TI TLE METAMATERI ALS FOR SURFACES AND WAVEGUI DES CROSS- REFERENCES TO RELATED
APPLI CATI ONS )01] This application clains the benefit of priority from
provi si orab 2appl2iati on . 61/091 , 337 filed August 22, PQOR/IS20000047pDr 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 dVETAMATERIAES DRI SISRFACESD ANDMAVESHIDED e

el ectromagneti c responses include negative refraction. Some approaches
provi de surface structures that include patterned netamaterial elenents in
a conducting surface. Sone a roachesTpr ovi de waveF?‘%i de structures that

i ncl ude patterned feRQEI-BEFRERENGER{TO RELMELBAMBEICADMNS ng conducti ng

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

strips, hes, ; f i - 1SS i g

St uct u 8%  IniE ePORCRn SRR holBuRett of Briorty AT AR Ahry
[0008] Aot 6110812837 filedrAugust &2, 28081 ingbeporatdd hereirebgpmefeeened.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 ecSTATRIMENTCREGARBING FERERALLY permittivity,
perneabi lity, refract SRONSQREDRESEARCH QR GEVELOPMENTDY to inpl ement
el ectromagneti c devices such as invisibility cloaks (see, for exanmple, J.
Pendry 3@0% "El ectromagnetic cl oaking nethod,” U S. Patent App. No.

11/ 459728, "“Herei n i ncorporated by reference) and GRIN | enses (see, for
exanple, D. R Smth et al, "Metamaterials,"” U S. Patent Application No.

1/ 658358, herein incorporated by reference). Further, it is possible to
engi neer nmetamaterials to have 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.



negative permttivity and/ or negative perneability, e.g. to provide a
negatively refractive nmediumor an indefinite nmedium(i.e. having

t ensor - i mef2orver3permittivity and/ or perneability; seepcCrars2emangie, D. R
Smth et al, "Indefinite materials,” US. Patent Application No. 10/525191
, herein incorporated by reference). [0Q05] The basic concept of a
"negative index" transm ssion line, forimed by exchanging the shunt

capaci tance for inductance and the series inductance for capacitance, is

shown, fiMetaenatepals.canreBiizetomydiex angvtropiegi arelor gedioNts @f efsttioinagndiie
transm ssion |ine approach to nmetamaterials #as,be,en explored by Itoh and
Cal oz (REraelafa (Ruet a5 LeraltYty: hemerRiity refraciive indexsard mavedmpasiance).ek

ol : . . i onoLine. i .t h a
negat | vareraBg OBl A Ghetd SEVELS SO iR RS Bee k) D)
163 (20emped). BriRay et tl, KEledrdddagrietitdclofking éhethod,"t W sh$tatesi Appl Noes

TL di Cal.oz and |Itoh are based I ng ,the series

| ndubt ardd SR R daieptaine SYoeTereBom AR (RN eReet 60 8T FremplenD.
equi val enifh & d1egéiartateNdRY IRl PuTenBREAIERIONG! 1 /888358 aRsRIANd series
I nduct ance al ways exist, there is always a frequency dependent dual

behavi orinegrperated by refeaencsg v dsunthereittis passibleciovengineenmictamatesialg tebaenci es
d t yhi ¢al d high f ies., For .this reaso Cal oz

and 1t otfeadike PRART R bednBiEhei SRR o 1R SRS ATENEM handec:

TL, or GBirsttiMe mEBRINEBE Hn ThdéfinifeomeiilraYi.é.teaving teHsdrundsrhikapaehittnity and

i nductors, or equivalent circuit elenments, to produce a TL that functions
in dHe ANdarHemeabiily;re-fonexamplepD. RSmik et akt'indesaite anetrsials, kS onal
struct “rlfa?eﬂyAﬁlc%oﬁrl\?o.lfd?@ZS?@p I@feﬁé@%p%?gteﬁltﬁgg?gfe{n%gzs' [0007] Use of
a conplenentary split ri'ng resondtor as a mcrostrip circuit el enent
was proposed in F. Falcone et al., "Babinet principle applied to the design
of nmet ad000Sices arhenteasicreobcept of, d “ridtgadive Redex LtedrismisSidn lines fernie by 97401

The CSR%W&S d rmnﬁtr ted as ' by the

haRino i s

) filt th ] Pri. t
sane gr sUPNAEEBY UL RALE aeaﬁl’r, '”%hﬁ{q%ﬁ?tqe %\%;?%@rsls'ﬁga&%fmgﬁ&éhcy

sel ecti Rpabitdeets Ssed, fon exa ,tihmar,a/oﬂbré%%wbééﬂn@wvhéy RUMEY.).
resonators”, Journal of Optics A. Pure and Applied OQptics, "Volune 7, ISsue
2, pp. Jde-tmamnizsion)ineanpresnh o eetamaterials Masrhasan expleradipy ohrind Gakz

Wth W ] ] ' c (M cer Ve a i «Jech.
L oy PR S0 SEIRAG BRSBTS B el A
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.



patterned elenments in the ground plane of a mcrostrip was explored. These
groups denonstrated the mcrostrip equival ent of a negative index nmedi um
formed uswogo@BRRS6patterned in the ground pl ane and capatiuseae/obt7éaks in

t he upper conductor. This work was extended to coplanar mcrostrip lines as
well. [0008] A split-ring resonator (SR@ substantially responds to an
out - of -pl ane nmagnetic field (i.e. direct'ed along the axis of the SRR). The
conpl ementary SRR (CSRR) , on the other hand, substantially responds to an

out - of - 0e0E] el ectse of & Sothplementahyrsplit ﬂﬁ%%mtbh&@mm aicrobip CSRR
may be regarded as the "Babinet" dual of the SRR and enbodi nents disclosed
herei n FHEURt glemaBt warRRrepesathins drjconr gt Ak BabinelrAnGRjeapniigddo the g as
shaped ' atd o t \ie SR

appl i cal(’:i‘%%%‘r Wéﬁﬁ\&}ﬁtﬁ?g&%%ﬂf?ﬁ%ﬁi@%ngn %'i Fﬁa@&ﬂ ‘ace ’\E/f\ng?ﬁﬁe IlegjbeddedmCSRR
el enent FhesCSRR wadi demonstchted @s 4 filtercinthe egicraktrip tgeoatetreby thghsamea pl anar

i de, mi trip line, etc, ]0QQ9 i | lit-ri t SRRs
subsS an@r Py Sed gud-eRlasiiss efel ABIG nalysis pLieaurtey SIREN Rt UTReS: (ol
appl i catya3eg B NerftoRIEAHEG cbﬁﬁlﬁerﬁféh@rﬁ@bliwmg’ SSIHA STt AURMANGRDBIS A;

electric field. These alternative elenments may lr)e referred to as electric
LC ( ELCPuresndaApplisd BpticeXéolpher 7, Issué i2g ppatiBsrsd3i(20Qpaod &briachp.et al.,

Schurig. al,."Electricetield,. Led resonatorsfor n tive permttivit
oot s ffierBstrie Bafiibdes iR il WAdS Bab SRR B CORRA eSS 1 ¢ L 7
(ELC) r@mamw%mﬁo@n&éw édh.i@ﬁ@hﬁ@ﬁ:@, @.@43‘2905}?¢Tﬁé eebldf CSRRkGs t he
corrgql)ement ary electric LC (CELC) resonator substantiall responds to an

i n- PP anPatiggird elemerds dn thegroomdplpee ¢ & wicrastyippeas eyplomdl these waupset "
dual of : i ' ' ined: CELC
oy GRS WA Gon R SEDRRR BN Reliohe s AR el e

enbedde €3 RRs pattetined imhesgroLiadeplame gnd aapabitivebrepks inthesuppdradunagstoror
perforations of a netal sheet. In sone appl|cations as disclosed herein, a
conduct iTHES WOF% w@s %%m#%ﬂ%%@an%ﬁmraﬁ i%df”%ﬂ%”@“errents is a bounding
conductor for a wavegui de structure such as a planar wavegui de, mcrostrip

line, efegod)0010] ASpR-HARHIHRR I SHRFSASRENIANRpEABS RY af YTRIGHPRARAT Y

electric LC(CELC) netamdterial elenents to provide an effective
per heabimagneticdielddive glifagted alongt theaxis ohtheaRR)s ThebeatnptementaneSRR ect i ve

(rel at | YESREY 2Bl bt TBNa PSSR SapIn8E fo ahBiR IS Bt et o
(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



or additionally, sone enbodi nments disclosed herein enploy conpl enentary
split-ringresonator (CSRR) netanmaterial elenents to provide an effective
perm ttiwoyofoar1pbanar wavegui de structures. |n vari ougCerdsoaometrs t he
effective (relative) permttivity nay be greater then one, |ess than one
but greater than zero, or less than zer g [001 1] Exenplary non-limting
features of various enbodi nents include:” Structures for which an effective
permttivity, perneability, or refractive index is near zero Structures for

whi ch armbddmientedizgelosetitiareinymalyantiadBiCELQ reSondtef ERPhéMS (BtEativElylgss
than zero Structures for which an effective permttivity or perneability is

an i ndefﬁdﬂittO@aﬂlé&@rSRR elemgats)einbedded isa cpoducting w@%ﬁe wed ey Ehargdies)
G adi ent, I ring
mpedandl bl K ETnpF, B ngrRiratGAglor AHBIRANCEP N SBTHC Afhiicalioft 25
st r uct urdésclésed Iaertedmrmcmdmtmgtsﬁ'faﬁe wmmmmmrasm andloeIGEvlLCeilenmenm
such_as CELCs and CSRRs to substanti |ndependently conf ure
magnet i ¢S 8 U@F’EIQL ??Qﬁ%‘b’oﬁéé’swal’%%‘ﬂaﬁﬁ RHEIYFe syeh assq planas Gﬂ%‘i‘?‘;w de,
e.g. fOfmd%Hf O%SI npedance mat chi ng, gradi ent engineering, or
di sper si on cont r e of conplenentary netamaterial elenents having
adj ust abl e physical paraneters to provide devices havi ng correspondi ng Lé

a

adj ust alf0@1@ ect r Sameembodingis disclqsedgherein amiployt cqnpt@mmtagy elegtric

beam st Vi C foc am focusi C rface
ot uet ul e ety EaRe ettt 17 BYde ah et ERE bbb Y B o

even hi gheetdresd uﬂn@rms(eensodumédts e effective (fréraﬁde) ?Qﬁnéatsmw rAay be

wavel engt hs) BRI EF DESCRI PTI ON OF THE DRAW NGS [0012] These and ot her

f eal Ur eSreaiar thamanadess ian ope By GreatoR MAmETe: @blﬁ@ﬁéh@ﬂyle[@rdéﬂ@mﬁit}’eby
referriig atdﬂutio*ﬁ%fl)é%Jrﬁé“e’ﬁ%@d‘%ﬁﬂérﬁ?ﬁns@f‘o%‘érd' rre @H@g&%@%&%@ V\gl rLrid"g

illustrative ations I n conjunction W ngs o
[001 3] rEscgwtens(OSRlRDndapmateaathmm ttadrmnﬂmbareﬁfeb&vq petrit{ivigioe tolanar

t F 1 d t t ff
o PO el s thitbas e e SRBa s e BT lreleS RetRItivi Ak

1A-1 D) e 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



[ 0014] Figures 2-2D depict a wave-gui ded conplenentary SRR (el ectric
response) structure (Figure 2) and associated plots of effective

perm ttiwoypiopeiTseabi [ ity, wave inpedance, and refract ipce/tisaaeno{7F2 gur es
2A-2D); [0015] Figures 3-3D depict a wave-guided structure with both CSRR
and CELC el enents (e.g. to provide an effective negative index) (Figure 3)
and associ ated plots of effective perm t5ti vity, perneability, wave

i npedance, and refractive index (Figures 3A-3D); [0016] Figures 4-4D depict

a wave- gui degespdriselUrespaictielyobha €GHBca Y wehleguides reegt for perppsedsoofpr ovi de
an effective negative index) (Figure 4) and assogi ated pl ots of effective
permi ttivityimpedaregmateRing, aradientRNUIRRAI NG, A AISRE'SION GANtIAldex (Fi gur es
4A-4D) ;[ 0017] Figures 5-5D depict a mcrostrip conplenentary ELC structure

(Figure 5), and as i I } b bilal N i ility,
wave i npedance, an rﬁ%?ke\%é?t%@eﬁ{e?%ﬁéh%@BE@%%;%%%%%?E{?F%%?% 6- 6D
are depi ct aphiysicabpanametersict provide dévibes hadiBigrearrespOBdihgly adiystablee. g. to

B ed 1 ve pemiRQiaRaEteshoaes (4.0; tadisl astediaataRer A praR o8 fe dex
(Figures 6A- @@/ice[cgoalﬁicaﬂé}qﬂ? o?a%ﬁrﬁ?éc@é?n%&é%b?ry CSRR array as a 2D

pl anar wavegui de structure; [ 0020] Figure 8-1 depicts retrieved
permttivity and perneability of a CSRR el ement, and Figure 8-2 depicts the
dependences of t he Swiadesstattpresmnd maveguigedstpmtuestihat are eperablg@tdtfri cal

paranmeter of the CSRR el enent:. [0021] Figures 9-.1. - j et fi dat a
for 2D i npl er%'ﬁfoﬂqvﬁngr(?ﬁlepﬁgg'bﬁ[’raﬁ%q %@gﬁdgt%?g@m%é&ﬁgﬂsgér&ﬁggnﬁ é@!aeeri ng
and beamfocw%,@gg cations, respectively; [0022] Figures 10-1 , 10-2
depi ct an exenplary LC array as a 2D pl anar wavegui de structure providing
an indefinite nmedium and [0023] Figures 11-1 , 11-2 depict a wavegui de

based gradi ent index | ens deployed as a feed structure for an array of

pat¢fy ant ennas. DETAI LEBRPBESCR STRINTIONAZF TWE DRAVWNIBSII ment s di scl osed
herei n include "conpl enentary” netanmaterial elenents, which may be regarded

as Babi ?&515]0”})' erﬁ\%tsse aorfd gtrhleglfggthres 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);



metamaterial elenments such as split ring resonators (SRRs) and electric LC
resonators (ELCs). [0025] The SRR el enent functions as an artificial

magnet i ¢ wopoloan173at om " produci ng a substantially nmagneCrawsc@opotise to t he
magnetic field of an el ectromagnetic wave. Its Babinet "dual," the
conplenmentary split ring resonator (CSR@, functions as an electric dipolar
"atont enbedded in a conducting surface “andproduci ng a substantially

el ectric response to the electric field of an el ectromagnetic wave. Wile
speci fi o@xANP! es Fgaredess0 desiche heicrostigicofpnéragntzBRELD stractuse (Pigugs | ous
structures, other enbodi nents may 'substitute alternative el enents. For
exanpl e5) ang assesialed plats pf sffaptive permtiiityngesneakiity: ¥ayaiMmprgdance, and

subst antj ] EC T ns@|y.t 0 an out - of - pl ane magnetic field

(her eaf ?gﬁé#ﬁgg@gggkf@ugégwfﬁpe el enent,” the SRR bei ng an exanpl e
thereof) may define a conplenent structure (hereafter a "conpl enentary
Mtype ¢0@ngint," tRigueSRIR6Rxamegdepicex anptostiiphetracture wilii ladthiGSRR and

substant{al Ly-equi val ently-shaped aperture t ching, id tc. within
condtiot (S SIHERiS e ey eRan Shsiia Gaatbedndio (igdre Bl A Bidtied
Babi net pibt8lof fRBAS Bermitfvityd peHASEBINtY, #dve ifARsddrice, BREREMREEtIVOindBX
out-of -plane electric field.” Various Mtype el'enents (each defining a

cor r espéhigiures 68rPknentary Mtype el enent) may include: the aforenentioned
split ring resonators (including single split ring resonators (SSRRs),

doubl e tdq ring g i § 0, J | tiple
gaps, 00191 Groo FERRETHRRtLs SR n R CRRA A ZR S 2B RndF ol

physi csis@ctir@49), cut-wire-pair elenments (cf. G Dolling et al, Opt. Lett.
30, 3198 (2005)), or any other conducting structures that are substantially

magpet i pol ari.zed (e.qg. .by Farad i ndyction), in re nse t

ool eq 08Il iFigNee & TioBnifts rRlieiies RpEHERLY AR TaEtly 2 S SRR ci

el ectri @iéhBAl, @ihd AHAMR 8-2a85BE he depethdBidfthé Yetfikoed Defmittvapasg to the
electric field of an el ectromagnetic wave. Its Babinet "dual,” the

conpl empermeabiiteen & gearaerical pprasnetes of the GERR @emeast;a nagneti ¢ di pol ar
"atont enbedded in a conducting surface and producing a substantially

magnet i Toggphore° lfig% e%eg-qagffgéﬁici jfigllcjdq%étfgﬂ ezg.} @ﬁbl&&[%ﬂéﬁérﬁsco%\é?ma%} e

speci fi npl es 'a escti be erern enents i'n various

st r uct umesveguideestrastarel fordaam-steeringoand bebm-fddusimpapplizatibasemrispectivaly;
exanpl e, any substantially planar conducting structure having a

SR IO Kbl AR ol B oy b8 0S8

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



bei ng an exanpl e thereof) may define a conplenent structure (hereafter a
"conpl enentary E-type elenent,"” the CELC being an exanple thereof), which

i s a subswarnical2ieeequi val ent| y- shaped aperture, etchi ngcTaseag/oet7cz wit hin
a conducting surface. The conplenentary E-type elenent will have a

Babi net - dual response, i.e. a substantla) |y magnetic response to an

i n-plane nagnetic field. Various E-type el ements (each defining a
correspondi ng conpl enmentary E-type el enent) mayi ncl ude: capacitor-1like

structu {ﬁéd@@#@beéhﬂs@arﬂWQ%lé&hMT@éﬂ)&EHeeﬁ) theanectriaSield ofFag Wiestromagnétic 5,
6 and , WMth other exenplary varieties depicted in D._Schurig et al,

" El ect r ivave: efVinile spgrifig exaserigs are deseribeg heraja thlrdgrley (SRR elements in
et amat (Va:nalﬁ ’s%ru@ﬂ:% ot HXF e gtglim?ﬁé mgg %)gﬁtuﬁ%gﬂé?r@% (ﬂgm'éngs FGED et

al , ary anar 084

(2007)) exehtpstedarry s@ﬁbnﬂmm;ﬂa(\af comiudting sttuchlire H&Imgditmmbt@ntwjiyent | ndex
opti cs based on non-resonant ﬁ ?materl al s ubI| hed; see attac|
AppeRdi magrret@rféﬁean%ﬁ to 88 ub 'é’ @W&F'Eé‘e@ erﬁa ¢f tefered o asg dband

ground- Rkﬁé;téle%é?ﬁk the SRR rﬂfe‘?ngf’ xafo16 2ASBby mS&Q@ngé@E@ﬂ pRirh&ft éthﬁﬁun(e‘?f

H-T. Ce al, previousl or any ot’her " conduct 1 ng structures that
are subihanaaﬁara ceﬁrwdnmen’airYM-p;peaelenmn rlheé?@jaﬁskwmg amremppledbes&cﬁ):t ric

field. vart ous rrbd'mants, a.conpl engnt a eeerre have a
Subst anttHiET £ STpFBRREIEG NI BT r e it dehentb oV Ss. or a
subst antdoabwtufgﬂs@ﬁéé@pvﬁe TBENREhentSyNIGSe b%mé‘nﬂhmﬂ%\/@@ B%tb'm?etfdu%ﬂ ds.
[0027] While an Mtype el ement may have a substantial (out-of-plane)

magiBt i desRAYISEnsE; aisnbsiantialy slasdin exspanskite preowt-enplane wigcteadietd. onal |y

h I I
rave M BRAG BIEE o5 B L b Ao R g, | oo
r esponselerhent) imwmtmmah:@eﬁoremtmedmbndg Rgs@rvatprLimeluding %gmp@m
elenment wll have a%gbstantlal (out-of-plane) electric response, and

addi t i of&g| r;sgrp,atpm BRs) qﬁ}&ﬂ%tsp&t fiRg Reenatens{DIRRa). %"&UBQF%?@“%PT%ut
of |essgpy eﬁ‘@ thgﬂjéagéﬁ‘é‘rbté% Sm\xe%% H%&Eélgmérﬁé éuécﬁpélrﬁb%éktl )énﬁ@rpiet he

electricr ons type e ement na
sub3dbantarXiv: r(hylsmséﬂﬂﬁ)O(bﬂQe),cd:wtl-wwewmelementm(csfo@e [hqdimg)a'caieranLﬁ{ t3(H 3198

| 1 dd 1 that i
Sl ooC o B aryCotst taduGihshiethid iR 3RS buPYARRRLS mpcRERaR st
suscept igeidrizen (bhﬁ'ﬁy Fé@dé&@ﬁ&uétférﬁ%%’é}ﬁﬁ}selta érh@é&ne"tpﬁf @he$.e|d he

correspondi ng conpl énentary E-type elenment will have a substanti al

(i n-pl ane()) magneti_c response, and additionally an ‘out of -plane) electric
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



response that is also substantial but of |esser nmagnitude than (e.g. having
a smaller susceptibility than) the magnetic response. [0028] Sone
enbodi menwe 2proozise a wavegui de structure havi ng one or PODMS2@00MITNG
conducting surfaces that enbed conplenentary el enents such as those
described previously. In a wavegui de congext, quantitative assignnent of
quantitiestypically associated with vol tric material s-such as the
electric permttivity, nmagnetic perneability, refractive index, and wave

| npedandecioay: Cepaditbr-ksl sfractupéfBaupea\te Bppdeierstianited dsdps (@sl inffagures 1,
patterned with the conplenentary structures. For exanp one or nore

| e, .
conpl enghidaBy SVERY 46- blustpther exemplancaTalies sianidpada . SAMEIGR! dor o
b di o . . o .

oo ot t oSERMACHER: Mudled REHINGS, BF PHEAHE pefffitiy FRRIIREIS “ApBE FIRY. 19
exhi bi t(;.lmd)t B?l a4ge0£|i)(ﬁq(16)\a$1dain_d-l.n§gﬁeh\ei a&,g‘l(lwsl pleaﬁenmdylb pgaeztawfwrabttsNbet ween
uni ty, .inglusjiye. Vi e devel ope ase eas
SR TR Y R T TN O DT T

will be “Q?ﬁdﬂd@@g{ﬂ%t%ﬂ@(éﬁﬁ’és @é’s‘boeéﬁ‘ﬁbhm_ég%ﬁénttr%%g%‘?@léo

guantitatively make this assignnment are we aracteri zed. | 0029]

Al t er natunpablished; sgei attashead| Appendis) irshapbd dir idog-booenpiroamnes(cf. B ypeet

oner 2 Hide Mt lngBIbhe 5 Shhale AL S B0R b ST
char act efrucfte8gcfar. af I étval praiGlsly cRed)rkainkidther dbWd ftinBl RARILRISY

E-t¥8e el ements thus can exhi bit both | arge positive and negative val ues of

t he1@f f ddatare sybstardially ielsctriegllyweolprized 7 fesponse tp @nnarplied; eleeksicifigdd. lmary

bet ween ' i.n ' | ' S arts
ar e gondpapfls ethdlitnstts, o ForHpletely BTPE sherBhFEV 3By bibrETan

per meabiidottopid aragnetib resporse il iermahamyadndticfielas corep snbstamtially dniSbtropiz
structures, except where context dict a{_es ot herwi se as shall be apparent to

one of SRAgnetiGrespanss {9 inglapgdrageetc tigld

I§'8€s of resonators can be
i mpl enented in the wavegui de context, virtually any effective materi al

condi ti ppogAn be avvhn@éﬁ,cfw-_%@lbwiheﬂt magHdvésa égﬁtaﬁfiémﬁui-eﬂ erﬁeggwlﬁggnetic

permttivity and perneabili ess than”zero), OW ng consi
conld ol respansgaiesopedrnjaaches anMdiygte elessentsnay additionallybaveamfin-glarsyme

g R R R e T R
et hod gmdlleaRatesptilitp thamptthemagnétic Rspdase! iImatkddlagproBends ythet al ,
"El ectromagneti c cl oaki ng ) )
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



met hod," U.S. Patent App. No. 11/459728). [0030] Using a variety of

conbi nations of the conplenentary E- and/or Mtype elenents, a wide variety
of devi cesocarn/herstor med. For exanple, virtually all of pCmasd@wioce32 t hat
have been denonstrated by Cal oz and Itoh using CRLH TLs haveanal ogs in the
wavegui di ng nmetamaterial structures descdi bed here. Mst recently,

Si | verei nha and Engheta proposed an interesting coupler based on creating a
region in which the effective refractive index (or propagation constant) is

near |y zgpieallyClaBspcialé®withuiolahetric materisté—auah disitiiecslactpie purenttiedy, by t he
patterning of conplenentary E- and/or Mtype elenents into the bounding
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single 9‘?56@'-@?5?5& ergbfer approaches provide a plurality of CSRR el ements
(or other conp errentt ary Mtype) elenents di sposed on one or nore surfaces

of a wavegui de structure. [0033] Figure 3 shows an exenplary illustrative
non-1i m[0028] wave-Ajterdativedy ouadditionally hintsonhe ESIRIRdime nBSEtainpleanentasy Ee. g.
to provide an effective n i ve index).i.n which the RR and CELC are

pat Ler nilPo RIS Rehas CELES. QAT MP Aosgaide SRt e 598k 30
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di sposeeffective 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



on one or nore surfaces of a wavegui de structure.[0034] Figure 4 shows an
exenplary illustrative non-limting wave-guided structure with both CSRR

and CELC wbensvis736e. g. to provide an effective negati veCiraseoop/00477anhi ch

the CSRR and CELC are patterned on the sane surface of a planar wavegui de,
and Figures 4A-4D show associ ated exenp Gry plots of the effective index,

wave i npedance, permttivity and perneabi I ity. While the depicted exanple
shows only a single CELC el enment and a single CSRR el enent on a first

boundi n@analogsan ehevavegaichay ntktaneitéal stpgtures fd‘escpbedihdaeeaMﬂsll’ratéritw of
npl ement ary Eand/. or Mtype el enents di sposed on one or q(i surfaces of
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gradi ent engineering, or dispersion control. [0038] As an exanple of

gradi ent _engi neering, the CSRR structure of Fi ure 7has been utilized to
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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.



By changi ng paraneters within the CSRR design (in this case a curvature of
each bend of the CSRR), the index and/or the inpedance can be tuned, as
shown i n Woguoroe28738. [ 0039] A CSRR structure |aid out a®CThisesviom77 gure 7,
with a substantially linear gradient of refractive index inposed along the
direction transverse to the incident gui'] ed beam produces an exit beam
that is steered to an angle different fromthat of the incident beam
Figure 9-1 shows exenplary field data taken on a 2D inpl enentation of the

pl anar vpeU84ui de b’ﬁgme&lehbmgarﬁémmbWrwIIUEhetlfléabd mmppgrvgamagard@t:!us has
been described i.n consi derabl e d@éﬁ in the literature 9% .. Justice, J.
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t he gerneablllty IS negative while another in-plane conponent is positive.

SucASa rreigrastiipstdcives ontheagraund plaheqestion obthewanaesestripostructulene source, as
shown in the experinentally obtained field map of Figure 10-2. The focusing
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radi at i strubture withatbotbf CERERe&nd IGEL CretkraeitsAppl.iteé hrovide 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



Physics Letters, vol. 84, p. 2244 (2004)]. The experinments shown in this
set of figures validate the design approach, and show t hat wavegui de

met anat erwal20s/ersBat s can be produced with sophi sti cat egcruuseamwonelrzty,

i ncl udi ng ani sotropy and gradients. [0040] In Figures 1-1 and 11-2, a
wavegui de- based gradi ent i ndex structur? (e.g. having boundary conductors
that include conplenentary E- and/or M %pe el enents, as in Figures 7 and
10-1 ) is disposed as a feed structure for an array of patch antennas. In

t he exerspluaturesmpaglirasitl infstiates Basinglé-ekerislaAlCB8RR hadfthe detsienvegt ur e
collimates waves from a si ngLe source that then drive an array of patch

ant ennaPermiffivity 9p@ permaabiibnerreesranginate Bie CSRRIIN tRe VRV Idhaenpeirn:
lens comp Mﬁi%@ ﬁarérﬂefé?é ?\%ilzﬁgffﬂg é@Rlﬁ Wégginin(ﬁrg{his [8e WPMGHIHINE of each

met amat er’ al es an e I've gradien ex l'ens wthin a planar
wavegui dendf theiCIRR) thenrdevaardfonthdémpedance ean be tanpd] a$ skownde Figure
posiéi oggg on the focal plane of the gradient index lens, as illustrated by
the °fe&dfng points" in Figure 11-2. For the Rotnman Lens antenna, one can
place nmultiple feeding points on the focal plane of the gradient index

net amat 300%] | ens ANOSRRISPGEtuAN RN Bat 85 SRBRNSINtFglrRe7 VR dlsUuMstdrmtally
wavegui de structure as shown in Figure 11- 1 . Fromwell known optics

t heory, lingar gragientdiffretraetivecindexuwepoesed caloagttba shireation tigasuersede thee f eed

ool croddeniRiRebEam, Hedléts 87 Fxinsan Riasts et fo 2R A% Wirerent from
sour ce dhatvdfitbetif@dantastam! RigereXo-nl shows BReMplHry fiefEd aaetbRen @n &R0 he

focus, resulting . in a collimted beam Wile the exenplary feed structure
of 1 guireplementating of the plaagr wayeguide heam-easring sirusie; é’lmeafuelermmmngmi ch
t he ant ' i : e:N] .ocafion
of the FEEAALS T BsHed PR bohihratie dhrmil i BieREIAGR B4 PBslided. 27
det er m Peiduk, Li Guog AL IDediread Dn@charigi Da] SidjthistSpadial rappirerof thesigterhat
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adj ust ment of both the féeding point position and t ns paraneters to -
cunid at ial@ig/thectirestiont transyesse tadthenineidesnt prasewithinf thecbS R afrop sroducesane

2D 02 heS B KN 48 I PR S 2 Ml R aRE el B bt
(I M) pasattis eneshcalvetfiactioip(arabslic 6F othepWise!) 9l provide 8. pdsitiveicasimgt he
input insertion |oss by reducing or substantially elimnati n? reflections
at the ieffgat spehtasgiepicted 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



I nput region. Alternatively or additionally, in some approaches a wavegui de
structure having an output port or output region for transmtting

el ect r omewyoebion2erser gy may i ncl ude an i npedance nat chi n@CIraysee090d4viz)
positioned at the output port or output region, e.g. to inprove the output
insertion | oss by reducing or substantighly elimnating reflections at the
out put port or output region. An inpedante nmatching | ayer nay have a wave

i npedance profile that provides a substantially continuous variation of

wave i npedisime metium aave prévisliseen repepad(D. &. Smitle XD esorbrig W. fJatfodk
t he wavegui de structure_ (e where the wavegui de structure abuts an
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refractive and an effective wave inpedance according to a fixed
correspepgenre. SYRFiGSreder-4 1611 R QahBgdinelbasél fRdidhtIhHEX s{?ﬁgtru?@c hes

the wave inpedance may be varied substantially independently of
ref r act i(949. havieg Gaunglarpgoddpctoys that nclude copipiensentary E=-angior M-typpe

I t j nd ent |y turnj .t he arrangenent f the .two eci of
ol enont £'410%atsr AEES Btk 7 204, 2008 i Bhrt o (A Toke sPhellfs fir Sh.ARER T Ve
i ndex apatéhaneinhast inheverenplabedaboeimehOSRGuMY 1 £ 1exedmh 3 thefdsyli nent s
provi de spatial arrangenents of conplenentary netamaterial el enents having

var 1@d §EoeBireicodimaigs anares fsomaginglsseuncetatthentdrivienas erayaf\pateh e
radi us, | l,. i ' . ' ' Iy L,adi vi_dual
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of a planar interdigitated capacitor having a varied nunber of digits
and/ or 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).



varied digit |length) becomes an inductance in the conplenment thereof (e.qg.
in the formof a nmeander |ine inductor having a varied nunber of turns

and/ or vawpediova2i36l engt h), the conpl enentary el enents may/useoopavanet eri zed
by varied inductances of the conplenentary netanmaterial el enents. .
Alternatively or additionally, enbodi rrqu may include conpl enentary
nmetamaterial el enments (such as CSRRs or LCs) that are the conpl enents of
original nmetamaterial elenents that include inductive circuits, and the
conpl engo0atly net almsemeadprrbacked, s Wayeheidpastaucaireriiaandnl by input ssh or

I nductances of ' the inductive circuits of the original netamateri al )
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t he varied. physj cal _parangt er uch .as geonetri,cal paraneters,
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paraneters (c.f. the regression curves in Figure 8-2) [0043] In sone
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enbodi nmithé svaveguidecstagitureo(gg ewhetethe wheeguits streicture abutSBRBdjdeartng

adj ust abl e capacitances (e. by addi varact or di odes between the
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providing a dielectric substrate having a nonlinear dielectric response

(e.g. arelactive ard anefiastive wave iamedanseyaasgrdingitag fixaid egreespondence,

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,



bet ween the two conductors. In yet another approach, a photosensitive
material (e.g. a sem conductor material such as GaAs or n-type silicon) may
be positiwoedicadimeent to a conpl enentary netamaterial eCEmsSaa09/0047d2 t he

el ectromagneti c response of the el enment nay be adjustable by selectively
appl ying optical energy to the photosen§étive material (e.g. to cause

phot odopi ng). In yet another approach, a magnetic |layer (e.g. of a
ferrimagnetic or ferromagnetic material) nay be positioned adjacent to a
conpl enmemidathy coetplemicatargl metaanatetial elechdrite nedyebé panmyetdrizedrmspanse of t he

el enent nmay be adj usiabl e by appl vyi a bjias magnetic .field .g. as
descri bé’@p%ﬁ'??ﬂceéjcﬂ Ithﬁ cépag 'Ye%rqr}gh?@é@mm ﬁm%ﬂoﬁem '?ret amat eri al
: " : . N . R y
struc Uflf‘q%eflé;nty;@%pgrtgﬁeﬁgméﬁhe@%rbﬁ\ Febphtifance Mraf ¥idifdntdedP if
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val ues. [0045 | OlE.. € Lnents er regression,,anal vsi s. rel ating
o1 cot ottt SeRXER-ENBE o URD:A IR Mlvet SPRIR ARGF T Pid
physi callemgthpré ebmplerhentResinantst mayihey aranidieriz&s bgo/iaried cipiaeitbabés
physi cal paraneters ) )
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



are determ ned by one or nore control inputs, a regression analysis my
directly relate the electromagnetic responses to the control inputs. For
exanpl e, wberw/hBs6adj ust abl e physi cal paraneter is an &djrasta@oloes772

capaci tance of a varactor diode as determ ned froman applied bias voltage,
a regression analysis may rel ate electrqgagnetic responses to the

adj ust abl e capacitance, or a regression analysis nmay relate el ectronmagnetic
responses to the applied bias voltage. [0046] Wile some enbodi nents
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non-resonant netamaterials,” unpublished; See attache endi x) and/or in
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t hat are, substant] y, non-pl anar (e.qg. cylinders, spheres, etc,).. For
exarp! e CAlVBgHH, Kt EgonRel Biendmetiodd aBRAAEHE Suveucendh itearated
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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)
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they can be viewed as Fig. 1 (a) and (b) for the rretarrateriai unit cell in

t he i ns§@046G]he fuMihitenomie @nbbdimmtblmokidefmxbs&awﬁaﬂy nammgebahdaeapdneses
Acc_ordi t?o t he effectlv 31 eory described in 6 ectromagnetic
nedi a. Hromagnelitdedia '8!‘ er9a @r ‘ﬂ“%l%ﬁ'esf’h@ VIIpitY 1,888 O /MUE ar e
signi fi e@sadahc@fﬁmléyopmmMmeh@namhmﬂé@m été?ﬁéﬁt@§ dtReguct i ng

circuits, spatial dispersion effect. To renove the spati al |sperS| on whose

di nEhsi @ﬁmcmmegﬁa@rqvgi%stebstﬁamallye@rgaﬂmd FRspoases o elgctomagnsiioradiation

e R b e eI Ay BN B0 SR BT B SR "0

unpr ecedeabstadtialyndiéfeect 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



of effective material response can be realized, including artificial
magneti sm and | arge positive and negative values of m= the effective
perm tti woypommtiper neability tensor el enents. in whichpCa/us200900m and p
is the periodicity o f the unit cell. Leveraging the flexibility inherent
in these resonant Fig. (c) shows e with,frequency and the regul ar

Drudeel enents, netamaterials have been uSed to i nplenment Lorentz resonant
formafter renmoving the spatial dispersion structures that woul d have been
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can Pe QPEER i'ﬁ? ﬁgww %fptg?@cﬂpa(fﬁ“ﬁonents and are an extrenely good match
for i rrpl enentation by netamaterials. Indeed, gradient index optical
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Al t lugheritanat eri al s have proven successful in the realization of unusual
el ectromagneti c response, the

[0049] All documents and other information sources cited above are hereby

incorporated in their entirety by reference.



structures denonstrated are often of only marginal utility in practical
applications due to the large | osses that are inherent to the resonant
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structured media. Inhomogeneous media, ‘in which the
material properties vary in a controlled manner throughout
space, also can be used to develop optical components, and
are an extremely good match for implementation by
metamaterials. Indeed, gradient index optical elements have L
already been demonstrated at microwave frequencies in 2ot
numerous experiments. Moreover, since metamaterials allow ‘
unprecedented freedom to control the constitutive tensor
elements independently, point-by-point throughout a region
of space, metamaterials' can be used as the technology to
realize structures designed by the method of transformation
optics [1]. The “invisibility” cloak, demonstrated at T
microwave frequencies in 2006, is an example of a L
metamaterials {2]. T
Although metamaterials have proven successful in the i
realization of unusual electromagnetic response, the % %
structures demonstrated are often of only marginal utility in
practical applications due to the large losses that are inherent
to the resonant elements most typma]ly used. The situation Fig. 1. (a) Retricved permittivity for a metamaterial composed of
can be illustrated using the curves presented in Fig. 1, in the repeated unit cell shown in the inset: (b) retrieved permeability
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If we examine the response of the electric metamaterial  the high-frequency resonance properties of the element. the
shown in Fig. 1 at very low frequencies, we find, in the zero  zero- and low-frequency permittivity can be adjusted to

frequency limit, arbitrary values.
I a fo fi Epredicted Eactual
. — » _,__/__ 3 predicie Ctuct
elo—>0)=1+—5=~ ® 170 . 440 590 - 3416 3.425
¢ C LSS 540 64.0 2670 2720
. . " 140 0 T 6407 . 71002338 2.315
The equation is reminiscent of the Lyddane-Sachs-Teller 1.20 774 792 1.989 1.885
relation that describes the contribution of the polariton
resonance to the dielectric constant at zero frequency [4]. At Taple 1. The predicied and actual zcro-frequency permittivity

frequencies far away from the resonance, we see that the values as a function of the unit cell dimension. a.

permittivity approaches a constant that differs from unity by

the square of the ratio of the plasma to the resonance Because the closed ring design shown in Fig. 2 can
frequencies. Although the values of the permittivity are  easily be tuned to provide a range of dielectric values, we
necessarily positive and greater than unity, the permittivity is  utilize it as the base element to illustrate more complex
both dispersionless and lossless—a considerable advantage.  gradient-index structures. Though its primary response is
Note that this property does not extend to magnetic  electric, the closed ring also possesses a weak, diamagnetic
metamaterial media, such as split ring resonators. which are  response that is induced when the incident magnetic field lies
generally characterized by effective permeability of the form along the ring axis. The closed ring medium therefore is
characterized by a magnetic permeability that differs from
unity, and which must be taken into account for a full
description of the material properties. The presence of both
electric and magpnetic dipolar responses is generally useful in
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% 10 The use of resonant metamaterials to implement positive and
-5 e — negative gradient |{1dex’structu_res was introduced in [5] qnd
- - RawR) eetatomm subsequently applied in various contexts. The design
osl . L L T T T T A wvtean approach is first to determine the desired continuous index
. T jg T Reckim) axt.62Smm profile to accomplish the desired function (e.g., focusing or
'8 Frequency (GH1) steering) and then to stepwise approximate the index profile
(¢} using a discrete number of metamaterial elements. The
6 clements can be designed by performing numerical
_— simulations for a large number of variations of the
M geometrical parameters of the unit cell (i.e., a, w, etc.): once
bRK enough simulations have been run so that a reasonable
2.0 interpolation can be formed of the permittivity as a function
3 1 of the geometrical parameters, the metamaterial gradient
%os Tt — index structure can be laid out and fabricated. This basic
o8 T~L] T approach has been followed in [6].

Two gradient index samples were desighed to test the
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Fig. 2. (Color online} Retrieval results for the closed ring medium.
In all cases the radius of curvature of the comers is 0.6 mm, and
w=0.2 mm. (a) The extracted permittivity with g=1.4 mm, (b) The
extracled index and impedance for several values of a. The low
frequency region is shown. (c) The relationship between the
dimension a and the extracted retractive index and wave impedance.

bandwidth of the non-resonant metamaterials. The color
maps in Fig. 3 show the index distribution corresponding to
the beam steering layer (Fig. 3a) and the beam focusing lens
(Fig. 3b). Although the gradient index distributions provide
the desired function of either focusing or steering a beam,
there remains a substantial mismatch between the
predominantly high index structure and free-space. This
mismatch was managed in prior demonstrations by adjusting
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Fig. 3. Refractive index distributions for the designed gradient index
structures.  {(a) A beam-steering clement based on a lincar index
gradient.  (b) A beam focusing lens. based on a higher order
polynomial index gradient. Note the presence in both designs of an
impedance matching faver (IML.). provided to improve the insertion
loss of the structures.

Fig. 4. I—ahmau.d sample, in which. the metamaterial structures
vary with space coordinate.

The beam steering layer is a slab with a linear index
gradient in the direction transverse to the direction of wave
propagation. The index values range from »# = 1,16 to n =
1.66, consistent with the range available from our designed
set of closed ring metamaterial elements. To improve the
insertion loss and to minimize reflection, the IML is placed
on both sides of the sample (input and output). The index
values of the IML gradually change from unity (air) to n =
1.41, the index value at the center of the beam steering slab.
This index value was chosen because most of the energy of
the collimated beam passes through the center of the sample.
To implement the actual beam steering sample. we made use
of the closed ring unit ccll shown in Fig. 2 and designed an
array of unit cells having the distribution shown in Fig. 3a.

|nd ex distributions provide

9.99 GHz

Fig. 5. Field mapping mcasurements of the beam xlu,uué, lens. The
lens has a lincar gradient that causes the incoming beam to be
deflected by an angle of 16.2 degrees. The effect is broadband. as
can be seen from the identical maps taken at four different
frequencies that span the X-band range of the cxperimental
apparatus.
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Fig. 6. Field mapping measurements of the beam focusing lens. The
fens has a symmetric profile about the center (given in the text) that
causes the incoming beam to be focused (o a point. Once again. the
function is broadband. as can be scen from the identical maps taken
at four different frequencies that span the X-band range of the
experimental apparatus.
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rality of individual electromagnetic responses

conducting surfaces I
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equal E%r]rﬂorep&? QBFBrWaN id© Sfrullur8Dafd RSN 29 surfaces
haV|ng 2 p ura Ity o dar- el ects gneti c responses corresponding to
res pectvav;engpé‘ebhweesefmdhhe nndéveiscm epahallyevaymgwelﬂﬁmtlvegeﬁacflm axiextfoe
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10, wherei n fherRagpPAriDS 6f SiaNHUAL w}ﬁbrék'\fthé%éq &@8fubluré § bounding
surfaces of a waveguide structure, and the spatiallyvarying effective

r ef ractsubetanmaéyp|a@aatwpatmn@nspnahwwagudﬁsimth@ refractive index for
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s a simsutpdr %lr|re¥céﬂ/|ﬁgaﬁpmt\@edﬂr@i\ﬁ@ghéﬂ@bnwgéﬁgU' de structure. 13. The
apparatus of claim 11, wherein the wavegui de structure defines an input

port for reddivihgappaiatusptelaingiaydareindherigput port defieesgpanputieorbf cl ai m
o EBelah e 10 N e SRR 0B IR IR BBl L0 oot o
14, wher ei n 16heThe appdanattys of claima (el tvhegeinrttie\plaradity 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.



el ectromagneti c responses further provides an effective wave inpedance t hat
gradi ently approaches the input port inpedance at the input port. 16. The
appar at uswof2oml2itss 13, wherei n the wavegui de structure aefriusemoamn7ont put
port for transmtting output electrommgnetic energy. 17. The apparatus of
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el ectromagnetic responses further provides an effective wave inpedance that
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91

di 1 er GHECHYRFETARIVEHEEX fclies idermediato e mRbt RpRand the eiipdl Bpfh
wher ei ByubBGBNPBLHERS TSR Slof5'd ARSIV FRbBhIAALHAR olidi kel T om
o the e sp e
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el ectromagnetic _energy to provide a substantially converging beam of out put
el ect r omagn@di cThenappgratas of glaim Z3p avhereis tbe wavdauide strughise giefinesan
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concave variation along a direction perpendicular to the axial direction.
23. ThéUHﬁEQF'QUX@OBYekY%ﬁ'aﬁoIB?'Oﬂﬂ@r@'F@Ptlolﬁ‘eoﬁ’vﬁﬁﬁéglﬁuéﬁ! tetthe @xial direstion.
responsive t i l4led gﬁ%p input el ectronmagnetic
energy to przg’\'/?ggélgagﬁ%mslfﬁht?'gﬁ‘ﬁ;wdmlfég}i%g ésgﬁ?'of out put el ectronmagnetic
energy. 24. ofeeorappey patch arftechas co2@ed b ¢hebotpguieonavegui de structure

defines an [ direction directed fromthe input port to the output port,
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O e Spparatus of claim 16, further comprisng:
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.



25. The apparatus of claim 16, further conprising: one or nore patch
antennas coupled to the output port. 26. The apparatus of claim25, further
conpri si ngo 20120136 TOr € el ectromagneti c em tters coupl e@dctrasstévs/ov4vprt port.
27. The apparatus of claim 16, furthe7 conprising: one or nore
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apertures within the one or nore conducfing surfaces, the plurality of

adj ust abl e i34di Thelapparates of eleim rid: wheareinpbasne o merel exteroakingrtsor e

adj ust ' ' ters. 29. The apparatus of claim 26,
wher ei %%Iﬁ%@%{aﬁ&%?%&@é@?&ﬁﬁé e effective nedium paraneters includes an
adj ust abl e 5f eTHe dppaeitus bf thairh\31, dherdinethairey ot mdreextdraahinpats wher ei n

the one or nore adjustable effective nedium paraneters includes an
adj ust dntledes pRe of MOrBaRticabinPUts). 3 1. The apparatus of claim 26, wherein
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wher ei rin¢lbdesoae eatermal magdpetisfield e ef f ecti ve nmedi um paraneters includes an

adj ust abl e g{fe}&t i vs wave i rrg.edance. 33. The apparatus of claim 26, wherein
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t he adj usta BuGOMBIERYr omagnet i ¢ responses are adj ustabl e by one

or nore ext aphingWPPhtternF cldOforRBEAERE HediimGPathMeters; anger ei n the one or
nore external 1 nplts includes one of nore voltage 1 nputs. 35. The appar at us

of clai m3 tetetminivgrespeciivepbysicalrparasetensdor ambunadity efcaperéyesne or nore

optical _inputs, 36. The paratuys of claim3 1 rei e r _nore
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conpr i lédions&dristic redund phf&nBters tithtestiistarNg tootredpand§te #ageleetsd and
determ ni ng respective physical paraneters for a plurality of apertures

posi t i (rRdtBIMeof elegtiemagnetic énediHALRATAMESIS-f aces to provide a pattern of
effective els%gtfwﬁéa Of %%W,W&rtﬁérre&ﬁhﬁriéin@ substantially corresponds

to the sel ectéd
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.



pattern of el ectromagnetic nedi um paraneters. 38. The nethod of claim 37,
further conprising: mlling the plurality of apertures in the one or nore
conduct i ngourdeacss. 39. The net hod of claim 37, wherei rcrhs2ebeioesrt ni ng

respective physical parameters includss determ ning according to one of a

regressi on | ¥sSi S d.,a_l pokup table. 40. A nethod, ..c rising: selecting
an el ectrond eﬁ%"}‘ﬁﬁe‘{‘ P(gﬁ,%"gn‘g)' i ﬁ]%ﬁleP@B@@PF\%?gﬁ?y‘cﬁ%"bar aneters
for a pingemhd bitaphhaselshiftiRg f@estidn.onabl e in one or nore conducting
surfaces to provide the el eCtromagnetic function as an effective nedi um

response. 4 46.Thee mathed obtlaimadnwitereiththeedeterminieg é%ﬁnﬂﬁilﬁg_r@t)’ﬁiﬁaﬂ \l/JmnCt i on
e wag it siers RIS B6fertyibt AoBRingits po8s EaiBEiBh el g und”

the selleskupiabig. t he wavegui de beam steering function includes a selecting
of the beam def]ection angle. 43. The nethod of claim40, wherein the
el ect r omagnét/i- AP ofeMBrisingavegui de beam f ocusi ng function. 44. The

et hod of claaidtudda WIRLR! & JErSREEALLO S AGAM SACHIUBR, et i on defines a

focal |ength, and™t selecting o e wavegui eam focusi ng function
i ncl udes a det ene onghae comduttingisutfangs hading a prurality fod é peftucesivith40,

wh inth | ] tic function is . an ant.enna arra hase-shiftin
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anal ysis ‘and a | ookup table. , nprising: selecting a pattern
of el ecledrangagnéetic mediunmpprameatareitbat suhstantiallyreorasponde te dihel setacten
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adj ust abl e pigy STREMaIBOAGEERIIM 470 WhidréirfithereBpbtiVeadjuseitiephysieal
el ectromagneti ¢ nmedi um paraneters that substantially corresponds to the
sel ect @@rameters 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



pattern of el ectromagnetic nedi um paraneters. 48. The nethod of claim 47,
wherein the respective adjustabl e physical paraneters are functions of one
or nore owotwmlo2iTputs, and the net hod includes: providipog/ush@ooog7pr nore
control inputs corresponding to the dBternined respective val ues of the
respectiyve,..adj ust.abl e si cal .paramet thod of claim47,
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r egr es PoRndaAtysd yctéidtbfahe uiddsRuctdfe. A met hod, conprising: selecting
an el ectromagnetic function; and for one or nore conducting surfaces having
a plurality of apertures mnth respective adjustabl e physical paraneters,
determ ning respective values of the respective adjustabl e physical
paranmeters to provide the el ectromagnetic function as an effective nedi um
response. 5 1. The nethod of claim50, wherein the respective adjustable
physi cal paraneters are functions of one or nore control inputs, and the
nmet hod i ncludes: providing the one or nore control inputs corresponding to
the determ ned respective val ues of the respective adjustabl e physical
paranmeters. 52. The nmethod of claim50, wherein the determ ning includes
determ ning according to one of a regression analysis and a | ookup table.
53. A nethod, conprising: delivering electromgnetic energy to an i nput
port of a wavegui de structure to produce an effective nedi umresponse

wi thin the wavegui de structure, where theeffective nmediumresponse is a
function of a pattern of apertures in one or nore boundi ng conductors of

t he wavegui de structure.



