavi ng an effective electric permttiviPCy/usadoonet’e2 t he
effective permttivity can exhibit both | arge positive and negative val ues,
as well as val ues between zero and unitry? I ncl usi ve. Devices can be

devel oped based at | east partially on tHe range of properties exhibited by

the Mtype elenments, as will be described. The nunerical and experi nent al
t echni qugsically Gissotiated Withl volurkeid iiateriis-GueRs thiecelvetric-puraitioker | zed.
[0029] Alternatively or additionally, in sonme_ enbodi nents conpl enentary

Et ype em%mt& RefEnabilityEIafACtiNG 1Rdh @t Wae impedenestanay badelinedifer t he

same na ‘9’5@9

char act r| zed as an e%?ﬂgﬁgg&r'[rggﬁégs?aper rrea%/ﬁp Iﬁ(}?{%[ﬁrﬁﬁe%@m g rr'i]?g"res
E-type dorrexansplehoise camaretoonplebantartydviggpe eterments suuh a=GSRRe, val ues of
t he ffec i ve perneabi | itré(gas wel |l as efffectlve erneabilities that vary

bet ENedhip one £f MIrEAQYEARg By Pl vaVROYIGE SEYELR-dNAY 8BSl parts

are ge”%'h%'rédtefnfé&éE%VFrfb AR eFfBétnﬂé‘é@bt Eb@rraﬁmmtyt s rﬁ’@tb”tﬁé bifédiieand
pernmeability for both the conplenentary type and conpl enmentary Mtype

st r uct ureesMIitgxitepan mbtbai kdhtlarge phsitive @sd oepative yalugs, shavell avalpparent to
use bath types ,of onat

Pt e enerh et Snd ok RN cbVicb¥ Rabafd - fgPEn BadefiHl Wastaartialy
condi ti @m tﬁ@ﬁahge@ﬁ'@lr@p@rdes ieXB bty theddttype dlertheAts, iasavill ededdibied.

permtt|V|ty and perneability |less than zero), al | owi ng consi derabl e

confPol Threnumareal Fibpsrrrimagtal FﬁQﬁUr‘@ﬂPQS"It@S@mmWQjY gakeribis assigpment sone

enbodi rr%rp%%éne%é}ée rdgqef fective constitutive parameters substantially
correspondin ransformatlon optical medium (as according to the

nmet hod of transformatlon optics, e.g. as described in J. Pendry et al,
"El ectr §0@29)t i c Altkatieelyer additionallg. inRanes emioaimiots ddrhéféiﬁét&)ary EOOSO]

o emant /5% et siRBEs GELGS, intitensa TG AU ok Sruchasnane seMeal 1 y
all of wf@ﬂavasc@ésérrwdm haea adﬁggnéhé?é%d@é that Aaye hé%t%fﬁf&ﬁa@'—“

TLs haveanal ogs in the wavegui di ng amaterial structures escrl ere.
Mos15 r e @ergffective magnetic permeability. The complementary E-type elements thus can

exhibit both large positive and negative values of the effective permeability, as well as
effective permeabilities that vary between zero and unity, inclusive. (throughout this
disclosure, real parts are generally referred to in the descriptions of the permittivity
and permeability for both the complementary E-type and complementary M-type

20  structures, except where context dictates otherwise as shall be apparent to one of skill
in the art) Because both types of resonators can be implemented in the waveguide
context, virtually any effective material condition can be achieved, including negative
refractive index (both permittivity and permeability less than zero), allowing
considerable control over waves propagating through these structures. For example,

25 some embodiments may provide effective constitutive parameters substantially
corresponding to a transformation optical medium (as according to the method of
transformation optics, e.g. as described in J. Pendry et al, “Electromagnetic cloaking
method,” U.S. Patent App. No. 11/459728).

[0030] Using a variety of combinations of the complementary E- and/or M-type
30 elements, a wide variety of devices can be formed. For example, virtually all of the

devices that have been demonstrated by Caloz and Itoh using CRLH TLs have



Si | verei nha and Engheta proposed an interesting coupler based on creating a
region in which the effective refractive index (or propagation constant) is
nearly zewo0200/0EE)3s The equi val ent of such a nmedi um canPb@/use@aed7by t he
patterning of conplenentary E- and/or Mtype elenments into the bounding
surfaces of a waveguide structure. The f@gures show and descri be exenpl ary
illustrative non-limting realizations of the zero index coupler and other
devices with the use of patterned wavegui des and several depictions as to
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associ ated exenplary plots of the effective index, wave i npedance,

per ni t t iindepycauplerpandretisirideviceswiith éhe Hee gé pattengdewavegideh@ng saveyala

singl e el . Ot he r caches..nrovi d luralit f el enent s
Cor ot nSEPLifE Aadhingst SReriRAY AERCRIRE Srif ety s e B &S o  aces

of a wavegui de structure. [0033] Figure 3 shows an exenplary illustrative
non-1i mM[oo3t] wave-Figurdet shdowe cnugxemplany blastratbaRoadinifihh Walesguided (e. g.

to provide an effective negative index}JI in which the CSRR and CELC are

pat 1 &r né’&"‘tﬂ'ﬁ'ﬁﬁﬁ@é}’ﬁéc‘sﬂpﬁg%@ BFsPONseARUHCER N GiguresdArT B ahew 3a- 3D

show as ' ty [ | ,
e £ e PR EXABIE ¥ics OF RgRbiectieTnBs; Wil Wpedant® fort TREAT 9R8
si ngl e QElGeabilityentVhile the fdepitteth exadipie shaws ady afsirgledielgliedemeant] athai ngl e

CSRR el enent_ on _a second boundi face,of the wavegui ot her

o oncABBAcs RS HaRE LRy B R AL (SEGet chiPePERt E el Srmeatten: <
di sposediseddnodnd BF Tl Isueess ofF a%é‘@é@ﬂ@é@ﬁuéidré?t ure.[0034] Figure 4
shows an exenplary illustrative non-limting wave-gui ded

15  [0032] Figure 2 shows an exemplary illustrative non-limiting wave-guided
complementary SRR (electric response) structure, and Figures 2A-2D show
associated exemplary plots of the effective index, wave impedance, permittivity and
permeability. While the depicted example shows only a single CSRR element, other
approaches provide a plurality of CSRR elements (or other complementary M-type)

20 elements disposed on one or more surfaces of a waveguide structure.

[0033] Figure 3 shows an exemplary illustrative non-limiting wave-guided
structure with both CSRR and CELC elements (e.g. to provide an effective negative
index) in which the CSRR and CELC are patterned on opposite surfaces of a planar
waveguide, and Figures 3A-3D show associated exemplary plots of the effective

25 index, wave impedance, permittivity and permeability. While the depicted example
shows only a single CELC element on a first bounding surface of a waveguide and a
single CSRR element on a second bounding surface of the waveguide, other
approaches provide a plurality of complementary E- and/or M-type elements disposed

on one or more surfaces of a waveguide structure.



structure with both CSRR and CELC el enents (e.g. to provide an effective
negative index) in which the CSRR and CELC are patterned on the sane
surface ovoaoplenss wavegui de, and Fi gures 4A-4D show agsoaiSataogienpl ary
plots of the effective index, wave inpedance, permttivity and
perneability. Wile the depicted exanpl g,shows only a single CELC el enent
and a single CSRR el enent on a first bounding surface of a wavegui de, ot her
approaches provide a plurality of conplenentary Eand/ or Mtype el enents

di sposed0084pne orFug@ﬁe@t%hbmcmeﬁémplamwmuad@e sibhtlirhiting wé\ﬂﬁgﬁﬂdeal gure 5
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non-limting mtcro-strip line structure with both CSRR and CELC el enents
(e.g. toudaceioi@ wavegideother appendohesipidwdy a pludality gficempdementasy dw

or i t {111 AaPE elerBeBie diehosaihe RonEry e SRt es Bl e b e S
si ngl e CSRR eI enment and two CELC el enents on the ground plane of a

M crost r0P35] r uct WRigureos BROWBRAT exanpRarpillstrativé nphuinaiting YniegfostAppl enent ary
E- and/or M type el enents di sposed on one or _both of the strip portion of

t he 1Ri creoMplepestarny &L étraet%ea@ql Eumeﬁ PAneD show assasiatedeexanoplgsy plogs
struct ur@nd @ﬁéét]vtha &%Zvé'rhgéaéﬁ& Hﬁ%ﬁﬁaﬂa g'é rgéBB I T @WhiRSt 2D
a vegul de str

wavegui de structure. I'n' sone approac icture may have
boundi nglepictédezampe ghoWb@nlgpaesnngied:ElcﬂZ\mIemenad)n thexgesurdkplaoceesf @ n Fi gure

7) that it d d/ | nt 1
ol o fcfshi SEHART . OlTar ARRRO SRR Vi a pisieRly St tlE LRt SR meori ng.
or di Sproﬁi;ﬂ@m@ﬂfﬁr&@ typb@%]‘leﬁﬁ; @ngmh%n%for%&ﬁ'cﬁ e §ﬂ'ﬁ5 ﬁ@ﬁi’b‘nr&’théhe

CSRR structure of are
15  microstrip structure or the ground plane portion of the microstrip structure.

[0036] Figure 6 shows an exemplary illustrative non-limiting micro-strip line
structure with both CSRR and CELC elements (e.g. to provide an effective negative
index), and Figures 6A-6D show associated exemplary plots of the effective index,
wave impedance, permittivity and permeability. While the depicted example shows

20 only a single CSRR element and two CELC elements on the ground plane of a
microstrip structure, other approaches provide a plurality of complementary E- and/or
M-type elements disposed on one or both of the strip portion of the microstrip
structure or the ground plane portion of the microstrip structure.

[0037] Figure 7 illustrates the use of a CSRR array as a 2D waveguide

25 structure. In some approaches a 2D waveguide structure may have bounding
surfaces (e.g. the upper and lower metal places depicted in Figure 7) that are
patterned with complementary E- and/or M-type elements to implement functionality

such as impedance matching, gradient engineering, or dispersion control.

[0038] As an example of gradient engineering, the CSRR structure of Figure
30 7has been utilized to form both gradient index beam-steering and beam-focusing



7has been utilized to formboth gradi ent index beam steering and
beam f ocusi ngstructures. Figure 8-1 illustrates a single exenplary CSRR and
the retriwoediopermsttivity and perneability correspondi RTIUS2600@0423RR (i n

t he wavegui de geonetry). By changing paraneters within the CSRR design (in
this case a curvature of each bend of tl'l1$ CSRR), the index and/or the

| npedance can be tuned, as shown in Figure 8-2. [0039] A CSRR structure

| aid out as shown in Figure 7, with a substantially linear gradient of

refr act isiicturdex Figoressed ilstged aesu@@ﬁé@@nqﬂaw @BRREBAd the réthievedci dent
gui ded beam produces an exit beam Is steered to an angle different

fromt haer@nttlméan%@ﬁa@ﬁ@bwaamrrﬁrgmc&n@iqt%@@ﬁ%ki@ﬁﬁﬁmﬂ%wmagmt%ken
h
on a 2Dg a{:@%&@ﬂ%g .rP r?é“ééﬁﬁ\é%gfan% fsa! er§n‘fdr°§“‘%r°l"%%e The

field m een descri bed™ n consi tail 1nthe
literat lheeud[cB thd CSIBRD |the mdex dndMdp e irhpedamce dan beguned, aPshSahtiniFigure.
R Smt Spat ial mapping of the internal and external electronmagnetic
fiel®s negat ive index nmetamaterials,"” Optics Express, vol. 14, p. 8694

(2006)]. Likew se, inplementing a parabolic refractive index gradi ent al ong

the dirg¢gosopn tranaAvesRrR sttudtire !a"thG?Q& sheam |W'F|§ur@z 4 hﬁlt@@ﬁb@lérﬁklly
produces a focusing lens, e.g. as shown in Figure 9-2. generally, a

t r ansvedipear gw&terpirqffrefrecwmmdes imposad aaI@ngdhetdmeﬁtlprpérra@wem terthe

i gur e 9oPhtauBEE e roaTes 4T R PEb it Sitsrel 16 Anngi € lfrE i,
profil e thdtedf the ivcigemvsaarhUiRigurero-i eHoobxemplarpfieRy datethkeh lon #r0vi de a
negati ve focusing effect (correspondi nggto a negative focal length, e.g. to

recé@velraplﬁsnen oe @f therplanaa Wwaveayide mrsﬁeegn@.@trﬂéw Ther fig] ;m%raaﬁ@s
wher ein eé(}ﬁ%g{%&g Vg”éé@n%&rﬁ%ﬂb%or?gyﬂégg% tHi§ r?‘FH ntggaita@tgu %ﬁ@”ﬁ“ts

(as dISCU S odiment's e an us
el ect r oaiioatki, &. Guoc N, @egirengD. Bcharig) BeR. rBJnltbe‘:Spahatnﬁaptpg;g of the)lntéraal i's

may be 200 e SlgsTomaee Tk o PpoeivendesdeBr et F e DOICaRaPESS: a
second o6 Fapet SPUGOIPLIRISE) IS ehing dagBoR reFRaeantk FRtent
shoWm i mlcngythecdireidion trarsyepse teethe ingident bphemwithini thet CSRR affray isodiRiaSsai s
focusing lens, e.g. as shown in Figure 9-2. More generally, a transverse index profile
that is a concave function (parabolic or otherwise) will provide a positive focusing
effect, such as depicted in Figure 9-2 (corresponding to a positive focal length); a
transverse index profile that is a convex function (parabolic or otherwise) will provide a
20 negative focusing effect (corresponding to a negative focal length, e.g. to receive a
collimated beam and transmit a diverging beam). For approaches wherein the
metamaterial elements include adjustable metamaterial elements (as discussed
below), embodiments may provide an apparatus having an electromagnetic function
(e.g. beam steering, beam focusing, etc.) that is correspondingly adjustable. Thus, for
25 example, a beam steering apparatus may be adjusted to provide at least first and
second deflection angles; a beam focusing apparatus may be adjusted to provide at
least first and second focal lengths, etc. An example of a 2D medium formed with
CELCs is shown in Figures 10-1, 10-2. Here, an in-plane anisotropy of the CELCs is
used to form an ‘indefinite medium,’ in which a first in-plane component of the
30 permeability is negative while another in-plane component is positive. Such a
medium produces a partial refocusing of waves from a line source, as shown in the

experimentally obtained field map of Figure 10-2. The focusing properties of a bulk



used to forman 'indefinite nmedium' in which a first in-plane conponent of
the perneability is negative while another in-plane conponent is positive.
Such a nasioumoprotaces a partial refocusing of waves frecTraskem@osour ce, as
shown in the experinentally obtained field map of Figure 10-2. The focusing
properties of a bul kindefinite nmedium h?%(e previ ousl y been reported [D. R
Smith, D. Schurig, J. J. Mck, P. Kolink P. Rye, "Partial focusing of
radiation by a slab of indefinite nedia," Applied Physics Letters, vol. 84,

p. 2244 ifdsrite] mediuen e¥pE prevEb LSy Henrepbrteli[D. fRetSmith,f D I8eksriy,al. IJdM@;kt he
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structure for an arr atch ant ennas he exenmpl ar nmbodi ment of
Fi guP es PEIRPredyRad W hzg/opfl'n%t %Qif‘!ﬁqt'ﬁé‘?litfye'WJ'PW@%&%&Q@W%\”@ ngl e
source that then drive an array of patch antennas. This type of antenna
confi gureda®n i s VRIHig dﬁa@m 4%Hdhq -54 %K}e!t;ﬁi@% -I5458d GreiértqRdex Striibiue

exenpl ary enbodi nent, t e wavegui de netanalerial provides an effective
gr adi ent(e|gnbe>anlgebm1n;darhpandugﬂoammatvm}e@emdmplwemWHE ans/on¥-typee can be

ener at nt-. sour tjoned on the foca | ane of the gradient
Do | S, BRI EiGBE T ol TR %P Bikaigtat A 068 sRURMER Ry 4853V 25, °The
Rot man |pafsh anfepinag, Irothe @@mmbqp@mmbtmehﬁoffragdrésm Pai éﬁdS 1912, tRe féasal

pl ane of the gradient index netamaterial |ens and connect antenna el enent s

to Me strupture spllimategavangsi flema singlaiseurgs thabihen driviel g eray of patchrr om

el | Knoiflipld P HESE ¥ ahRErRARRHHISH R1GS) REIVESR ERHLANFRAR W !

depend on | 3nor ource hased-array beam

form ng coaﬁgmhx@tmrrplrﬂhwewnplérg enhebddimant, Stha Wa\tdgmldmmetallmmmw pgroeides ends
froma line source driving the ﬁl‘adl ent i ndex &ﬁanar vvave UI de net amat erl al
at the FHEGHVe pradient ingex fens WEin aalad@r wayeouRe. oy WhEh &e@ﬁpmve ea be

For uhi SR el BB R SR o Po e fac e o R S UBRIFRRISIES < he
| och® i omsdllustrated dbydhedfaediimg points”otrnEiguag ol 621c ResthehBotmae ueas@msena,
differ e%gsca%rp aggtrﬁﬂl%lréefgeg%g points on the focal plane of the gradient index
metamaterial lens and connect antenna elements to the output of the waveguide
structure as shown in Figure 11-1. From well known optics theory, the phase
difference between each antenna will depend on the feed position of the source, so
20 that phased-array beam forming can be implemented. Figure 11-2 is a field map,
showing the fields from a line source driving the gradient index planar waveguide
metamaterial at the focus, resulting in a collimated beam. While the exemplary feed
structure of Figures 11-1 and 11-2 depicts a Rotman-lens type configuration for which
the antenna phase differences are substantially determined by the location of the
25 feeding point, in other approaches the antenna phase differences are determined by
fixing the feeding point and adjusting the electromagnetic properties (and therefore the
phase propagation characteristics of) the gradient index lens (e.g. by deploying
adjustable metamaterial elements, as discussed below), while other embodiments
may combine both approaches (i.e. adjustment of both the feeding point position and

30 the lens parameters to cumulatively achieve the desired antenna phase differences).



fixing the feeding point and adjusting the electromagnetic properties (and
therefore the phase propagation characteristics of) the gradient index |ens
(e.g. by wepboyiznp6ad] ust abl e nmetamateri al el ements, asPpdrasa@sat47bel ow) ,
whi | e ot her enbodi ments nmay conbi ne both approaches (i.e. adjustnent of
both the feeding point position and the éens paranmeters to cunul atively
achi eve the desired antenna phase diffe? nces).[0041] In sone approaches, a
wavegui de structure having an input port or input region for receiving
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where turning an arrangement of one species of element adjusts both an effective
refractive and an effective wave impedance according to a fixed correspondence,
such as depicted in Figure 8-2), while in other approaches the wave impedance may

20 be varied substantially independently of the refractive index (e.g. by deploying both
complementary E- and M-type elements and independently turning the arrangements
of the two species of elements to correspondingly independently tune the effective

refractive index and the effective wave impedance).

[0042] While exemplary embodiments provide spatial arrangements of

25 complementary metamaterial elements having varied geometrical parameters (such
as a length, thickness, curvature radius, or unit cell dimension) and correspondingly
varied individual electromagnetic responses (e.g. as depicted in Figure 8-2), in other
embodiments other physical parameters of the complementary metamaterial elements
are varied (alternatively or additionally to varying the geometrical parameters) to

30 provide the varied individual electromagnetic responses. For example, embodiments
may include complementary metamaterial elements (such as CSRRs or CELCs) that

are the complements of original metamaterial elements that include capacitive gaps,



conplenentary netamaterial elenents having varied geonetrical paraneters
(such as a length, thickness, curvature radius, or unit cell dinension) and
corresporiDregioyo2vesi ed | ndi vi dual el ectronagneti c r espomSEAISC@IH047a%
depicted in Figure 8-2), in other enbodi ments ot her physical paraneters of
t he conpl enentary netamateri al elenents1§re varied (alternatively or
additionally to varying the geonetrical paraneters) to provide the varied

i ndi vi dual el ectromagnetic responses. For exanple, enbodi nents may incl ude
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conpl endhe gepiemaniane elemesisdnantbe. parpmatarzed by yaged dadiyatroees pfthe
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i ncl ude maginetudeecarhplemdritananétainaterzielanentsgsichasd8RRs ¢l CELCSsthat may
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length), the complementary elements may be parameterized by varied capacitances
of the complementary metamaterial elements. Moreover, a substantially planar
metamaterial element may have its capacitance and/or inductance augmented by the

20 attachment of a lumped capacitor or inductor. In some approaches, the varied

physical parameters (such as geometrical parameters, capacitances, inductances) are
determined according to a regression analysis relating electromagnetic responses to
the varied physical parameters (c.f. the regression curves in Figure 8-2)

[0043] In some embodiments the complementary metamaterial elements are

25 adjustable elements, having adjustable physical parameters corresponding to
adjustable individual electromagnetic responses of the elements. For example,
embodiments may include complementary elements (such as CSRRs) having
adjustable capacitances (e.g. by adding varactor diodes between the internal and
external metallic regions of the CSRRs, as in A. Velez and J. Bonarche, “Varactor-

30 loaded complementary split ring resonators (VLCSRR) and their application to tunable
metamaterial transmission lines,” IEEE Microw. Wireless Compon. Lett. 18, 28
(2008)). In another approach, for waveguide embodiments having an upper and a



determ ned according to a regression analysis relating el ectromagnetic
responses to the varied physical paraneters (c.f. the regression curves in
Fi gure 8-wp 2p0028i361 n sone enbodi nents the conpl enent ar PCRAIS200Q04772

el enents are adjustable el enents, having adjustabl e physical paraneters
correspondi ng to adjustabl e individual qhectronagnetic responses of the

el enents. For exanple, enbodinents may include conplenentary el enents (such
as CSRRs) havi ng adj ustabl e capacitances (e.g. by addi ng varactor diodes

bet ween |oWer covicuidior (eagida stripeandila greuatplang)agitivas infervdrangdiitectrias in A
Vel ez and J. Bonarche, "Varactorl| oaded conpl errentqagrqy S,R| Lt ring resonators
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a bias voltage between the two conductors. 1n yet another approach, a
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to cause photodoping). In yet another apg)roach, a magnetic layer (e.g. of a

f er 10 na@hétferinagnelic entaginspagnetia @atenal) may br resitiphed fdipcamtieant to a
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embodiments with adjustable elements may employ a regression analysis relating
electromagnetic responses to adjustable physical parameters that substantially

correlate with the electromagnetic responses.

20 [0044] In some embodiments with adjustable elements having adjustable
physical parameters, the adjustable physical parameters may be adjustable in
response to one or more external inputs, such as voltage inputs (e.g. bias voltages for
active elements), current inputs (e.g. direct injection of charge carriers into active
elements), optical inputs (e.g. illumination of a photoactive material), or field inputs

25 (e.g. bias electric/magnetic fields for approaches that include
ferroelectrics/ferromagnets). Accordingly, some embodiments provide methods that
include determining respective values of adjustable physical parameters (e.g. by a
regression analysis), then providing one or more control inputs corresponding to the
determined respective values. Other embodiments provide adaptive or adjustable

30 systems that incorporate a control unit having circuitry configured to determine

respective values of adjustable physical parameters (e.g. by a regression analysis)



correlate with the el ectromagnetic responses. [0044] In sone enbodi nents

w th adjustabl e el enents having adj ustabl e physical paraneters, the

adj ust ablwopbygizesb paraneters may be adjustabl e in respomds2409/064782 Or NOr e
external inputs, such as voltage inputs (e.g. bias voltages for active

el enents), current inputs (e.g. direct JI?j ection of charge carriers into
active elenents), optical inputs (e.g. illumnation of a photoactive
material), or field inputs (e.g. bias electric/mgnetic fields for
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paraneters (including adjustable physical paranet ersé, or enbodi nents
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narr ow band responses to el ectromagnetic radiation (e.g. for frequencies in
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" 65 pons K& eRSUBMATENIAIAIOR (Pt TEAUsEcES 1 8 ViiRtyALARS S8 dBst anti al Iy
I ess t hpgsorfameetffdiucticies 6 that@mpleaientary welfhaietRI elements), other
15 embodiments provide substantially broad-band responses to electromagnetic radiation
(e.g. for frequencies substantially less than, substantially greater than, or otherwise
substantially different than one or more resonance frequencies of the complementary
metamaterial elements). For example, embodiments may deploy the Babinet
complements of broadband metamaterial elements such as those described in R. Liu
20 et al, "“Broadband gradient index optics based on non-resonant metamaterials,”
unpublished; see attached Appendix) and/or in R. Liu et al, “Broadband ground-plane
cloak,” Science 323, 366 (2009)).

[0047] While the preceding exemplary embodiments are planar embodiments
that are substantially two-dimensional, other embodiments may deploy

25 complementary metamaterial elements in substantially non-planar configurations,
and/or in substantially three-dimensional configurations. For example, embodiments
may provide a substantially three-dimensional stack of layers, each layer having a
conducting surface with embedded complementary metamaterial elements.
Alternatively or additionally, the complementary metamaterial elements may be

30 embedded in conducting surfaces that are substantially non-planar (e.g. cylinders,

spheres, etc.). For example, an apparatus may include a curved conducting surface



substantially different than one or nore resonance frequencies of the
conplenentary netamaterial elenents). For exanple, enbodi nents may depl oy
t he Babi w0 20ompi'BAent s of broadband netanmaterial el emreRCI/Usa@a/0e4772 hose

described in R Liu et al, "Broadband gradi ent index optics based on
non-resonant netamaterials,” unpubli she?j' see attached Appendi x) and/or in
R Liu et al, "Broadband ground-pl ane c %ak," Sci ence 323, 366 (2009)).

[0047] While the precedi ng exenpl ary enbodi ments are planar enbodi nents

that ar gosalpiiranity thbreof) tat dinfbets coraplensdritary eistasiataridl elemgnidephdithe
conpl enment ae{% metanmateri al el enments in substantially no_n-é)l anar
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t hat ° ar OPS{RINGLIeAUeNSY HheARRRAUSe g. cylinders, spheres, etc.). For
exanpl e, an apparatus may include a curved conducting surface(or a
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i nformat'i on 'sources cited above are hereby 1 ncorporated in their entirety
by r ef eirmorporatedCinthginentikatyalpy tefarance. conpri si ng: a conducting surface
having a plurality of individual electromagnetic



responses corresponding to respective apertures within the conducting
surface, the plurality of individual electromagnetic responses providing an
ef fecti vewpenmaaisbity in a direction1ﬁhrallel to the ceaamskemgosazface.

2. The apparatus of claim1l, wherein the effective perneability is
substashkq#l nfero: 3. The apparatus of claim1, wherein the effective

per meabi M bxi substantially |less than zero. 4 . The apparatus of claim1,
wherein the effective perneability in the direction parallel to the
conducti ng slurAaapphratasfceamprisingecti ve perneability in a first direction

arallel to the conducting surface, and the plurali of respective
Pndi vi dual & %‘H’i‘ﬁ’&ﬁ'ﬁ@ﬁé’ﬁ er*@é’ﬂéﬂ@&“'@ﬁmqﬁfépgw%l@L%Ct%?@%%% effective
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effectiir\]/e erﬁgabilili . & The a(ﬁﬁarat s of claim4 , wherein the first
ef fect V& cﬁ'@rc 9Rare %t? &HBYUHNGSYNAGR f ferent than the second effective
perneabi | ity The 2pgarRiabRERIMOS, Vet fhe dItREberiReabillty is Shbstahtiag

perneability is greater than zero, and the second effective perneability is
| ess t#¥&O.zero. 8. The apparatus of claim1l, wherein the conducting surface

i s a boundi f ui de ruct ure,. fecli :
per meabi |1t y1 0 APERERe P AREH tferBl el efictun Bkerhisdufty REStTaniatya,
propagaéss thahsteappt i al |y within the wavegui de structure. 9. An appar at us,
conprising: one or nore conducting surfaces having a plurality of
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subst amparalldl Yo thessonduatingrsuefacal and the plurabty ofrespectivet individuatpr i si ng:
electromagnetic responses further provides a second effective permeability in a
second direction parallel to the conducting surface and perpendicular to the first
direction.

5. The apparatus of claim 4, wherein the first effective permeability is
substantially equal to the second effective permeability.

6. The apparatus of claim 4, wherein the first effective permeability is
substantially different than the second effective permeability.

7. The apparatus of claim 6, wherein the first effective permeability is greater
than zero, and the second effective permeability is less than zero.

8. The apparatus of claim 1, wherein the conducting surface is a bounding
surface of a waveguide structure, and the effective permeability is an effective
permeability for electromagnetic waves that propagate substantially within the
waveguide structure.

9. An apparatus, comprising:

one or more conducting surfaces having a plurality of individual
electromagnetic responses corresponding to respective apertures within the one or
more conducting surfaces, the plurality of individual electromagnetic responses
providing an effective refractive index that is substantially less than or equal to zero.



one or nore conducting surfaces having a plurality of individual

el ectromagneti c responses correspondi to respective apertures within the
one or nowe 2mdutsti ng surfaces, the &%ural ity of indiviPdmaiS2009/004772

el ectromagneti c responses providing a spatially-varying effective

refractive '13)%5%3%}?}3@1{[]% &Rﬂﬁﬁ% s of claim 10, wherein the one or nore
r né o

conducting s e boundi ng surfaces of a wavegui de

structure, amé érhmordadhdldtingasufai@seidveeg b\uradity etindividuaidex is a
spatially-varying effective refractive index for electromagnetic waves t hat
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15. The apparatus of claim 14, wherein the plurality of respective individual
electromagnetic responses further provides an effective wave impedance that
gradiently approaches the input port impedance at the input port.

16. The apparatus of claim 13, wherein the waveguide structure defines an
output port for transmitting output electromagnetic energy.

17. The apparatus of claim 16, wherein the output port defines an output port
impedance for substantial nonreflection of output electromagnetic energy.

18. The apparatus of claim 16, wherein the plurality of respective individual
electromagnetic responses further provides an effective wave impedance that
gradiently approaches the output port impedance at the output port.

19. The apparatus of claim 16, wherein the waveguide structure is responsive
to a substantially collimated beam of input electromagnetic energy defining an input
beam direction to provide a substantially collimated beam of output electromagnetic
energy defining an output beam direction substantially different than the input beam
direction.

20. The apparatus of claim 19, wherein the waveguide structure defines an
axial direction directed from the input port to the output port, and the spatially-varying
effective refractive index includes, intermediate the input port and the output port, a
substantially linear gradient along a direction perpendicular to the axial direction.



direction. 20. The apparatus of claim19, wherein the waveguide structure

defines an axial direction directed fr(%mthe | nput port to the output port,
and t he sweatoaldzyzéaryi ng effective réfiractive index i neCuasggoviont7er medi at e
the input port and the output port, a substantially |inear gradient along a

16, “wher oi h el obbfatkS of PRuR e Wrerb s Vrdhigd SFuEBE IS e ™
col |'i ma¢ acsubstantizillyicoflithatedassam Bhgiit iefectiPhgyndtic onengyde mosidesy anti al |y
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beam of output ‘el ectromagnetic en e apparatus of claim?2
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axial direction. 25. T aratus of claim 16, further conprising: one or
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one or more patch antennas coupled to the output port.
26. The apparatus of claim 25, further comprising:
one or more electromagnetic emitters coupled to the input port.
27. The apparatus of claim 16, further comprising:
one or more electromagnetic receivers coupled to the input port.
28. An apparatus, comprising:
one or more conducting surfaces having a plurality of adjustable individual
electromagnetic responses corresponding to respective apertures within the one or
more conducting surfaces, the plurality of adjustable individual electromagnetic
responses providing one or more adjustable effective medium parameters.
29. The apparatus of claim 26, wherein the one or more adjustable effective
medium parameters includes an adjustable effective permittivity.
30. The apparatus of claim 26, wherein the one or more adjustable effective
medium parameters includes an adjustable effective permeability.
31. The apparatus of claim 26, wherein the one or more adjustable effective
medium parameters includes an adjustable effective refractive index.
32. The apparatus of claim 26, wherein the one or more adjustable effective

medium parameters includes an adjustable effective wave impedance.



responses providing one or nore adjustable effective nedium paraneters. 29.
The apparatus of claim 26, wherein thg one or nore adjustable effective
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apparatus of claim 26, wherein the one or nore adjustable effective nmedium
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38. The method of claim 37, further comprising:

milling the plurality of apertures in the one or more conducting surfaces.

39. The method of claim 37, wherein the determining respective physical
parameters includes determining according to one of a regression analysis and a
lookup table.

40. A method, comprising:

selecting an electromagnetic function; and

determining respective physical parameters for a plurality of apertures
positionable in one or more conducting surfaces to provide the electromagnetic
function as an effective medium response.

41. The method of claim 40, wherein the electromagnetic function is a
waveguide beam-steering function.

42. The method of claim 41, wherein the waveguide beam-steering function
defines a beam deflection angle, and the selecting of the waveguide beam-steering
function includes a selecting of the beam deflection angle.

43. The method of claim 40, wherein the electromagnetic function is a
waveguide beam-focusing function.

44. The method of claim 43, wherein the waveguide beam-focusing function
defines a focal length, and the selecting of the waveguide beam-focusing function

includes a selecting of the focal length.



sel ecting an el ectromagnetic function; and determ ning respective physi cal
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function. 46 FEPHOECBPIIENGt m 40, wherein the deternining respective
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parameters are functions of one or more control inputs, and the method includes:
providing the one or more control inputs corresponding to the determined
respective values of the respective adjustable physical parameters.
49. The method of claim 47, wherein the determining includes determining
according to one of a regression analysis and a lookup table.
50. A method, comprising:
selecting an electromagnetic function; and
for one or more conducting surfaces having a plurality of apertures with
respective adjustable physical parameters, determining respective values of the
respective adjustable physical parameters to provide the electromagnetic function as
an effective medium response.
51. The method of claim 50, wherein the respective adjustable physical
parameters are functions of one or more control inputs, and the method includes:
providing the one or more control inputs corresponding to the determined
respective values of the respective adjustable physical parameters.
52. The method of claim 50, wherein the determining includes determining
according to one of a regression analysis and a lookup table.
53. A method, comprising:
delivering electromagnetic energy to an input port of a waveguide structure to

produce an effective medium response within the waveguide structure, where the



respective values of the respective adjustable physical paraneters. 49. The
nmet hod of claim47, wherein the deterg ning i ncludes determ ning accordi ng
to one ofwewwgnressi on anal ysis and a 4'ookup tabl e. 50. PATrESROVOM)4772
conprising: selecting an el ectronmagnetic function; and for one or nore
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r espectoouddaty ceridubtersdfithe wadvegaidesirestard.0 provi de the el ectromagnetic
function as an effective mediumresponse. 5 1. The nmethod of claim 50,
wherein the respective adjustable physical paraneters are functions of one
or nore control inputs, and the nethod includes: providing the one or nore
control inputs corresponding to the determ ned respective val ues of the
respective adjustabl e physical parameters. 52. The nethod of clai m50,
wherein the determ ning includes determ ning according to one of a
regression analysis and a | ookup table. 53. A nethod, conprising:
delivering el ectromagnetic energy to an input port of a waveguide structure
to produce an effective nmediumresponse within the wavegui de structure,
where theeffective mediumresponse is a function of a pattern of apertures
in one or nore bounding conductors of the wavegui de structure.



