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ABSTRACT

In this research chiral isotropic metamaterials with negative index of refraction design
are proposed. Group theory was used in classifying and designing effective electromagnetic
parameter of the structures. Containing all of the desired properties, C, point group was selected.
Chirality of the structures is then checked by continuous chiral measures and angular bisection
method. The calculation results have shown that the chirality index is related to the orientation of
the structure i.e. the angle between the main axis and the arm of the structure. Furthermore, by
increasing the number of arms or the subscription “n” of the structure C_, the chirality is
improved. Circuit analysis is chosen to help with the analysis of the capacitance and inductance.
They are important factors in designing the location of magnetic resonance. The resonance
significantly affects the location of the negative index of refraction. Structure modification is
divided into three major parts, which are: the structure’s orientation, a ratio of the main axis to the
connected arm, and an extra arm of the structure. All of these factors affect the properties of
transmission characteristics and effective material parameters. The proposed C, point group
structures present an isotropic property in many directions and also generate a negative index of
refraction bandwidth with low losses. Furthermore, one of the designed structures are fabricated
and measured. The measurement results agree well with those from analytical design and

simulation.
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drumnizvaegludszinn loTamselln mquaiiihld PEMC windlinnmiraulafeguauiandinanonan

% o ' 1% a
“‘]?\1’1]3uﬂﬂQﬂﬁﬂi%fgﬂ@]cl,“]gf)ﬂuﬁﬁuﬁﬁﬂﬂiﬁllfﬂﬂfﬂﬂTﬁ

2.2.8 nerhnau (Waveguiding Medium)

v H v
laifisaua Jagiszinn PEC, PMC oz PEMC mniunazsinlgnsenuauummzi

a
= o

a a o 1S o A o & A o ann @ k) k) a 9 A :g a
UITNIURIVDIIAR b GlﬂEN?J’Jﬁ@]E]ﬂ%”IW’Jﬂ‘ViM\WWIﬁJ;]ﬂifﬂmJﬁuﬁlﬂ’JEJﬂ3111&5]11!1411&"11\3“]5614!141/!1!?4’35116\1

a

o s 9 9 a 9 {3 A o ' v
’Jﬁ@;l (Surface Impedance) ﬂigTﬂalfu"’l]@ﬁﬂ'ﬁclalfﬂ'{l'lﬂﬁ'luﬂ']ulﬁh'ﬁ“ﬁﬂuﬁﬁuW'JGUﬂﬂ?ﬁﬂﬁﬂﬁjujﬁﬂ“ﬁ?mlﬂﬂﬂdﬁ?

g o q 1 XA { o o v . . ¥
neagumiman ihldhedwiiowmnamnsofivzdinaveuwamsudynl (Solution Domain) 1@ Iag

to & A ] Y Ay A & o A o o @ 1 o A ¥ 3w
lusnilufdesmauuudman Ilihndwou - sedagiivzihusiuilunoihaduiuaiseziluiaalsznn

F Y
' g v A A

uouloTamsolninm 1 uaz & geoluianeiasminiuiui, [43]
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2.2.9 wanuuman nih (Electromagnetic Crystal)
o Aaw A @ @ 1 [ o Il <
nnmaiiteisesiaadunngimaivan i I ¥aunundauiman Wi vie
. R Ad A = A @ ' =2 A . 1., ..
Electromagnetic Crystal §UGDITENDNNUAYTD AALFU WANLWILaN (Photonic Crystals), Tnseastdrednnd
uovuian Tl I(Electromagnetic Bandgap structures, EBG) Llag Tn59a5 19042191919 (Photonic
v o 3 :
Bandgap Structures, PBG) wanuumian Inihidnyaziiiulaseadasiuuuuny (Periodic Structures) ¥4

A Y ()

Usznoudeiagnuau lihnseidualadninidenTousadioe  (Unit Cel) lundaziaduiiieh
o A

Y o & o |2y o ¢ o3y (Y 0 9.9 g & wad
Ay Fazdawanemsvinlfduinusiuaauuiman Tvdh Sehldranudman lilniuuaasquauian

J 4 ] o L;I ~ J ] A Y A o Y- 4? 1w
lmﬂ@]Nllllﬁnﬂ!‘]fﬁﬁ‘Hu’Jﬂ ’Jﬁﬂﬂi%m'ﬂuﬁ?ﬂﬁﬂ‘ﬂﬁ]%ﬁiN1u1/iiﬂﬁ$1’]fJUﬂGUﬁQJ,i}JJWmllﬂiﬂﬂmu@gﬂﬂﬂ’ﬂll

= 1

A a A ' A A =< g g ¥ I
g1naY VIaLazRanueInaun  1Flumsunsnszaenau taziiodnnn  wanuwan Iy
Y y o ' . o ¥4 |
Tassadan ludluile@erdumsizlszaeu lUdeaduinednratasas aaluwie  Nozlilaseadia
g’; o aan @ d' d' Y o [ g/ 9 = < 1 d' @ [ @
suiuawnsanlgnsonuaaunldau wadminivszdedivinam@nnanuennay  d10d19ae

Uszianiife Tnssadreinsznen Tddraduaiadanii (Certain Wire-Structure) [44]
[y a ala _ d [ (v d
23 aadnvaztiasmaianaazliihvesiaguimanliihdunszn

231 aaaudAdsHmNsHnvoaIRna (Negative Index of Refraction)

o v Aa 4 @
AMAUUTUDVDY V. G. Veselago UNINNATATVIS AT "lﬁ’??ﬂmmmﬁmwamq

[ = @

A o { I 4
nouHvesnaaulALdvesTagRlatinsniMyoauilual (Negative Refractive Index, (-)n) 11199910
@ g A A e ' =< Yy A e a Y
Taguue IAen weon W3o Permittivity (&) 1Az AANUIVFN]A H30 Permeability (£ ) Anay Tag'la
ueaaigaamnsaliguaniamastimsinvewasanan’ldlao ldiimsesuneninaumsi (2.1) ¥z

awnsavereoenin Ifegluglvessnudidouldqsaunsi 2.5) uaz (2.6)

n=n,+in,
E=¢, +ig; (2.5)
M=, +ip,

1 a i a = Y (= o o
UNUAIISINeS luaumsi (2.5) asluaumsn (2.1) ﬁ]z"lﬂﬁumm%umiwﬂmmamﬁﬂugﬂmmu

o lddaaunsn (2.6)

2

n® =gu
=n’ —n’ +2in,n,
=HE —HE T+ i(/“ligr + Il’lrgi) 2.6)

A T o a J o a 9
o &, U, UFAIFIUIIUIUDI LY ELH; UAAITIUIUIUIWIED U
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: - < ) v

Iﬂﬂ!’ﬂ%ﬂﬂ‘ﬂil"lﬂsll'ﬂﬂ!mﬂﬂ n, ﬂgllﬁﬂﬂﬁ\‘lﬂﬁﬂN‘U'ﬂﬂ ﬂ'l'llllﬁ?i”l/‘lﬁ (Phase VelOCIty) leumzﬁm%wmmlm
o a o a £ ’a s . A

NDUITUIUITIVUBDN ﬁllﬂigﬁ NTUDI NBYNVNLIALND T (Poyntmg Vector) %uamﬁmﬁmﬂmﬂﬂamm

Wa991U (Direction of Power Flow) [45] aauaadluaumsn (2.7)

Re| 2 |= nou, +n U, 2.7
u

o Y { a Y 1 A v A = a
uuﬁ@slu@jﬂﬁW\Tﬁfﬂgﬁcﬂf’ﬁﬂ1\151]@\1@]5\1ﬂu6ﬁ}11]5$‘”31\1 NANWNMINAUNAVDY AT AN T UAZNANINVDING

A

=~ [ Y Y o A [ 2
A UNUBINAINIY i]gﬁ’tNﬁ@ﬂﬂﬁﬁ]\?ﬂﬂl\?ﬂuvl"llﬂﬁ@lﬂvlﬂu

n <0 (2.8)
n.p, +nu >0 (2.9)

v o o v o )
%1ﬂﬂ’313Jﬁ3JWHﬁ"lJE]\1ﬁ3Jﬂ”I‘§ (2.8) 118z (1.9) R.A. Depine itag A. Lakhatakia 1ﬁﬂ1ﬂﬁﬁ1ﬂ31ﬂﬁﬂw UTUDITN

doaaumIeenu Iaadannsn (2.10) [46]
ne +ue <0 (2.10)

{ a ~ U { o a 19 U a <
HoNTANAUMIN (2.10) LAV MINAINANLTNANIVDIATINUTINIENINNANIYDY ANNIED
MerazNan1avoINsnasuNUeINd NI UaINIna Idnatensaid 1o ey

~ A I L = A .
D lunsain g, vag g, Auaunigazizenlunsallian Double Negative Index (DNG)

4
1

A I a =1 . .
2) lunsaimn g, WuavezGonlunsaiin Epsilon-Negative (ENG)

A I = dg
3) lunsain . Wuavezizenlunsdilinn Mu-Negative (MNG)

A = a o a o a Y Ay A ' = Y
msfiniensaimafaastinsinmuewaaaanldiies 3 nsdiiuiienni luedangquiinive
: S o : ° a 2 ' a Y XA
anasnuruiuN ludiuvessuaudideuves & waz u vuezliaunsaaaauld Nallilesainng
v ¢ o v 9 =X a vy o @A s 2 1 o
mseysnEnaanuuiman llihdannsoetine ladrenanmsvesneinannmes [47] Fareunnenaa
I v o a g a o ¥ a oA Y
AlmMsAunUMdIT T uYes £ nag 4 nuzannsaanaula [48-50] duiumsiadwiinisyn
=2 o & A ° 2 Y A1 a
miveaneaa luduilundrusmauriwes ¢, uaz 4, vzdeslimanauaue
1 1 I 1 wa . .
Tuaaude livzidlumsnandegueamiaves &, 1oz g, (Double Negative Index of Refraction,

A a 1 o a A g & g = A =]
DNG) NNANNTIUIIUINITIVOY Mg e ﬂlﬂuﬁﬂﬂﬁﬂ%%ﬂuﬂimuiﬂﬂ Veselago NA1ION
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A A A o aAa = WY v v
24 ﬂ]i!ﬂﬁ@uﬂmﬂﬂﬂﬁ‘lﬂu?ﬂq%ﬂ ﬂ‘lﬂ'J‘lN“li‘l‘lJ"lfNulﬂﬂ'N!!N!ﬂﬁﬂ Hag AMaMNYdUNIY

Inuiluan (1 <0 naz £<0, Left-Handed)

v o J 4 J o J a
NANVANNUTUDITUNTUBIUUNGLINA (Maxwell Equation) LLE’IZﬂg]ﬂTif)lﬁﬂHﬁ"liJ"liﬂ@’ﬁ‘U"lElhlﬁj

NNFAUNT (2.11) 1y (2.12)

curlE = —la—B
lcala)t 2.11)
curlH = ——
c ot
B=
lUH (2.12)
D=cF

4 ' I ' <
(1o B Av ANUITUYRIAINLNMAN , H A auuulivian, E as aun Wi, H Ao anuduauny Inih

A @ < A Ao A a [ ¥ =) v o d 1
uag ¢ n9 @mumum“luqmumumm Tag luszuuaaunianudiaeIny umzummauwumg“lugﬂ

(kz—at)

o : i A & 4 a A a 4 A 4 &
PAINTIUVDN € W9 @ ABANUDIWIYY, LAL K AD NANNNITIAADUNUDINAY GINLﬂﬁﬁJﬁﬂ’dﬂg‘lJ

aums 2.11) wag (2.12) &l

kxE:Q,uH
¢ 2.13)
ka:—geE
c

MAEUMSH (2.13) 1 4 >0 uaz £>0 ud E, H uay k awluduiioun e Right-Handed (Faraalili

= Qs

a v = Y Ay A o A oA
NUMUTITULIN ) LAz H< 0uay & <0 ZLITINNANUUDE1Y 1159  Left-Handed ('J@]f!ﬂllﬂﬂ!ﬁllﬂ@ﬂll

o e . 9 ' 4 12 Ja J a
Permeability LlQ¢ Permittivity uaanmﬁua)Lmﬂunm!ﬁﬂ’mu NoINNAUIAADT S (ﬂﬁﬂ1\1ﬂ1§vlﬁﬁmﬂ\1

Waa) sz Idasaumsi (2.14)
S=FExH (2.14)

A y v ¢ a s A A y
AUNIIN (2.14) uuﬁ11ﬂﬁ]1ﬂﬂﬁﬂi@ﬁl’)ﬂm@i E t1ag H NANNUDINNADINA U Y179 Wave Vector (k ) U
A a A A a oA v v v < A . v ¥ Y o A
%3iJ‘VIﬂ‘VINfﬂﬁ!ﬂaﬂu%Ulﬂiu‘ﬂﬁlﬂﬂ’)ﬂuﬂ‘]Jﬂ‘]Jﬂ’NiJL‘S?I!Wﬁ 1130 Phase Velocity (Vph) ANUU DITANA

IS A 4 a
Permeability L18¢ Permittivity umtuay nnnes v, g Poynting’s Vector S (ﬂﬁ‘VINmﬁhlﬁa‘UEN

@ A a o 9 2 A dd’l 1 < a . . A <
WAIIU) ISUNANNATINUUIW FsennIUUNANUE W dARaY (Negative Phase Velocity) ¥30 1311437



17

1A a < U a2 o v Jdou a J
nauAAal (Negative Group Velocity) Tﬂﬂﬂﬂm!ﬁjﬂmmﬁ?ﬂqu (Vg ) ACUANUAUNUTNUNANINUDI WOaN
A s A oA 3 ' Aa A v o o @ 1 ]
TNLIAUAD T S W5f‘]ﬂaW'Jﬂf’)ﬂ'ﬂllﬁﬁ]ﬂﬁ‘lll"ﬂ31111/]ﬁlﬂ‘(’J'Jﬂ‘Llﬂ“lJf‘nﬁvh’iﬁ"]]ﬂQWﬁQQTuﬂTﬂﬁaﬂqﬂhlﬂﬂﬂﬁrﬁﬂ HIDN

9 ¥
vanmsieatah lignmsetuieluiseaesmsnduiia  (Reverse) vosnansznuaolnaes (Doppler
7 A
Effect), NanTeNUIsISUADN (Cerenkov Effect) L1ay NQUOIALIUAR (Snell’s Law) dUMIN (2.15) uag (2.16)

<
llﬁﬂﬂﬁﬁ Wave Vector HagaumsuoIanus wld

k* = (gjznz
¢ 2.15)

c
Vv, = (2.16)

"

Tae? n Aomarinmsinmueds (n =+ g )

241  wansznuaeilinas3 (Doppler Effect)

¢ s A 2 = A A
singmsaiaeinaes 3o Doppler Effect Huna1damsnlasuuilasnnuduaznim
4 4 A Yo ~ 4 A o v o U 1 4 s o v Jo o
#1IAAUVDINAUNASD (Observer) NAADUATUNTADUHAITIBATY (Source) zTANUAUHUT AUAINATS

A } o a ¥ P 2 {
(Carrier) NAAWAROUNKIUBNN I HoTRNAUMINUF UYL Usingmsainethwaes Tuaumsh (2.17)

v
a):a){l—n—j (2.17)
c

A A = v 1 A < v o . . = aa

W9 @, ADANNUNVDININY (Source Frequency) vV ABANLIIVDIAITU (Receiver Velocity) BIEUNANN
I A A A Tt A < = A A I A 1
!JJ“LJ'U’.]ﬂLlIﬂlﬂa@uﬂﬂﬂﬂﬁﬂﬂuﬂﬁﬂ‘ﬂWﬂ C ﬂﬂﬂ’ﬂll!,i’J"llEN!,l,ﬁQGlNﬁ]SilllﬂﬁNWNWﬂl‘]Ju’U’JﬂLﬁllﬂ IHag  naanl
AFUMIH MDA (Refractive Index) VoaInaanaule

0'/ % H a d 4~ v oW %
Tagna lludr ludaaniinganssuiluduiiorn (Right-Handed) Anmdndasurzsula

= g '

= = o 1 = A = a v
TUVUIANUDINIIANUDUDININ (a)o)mwm 2.8A. NNTUITUNMITN  (2.17) mmmaﬁmallmﬂu

]
Al v oA

o o a < o q ¥ { o o o o v
AINANNUANYUNTUNIHVDILEIAAAY (72 nJua‘u) i]8:‘VHGL“H"Uu1ﬂﬂ’ﬂlla"ll@\1Gl’Jﬁ’]Jiﬂﬂﬂ’JW]’Ji]'lfJ ﬁﬁlﬂ@]vlﬂ

& A < o Y A A A X & S o v A
MNUBIATOINNIYUDN 7 Lﬂuaﬂﬂzﬂﬂﬁﬁuﬂﬁ‘ﬂ (2.17) UAUNNYU cm%zuwamﬂmmammwm Wave
A = o v A L4 A ) Vo ! 4
Vector k Muay auaumsn (2.15) ﬂzmﬂwﬂau”lcnu (Wave Vector k ) IAADUNUIN N ANY FIUAAY
. d' d' 1 1 & d‘ d‘ a Y [ d'
(Poynting ’s Vector S ) tnaeuiiean l/anuvasnie Funaeun 1 lufismaasatiunuaiuaini 2.88

s o ¥ {
nansenuaolinaesWAMY 3 © Reversal Doppler Effect Husainsonozny'lalu

=) @ a DA o

” Ax1 o wad o A 1 Yy ¥ v 4 o aqyw
AINAWNNUAT AV UNITUNUNVDILTINAAD "l]’]ﬂﬂmﬁllﬂﬁuﬂqwﬂa'I'JHhJLLa'J"U'Nﬁuﬁ’]il’]iﬂ‘ﬂi]gfﬂ’]slﬁ VUIU

' '
A 7 A

= . . = a . ?x’z 45! A 9 =3 o Y v oA o A
18 (Train-Whistle) voudealunay (Pitch) uuqwumauumaauﬂmnmﬂmazﬂﬂmmmamm RIS\
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a o A = A o o t % a 1 A ' o A A X
Wﬁ‘ﬁlﬂﬁ@uﬂﬂﬂﬂqﬂ Tﬂﬂl§1ﬁ1il"liﬂ‘ﬂi]3’;1“14E‘]ﬂﬂ']iuVl‘]J1]58‘5Egﬂ@hl*]ﬂuﬂ']ﬁﬁﬂﬁ@ﬁﬂﬁ?ﬁNWHIﬂiﬁWﬂM@ﬂﬂcﬂﬂ

Y El
apulimateg luvuneuveInInaasazlsuilya

Pointing’ s vector S
—_—

Vector k

/- \ \ / ] \ Sine  Receiver
Source of radiation = . o : ~x_,/

A. Right-Handed Material

Pointing’ s vector S
e
Vector k

I e s
/ \ / \ \-“'“L‘ Receiver
Source of radiation = . - S L _//

B. Left-Handed Material
~ a A A o . A A A
MANN 2.8 NANWNTAAUNVDINANTU (Poyntlng’s Vector, S IASNANWNTIATDUN
A A A o Ad o A
UNNaU (Wave Vector, k )111mimaauﬂummnmﬂma@mua

s3sumAntsyngadniluiag Right-Handed 1182 Left-Handed

2.4.2 wansENUssHnaw (Cherenkov Effect)
A a 2 A a A
wansenusisunen 1o Cherenkov  Effect WJUnanssnuHHINnaInmsna
. L. 3 ¥ & = A A A A o A g
Permeability 11a¢ Permittivity Lﬂuaum@ "]Nfllgﬂfﬂ’f]ﬂ\‘lﬂTﬁ!ﬂﬁi’Ju‘VlSUf‘]Q@Hﬂ?ﬂlﬂﬁﬂu‘l/lWTuﬁ'JﬂﬁN‘ﬂLﬂu
ad a . Y 3 Aa ' < A A A o g X% A 4
Vlﬂ@mﬂ'ﬂiﬂ (Dielectric) ﬂ'JEJﬂ'NML“J’J‘V]Lﬁ"Jﬂ'ﬂﬂ’ﬂllLi'JLlﬁ\WlLﬂﬁﬂuﬂiuﬁ?ﬂﬁWﬂuu SHIN "Iﬂf’]HﬂTﬂlﬂﬁf’)UVlhlﬂ
o o Ax 1 o oA o . < Y 3 aAd ' 3 A
SININANNUANFUMNMTHALHUDILTY (Refractive Index) nJuau (77 <0) AYANULTINETINNANMTAULEIN
A A ' 3 o S v g o . 9 M
lﬂﬁ@‘lﬂ/lI,ﬁ'.]ﬂ'ﬂﬂ'J']iJLi’JlLﬁ\?Glu(ﬂ’JﬂﬁNuu mgmﬂmmumﬂmmﬂizmaaaﬂ (Radiated) 'lﬂwwm
a ' a v o A &£ A ) a
mmJﬂcv“um%zuwaaﬂ”lﬂcluweﬂﬂauﬂu AN NINN 2.3A. clef'uﬂﬁfJW%'ﬁmflﬂﬁ']llﬁ]'lﬂﬁuﬂ?iﬂ (2.18) qUM3

‘Ui’ngll*lli’)ﬂﬂﬁﬂi%iﬂ&l*l@ﬂl"lﬂiﬂﬂ@ﬂ (Angle of Cherenkov Radiation)

C
cosf =— (2.18)
vn

4 5 3 o o

e ¢ oAUy v AeANUITIVOIDYMA 1 ADATAYST MIHNMHUDIES  (Refractive Index) Y09
o Y 1 oA o 3 < P ' A = o q ¥
Ana1 e aril msvinvesasnaeitiuay azmvlanyy 0 azegluagman 2 awezsildeynin

4 Ay o a Y o oa Ao =
lﬂ’c’l@‘u“ﬂUl’lJEN‘V]ﬁ@li\i‘lﬂilﬂ“lj‘l/lﬁﬂ'NGHlJ“]JﬂGWNﬂTWVI 2.9B
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A. B.

~ o A o A
MNN 2.9 HWansznUEssUAW (A.)—“lumﬂmw n>0,(B.) luainanen n<o
A A o o A a A A o
Wo V asnnmosuesnnusd S AoNANINM IR UNUBINAINIU

(Poynting ’ s Vector) 1a¢ k fio ifAN19M3iAndauNveenau (Wave Vector)

aa 2% @ - o
Tunal@nduu wannnansznusuAsNHNAY (Reverse Cherenkov Effect) ﬁmm'sauﬂﬂ

1% o § A o 1 3 T
1J§$Qﬂﬂi%’iuﬁﬁuﬂﬁﬂijﬂﬁ]‘mﬁ@ﬂ"1]3‘1/]1ﬂ?ii%u@‘h}ﬂ”lﬂ‘lJﬂﬂﬂizﬂﬁﬁﬂ31wli'}u9‘lﬂﬁﬁﬂu

243 nguedaIuaa (Snell’s Law)

GPTLRERT (2.19) Llﬁﬂﬂﬁﬂ\lﬂiiﬂlmﬁluﬂﬁ
n, sin@, = n, sinb, (2.19)

A a A A A aa Y v oA
NNMIN NANNMITAAUNVDIAAU (Wave Vector, k) UNANNAOT IVIUNUNAUVDINIG
A A o . < Y a v a s ~
INABUNUBINAIIU (Poynting > s Vector S ) ﬁ]szum@flwLﬂﬂmiﬂauwmmmmmmuaa (auMsn (2.19))
a a A a A A A o Y 1o A1 oA o 3
1NNINN 2.10 Wi]ﬁﬂﬂﬂﬁLﬂaf)u‘ﬂGIJ?Nﬂ’d‘Ll‘I/]Lﬂaﬂu@’J%Wﬂﬂ1ﬂ1ﬁl"lﬂ§1@]’Jﬂ'c’lN‘Vlﬂ']ﬂ"]fuﬂﬁ‘lﬁiﬂﬂ’iﬂ]@\illﬁﬂlﬂu

! Vv H H ) H
au(n<0) ’1]$ﬁ\?!ﬂ@'lulﬁ}’JW]f”f’ﬂNfﬂﬁ“l’iﬂ!ﬁm@ﬂﬂﬁuuu%ZL'UENL‘U“L!?JE]ﬂlIW]NﬁH‘L!Lﬂﬂﬂﬂuﬂﬂﬁ?uﬂlﬂﬁ@uﬂl%?
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MW 2,10 FunemsazioureIdaINsosAoveIgyINIA (7> 0) HaZAINAINNT
(A) A7 >0uaz (B) <0, 1 Ao suannnIzNl (Incident Beams), 2 A9 a1iLaa
aziou (Reflected Beams), 3 Ao awainm (Refracting Beams) S Ao NAN1aMs

A4 4 o A A A4 4 A
NADUNVDINAINUY 1AL £ AB NANNNIAADUNUDINAY

1 <

25 mslszgnald Yaquiiman ih&anszy

Q

o 2 2 A
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a A A 3 ' ~ ° o a 7 3
voaasdnay vazdantaziiulil1ded Nuim/lfnzﬁmﬁammnﬁ@]mﬁaﬁimm"lﬂﬂizqm“l%’@’hﬂﬂﬁa
4 o o = wa A [ dyw
muUaauYIa (Perfect lens) TagmM3vnaueved John Pendry 113l a.#. 2000 [4] NNAUTUUAASINUUGY
A ° 9 Yo . ' . .
’mmmmzuﬂﬂﬂﬁzthﬂumwm%mﬂﬁ (Phase Compensation), MIFAUFINITUNT  (Dispersion
. 4 YR a v Y o g Y o S A wa ax
Compensation) uaxﬁuﬂ EJﬂﬂﬁmiﬂﬂﬂuIﬂNﬁﬁnﬁﬂ!mmaﬂ“lWWWNLﬂiW‘H mﬂmamm"lmaaam uag
v A o As 1 a 9 =2 [ A 4 .
ariimsnmveaaaniaaaay 3l lassadrafeddu ma”l%'“luqﬂﬂsmmsmmaaum (Drug Discovery)
wella A 2006 Taenquiindte A. Akyurtlu HagAme MINUHIINGIAOUNAWGSA  (University of

[ d

o a o g 4 o '
Massachusetts) UszinAauigonisn vio msl¥iaauiman Wihduasziindeuioasningasvu

'
a

L. . 1 < = o ] < Y o o [l o Y =] 1
(Invisible Objects) 9614 15AMu Madny 1 Taquuiman llihdunszidinsegluszauiEudu nazdilivesing
o 4 1% 7! voog o Vo
Tranyuagiau elszgnd 19 ugunsal Ilihuazusiman lwih dedrasu Taquadou (Coating
. A o . o a s 4 Y o
Materials), i/39INTDIAYNIU (Filters), AUTULEDT (Sensors), H18D1NA (Antennas), AU (Lens) lounaii

1aa (Fiber Optics) 59uda319g1nsal lwiq Idonae



21
% J o % ' < Y v d Jq
fdaegamstneriaguuian Wihdunsizrinnlszanaly
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2.5.1 tauaanysas (Perfect Lens or Super Lens)
o Qd’ a @ d’d a g; [} d' o @
!ﬁuﬁ@]"lllﬂﬂﬁ‘ﬂNaﬁiﬂﬂ’c]ﬁﬂ‘ﬂMiuﬁi‘ill‘]ﬂﬂuu‘lllﬁ"llﬂiﬂﬂﬂzﬂ1ﬂ"|§1‘l/\|ﬂﬁllﬁ\iﬁ\iulﬂﬂu

Aa < ' A 2 o [l A S K ! @ Y < a
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a

. a o 1w o ' A = 3y I T 1
Medium) NWQﬂUﬂ@ﬂuL!ﬁ%ﬂu@ﬂNqi Permeability A9 ﬂ’JnJ"lﬂ‘]J“D’JJhlﬂ‘ﬂNLLIJL‘Viﬂﬂ WUAIBHANOUFUBIN

o3 A A ' -] o L. A o YA o
meammmmﬂﬁﬁmmmmam"‘umﬂuj’dﬂ 18& Cross Polarization A9 TWﬁWIliL“HG]fuhlSU'J Alelsznew

v 1
"UENl’mmﬂgﬁu1N1W%1ﬁﬁﬂ1ﬂﬂﬂ@]’Jﬂizﬂ@ﬂiwaflﬂ“ﬁ“])'uﬁﬁ}ﬂﬁﬂﬁ



30
34 ﬂqyf]mju (Group Theory)

[ o A 2 E I 4 A o
anuzvesnuszlazauauianmennved lwanalumaaiivuiuiFesenivgiimsany
Thdhluiiesnniinnusudeusgn 39185ms 19maufngu W5e Group Theory tiorieliazarnuaz ity
& ) o o wa 4 2 ¢ A 1 sy Y 3
Nz leanyuzveviuszuazguautanamenmangsiy 1nndszlemivemaungy 9 laNgnmu
1 = 1 1 o L o Jd o =) o
1 ngunguinzannsatwsggna lFlumsiuunlszmnifinsuveslaseaield Selatimsine
= 1 e o [l I I 4 ~
nunguulszgna 19 lumsesnuuy Tassasvesigquiman ihuiuaswsnluil aa. 2005 [31-32]
\ , < o o 1
Tag W. J. Padilla 1azA0uINgUUD Wongkasem 1 Id1l5udgaliiwnldauldiedu [33, 611 Tasmsuan
uasRuanyuzIazIANquUszIAN (Identify and Classify) Tasnguinguazgniiwuieldlumsialszinn
a 14 [ a [ [ U
YOINTNADF VDI TAAMIBTTTNIA Tas0I1FeHANMTANNIATUBINGNYA W30 Point Group ANNANNIAT
¥ o o ' ) ) & A o @ .
vuensatwundnvaziaumulnssaiigldeenilu 5 Uszande (1) endnval (dentity) “E”, (2) M3
13 UT0U (Rotation 130 Proper Rotation) “C_”, (3) M3@ 210U Reflection “ & » (4) MIWNKRU (Inversion) “I7,
v 9
(5) mswummzmiﬁzﬁ'@u (Rotation-Reflection 190 Improper Rotation), “S ” c‘fﬁﬂmﬁwmmﬂanumz
ansorlann (1) vldnndniumee (2) 1ldunse ( Rotation Axis H3® Proper Axis) (3) 521U (Reflective
a o o
Plane %39 Mirror Plane) (4) W1TU1NIAFUINANVOINUNING 130 AFUINANUDINT  Inversion (5)

TTER (Alternating Axis 3o Improper Axis) [34] AULAAINTNN 3.2

K5
identity n-feld rotation axis center of inversion n-fold improper rofation
E C, i Sp

Z-

mirror plane mirror plane mirror plane mirror plane
=) Oh Ty e

MNN 3.2 @reg1eaIulsznevaunIag [63]

ax

Lé d' ' Y ' 1Y ' 9 2 é’ A a % d' U 9 Y A
‘ﬁ'ﬁuQ‘VI%3515’38114Q”IfJLLﬂﬂTi%ﬂﬂquﬂl@\ﬂﬂiﬁﬁiNiﬂﬂﬂﬂ“ﬂuﬂ@ﬂﬁW%1§m1ﬁﬂym$ﬁﬂﬂ1¢]iﬂﬂﬁTJll'IEUNGluVI
P

A o ¥ = ax A ' D) A ' P P o
ﬁgmuﬁ@u@'lnllwuﬂ'lwsluﬂ1ww 33 @Nuui]Q!ﬂuTﬁﬂ']i‘Vl"l]é‘ﬁ‘]frJElGlfHlﬁ'lﬁ'lll'ﬁﬂwﬁ]?im]ﬂ'lw'lﬁ']u!ﬂﬂﬁall@ﬁ?ﬁﬂ

Aa v Y Y1 4 2
naNuFudouliheuingavu [14]
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e
LINEAR?
- SELECT Cp, with

HIGHEST n
Y [] Y| TWO or
i?

-lsnCa LCp
in this case?

— 1 I 1 '
EE Ty
Linesr Groups, | Cuble Group

mwn 3.3 urunwmilFlumsianguaseadie [14]
1INMIAATIZHABNO B NGUUaTHanMT Inan I3 Fuuenau (Wave Polarization) ansoimiilszgnd
§ o 1 1w [l < ' @ A
iotanguawailsznoumamiman liihvelassad s lunnnguinssadlddweaacluasein 33

[62]

y ' A @ 1 a @ l < a
ms1eh 3.3 nquiassaduignialunquaitiavesiaquuman luiludadou [62]

Complex Media Point Groups
Isotropic (8, ,u) T, T,O,1,
Anisotropic (Z,Z) Co Cop Coo Se S Do D ooy,
Bi-Isotropic (6‘, e, & ) T,0,1
Bi-Anisotropic (Z,Z,?,E) C, G, G, €S D, Dy, Copy,
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35 esnuuulnssadnvesTaquiman Iwihdunnzvlagldnguingu

wa ' < 9 9 A ' ' 13
ﬂmﬁuUﬁwNmeaﬂwm ﬂ')’]ilﬁuﬂ1ﬁjsllﬂ\11ﬂ5\1ﬁ5’]\i Lag MIPONIINISTUI  IFdUINLLAN

g’/ I wa o A {
ez I (Magnetoelectric Coupling) iuilunuaiiananitsideens 14 lu Tnssadaivzeoniuy

9
v @

I o Ao & a o 1 o pare
wiumniimesndnyhsuilurzdesiine 2 mewvesIwarlsiwdusay Ao Permeability ( 4 ), Permittivity

o

(&) vwaz 2 monves Twan lsiwdulvd (Magnetoelectricity) fio & (Xi) 1az ¢ (Zeta) 91niou luganan
H v i

wunIaseadnlu 2 uorgarovesaninei 3.3 duliguavtiaveslule lansellaudiiiosninninseads
[ o I § 1 o aa o 4 X

lungu T, 0 wag 1 TanvaziluTnssadraionuamsimaduuszun 2 56 dwaaslunmi 3.4 &9

9

Immel diuaue 131udl 2008 daiusield wuaniasanlasadelunguues luseuleTamsella unu

= o a v A . . a o v 1 Y|

o niunataves Twar lswduvesnan (Wave Polarization) 1we1san Tagsimsdaldauuilih

@

Ay a o q ¥ P Wy ' v a9 i
MYUDN INDTTWNNTSUTUALATIVADUNANN fl]?fl/]'lch’i Iﬂﬁ\iﬁﬁ'I\Tlllullllvlﬂﬂgaluﬂqn"ll@ﬂflﬁﬂl‘]ﬁ“]ﬂ@u N

]
A

waad 13 luasad 3.3 ua Inssaiadananagdinegludados (Subse) moldngui ldiaus 1y Feannsn
werAarun N indes vesSaquimanliiuFadouldas amil 3.5 63 ideRnsanaseadis Tungu
yolunoule Tamsellaszneuiurmumsfinnsandromaiin Twa lswduvenau udrseilfisudeni
winmnTaseadinlungy ¢, dweaslunmii 3.6 desnniiiiuTassaduihedms tunadalussu

nazdanadinuauia luleTamsellaluszuiudndiedanz lauaasludiuae 'l

\

awi 3.4 Tassadavesngulule Tansetladailszneudiengu T, O uaz 1
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Bi-Anisotrolloic (ZZEE)
Anisotropic (Z,Z) Bi-Isotropic (5,%5 ,5)
Isotropic (g, y) Isotropic (g, y)

§ 2 o Vg a
ﬂ"I‘Wﬁ 3.5 uwumwuﬁmmmamm’Jﬁ@!,mmaﬂ”lwﬂnmci’fau [63]

a.C b.C c.C

d.C e.C f.C

mwi 3.6 Taseadnluvesnguc,,

9
av A o o ' < o
aelulnsimsitetisldhmsmseenuuutaquimanTiihdunsizdilsznn Tnsea  lolw
nsola Nl Axtimsinmveaasaaauluvaten dnvaz Tundu ¢, & lduanslnssadrsdunnn 131y
o < Y gy = '
i 3.6 uazlunwi 3.7 vaz 3.8 U 18 uaalassad i ldhmsesnuuylunguues ¢, uaz C,
o < o A ' o '
awdwy Tag HI uaz H2 Huanuenvevurdniazuvugosi luudazuvunaniaziyugoslinm
g1IMAL W ABAUNT VB VUGDIIAZIVUHAN YU A TEHIRUVUHENTLYIIA 360/ (e n Aviavioy

I ' o '
U3 C), B !‘]J‘Lllqllli‘éiﬁ’.]'NL!"’II‘H“I’Tﬁﬂ!Lagl,L"UHElﬂEI (H2 1oz H1)
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mnd 3.7 Taseadnvesc,

Tdvanmsngunquihmstanquanyuzavuasveslaseaiiemuuonaasi iawso

ang1/'188n (Irreducible Representations) Y83 Insaa31e €, Tunwi 3.3 awnsadanguldasaumsi (3.2)
' =2A+2{E} (3.2)

A s Yy 9 7 g
o A uﬁmmﬂwm'l:icmmﬁum“lwvlmmumuﬂu Z L!fﬂgf,l\‘]l,!,ﬁﬂﬂﬂﬁIWﬂWhli“]ﬁJENﬁL!TlIlL?JLWﬂﬂﬁWlI
A ) . . o Y

UHANU z LH@QMT’U’]ﬂﬂﬁVQ\hﬂ‘HHﬂﬁﬁHu (Rotation Function), E uaﬂqmsTwm"lmmmaum‘l%h/\hmu
o s g 4 o

UUALNU x LIS y !waENL!?(@\1f’ﬂiI”Wfﬂhli"lﬁlﬂﬂﬁuTNLlillﬁﬁﬂﬂnJLLu’Jllﬂu X ATy Lﬁ@\‘lﬂﬁﬂﬂﬂﬁﬂ\iﬂ"ﬁu

. . J 1 < o A
NTHYU (Rotation Function) Iﬂﬂﬂ\iﬂﬂi&’ﬂi’)'ﬂ‘ﬂNLllll,‘l/iaﬂllw%/j‘lﬂJﬂ\i'JﬁﬂsU@\ﬂﬂiﬂﬁ%}T\i C3 ‘I/I‘H1Vlﬁ}€l]1ﬂﬁilﬂ1§

1 3.2) wulduaadluaumsin (3.3)

&, €, 0 Mo My 0 o &y O Cw Sw O
e=|6y &, O pu=ip, p, 0|&=15 & 0¢=\¢, ¢, 0 63
0 0 ¢ 0 0 s, 0 0 &, 0 0 d.

A a o A
Tﬂﬂﬂmvmmmaﬂuuﬂu XX, Xy, yX LT yy HUAD gxx = 8W = gxy = ny s qux = ,uyy = quy = luyx

$o=6, =6, =&, el =¢, =¢,=C, Fafauiiumrua (dentical ) Serh 1 amnsn

9
wnanldnTaseadie o, nuliguauiale Tansellaluszu xy
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mnd 3.8 Taseadaves C,

" v v { { 1 < 12
wuiReInun Tasead C, (mwi 3.8) eunsargduvundasi liaunsaaagl1den Ideenuuiiudalu
{ J T < 1 v A { 1 a
aumsi (3.4) wazmesnlszneumaninidn luthveiag lIdasaumsi (3.5) Taeinmsiiimes luunu

v 9
XX, Xy, yx Wag yy Huliawninumua (dentical) 3931 1dawnsaniasan lanlasease ¢ duiiguamiale

Tonsetaluszuiu xy

' =2A+2B+2{E1} +2{E2} (3.4)
gxx ‘c"xy 0 lu XX lu Xy O éxx éxy O é’xx é/xy 0
e=\e, &, 0 ppu=\p, pn, 0|&=& &, 0¢=|¢, &, O (3.5)
0 0 e, 0 0 . 0 0 & 0 0 <.

A ¢ g - = ¢ ] A
Wi]ﬁil!']?]\iﬂﬂﬁzﬂﬂﬂﬂﬁL!iJLﬂﬁﬂ“lV‘l%}‘h"Uﬂ\i‘VN C3 g C6 i]zW‘]J’JHJ?Nﬂﬂﬁ%ﬁﬂﬁ)ﬂﬂNlLMLWﬁﬂqW%}\hﬂ
" o v o ' s Vg 9 & Vo dy Y 9 ¢
IMUDUNU LmﬂﬂNvlﬁﬂ@nllﬂT’Ufl\?ﬂ\?ﬂﬂigﬂﬂﬂﬂ']ﬂlllllﬂaﬂleW']uuﬂ1%%$llllﬂmﬂuﬂvlﬂ uiesnsznou
g 9 ¥ ) Wy PR o v A A
‘I/lN!,LlI!ﬁﬂﬂ1‘1/\]‘1/\]161]6\‘1‘1/1\1Z‘T’ENT‘ﬂ5QﬁiNi]%llllllﬂlﬂuﬁlﬂﬁ1iﬂﬂﬂllﬂﬂﬂLLﬂuﬂﬁnll s e luszuny

Y 9 o J ' < 9
velnsaaandy (xy-plane) znuNmMeosndszneumasiman ihluury xx, xy, yx wag yy

( e TE TE, TE, ’ Ho = Hy = Mo = Hyx gxx:gxy: yx:gyy ’

y A [ =KX o Y a F2A F3 4 Yy A

war ¢ =6, =¢, =¢,, ) HulAumNu1ua v ldawnsannsanlanlassadunsdeuiud

quauiia lolanselaluszuin xy Fuilugaauidueslelansellauazimsiimes &, 1, &,¢ bl
o ) 4 9 v & ) = o aa

moenvetIna lamsu lvdauiisdesms aniulaseadin ¢, uaz cidguamiavedlnsea uazloly

N5l
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Mmsaseaeugaaiia InseadisITMsinnduAelio e IdaNHUZANMINT

'
=1

. . . A an @ 1 A @ 3 ax Y
Continuous Chirality Measures (CCM) #1398 3501137AANNUADIUDIVINANHUSTUNINT Wudsnly

k4
A

Tumsdnumimasii lnsoadd we Chirality Index 03 Inseas9vesluana [17] F9ldnanmsnugiu

s
an

=<

nlaseadaiurzuaastsnnugydeanazauasvelaseadig

a ° b. °
P4 P4
P4*
L . oP3
P1 P1=p1* o
P P3
° °
p2*
P2 P2
d.
c.
Pan par
° °
Pin P1n
°
P3n
) P2

9

MNN 3.7 e ril lnseadnaeIsmMIIanNuaeIlie U Ia Y UL ANNINT

Fasanamaesii lnseaan

1))
2)
3)
4)

5)

6)
7

° ] a o I .
‘ms3ﬂxmwmwnma“lﬁlﬂummgm (Normalize)

A o . =
@9NITUIUNTUN (Refraction) (NTWN 3.7a.)
gﬁaﬂiﬂ@'mmﬁﬁﬂﬂﬂﬁmmmaumm 1% P1 1@y P3

Wszazneveaya lldudunnuaziou (Mirror Axis) 91ngas

|Ax + By + c|

d= T 3.6)
VA +B
= o 4 9 9 a9 A . .

maeya P1nUga P3 Misidnednalinduvesinunszan wie Mirror Axis
(@A 3.7b.) 9218 P, (1w 3.7¢.)
o919 P andnduves Mirror Axis 9218 P, (0wl 3.7d.)

A g 1 A 1 g Y d' :
lunsainilugalaas iu P2, P4 IWaaga lwiilugadavesaumsiduasanaindiu

Y 9 H
YAUULAZAIRINNUY Mirror Axis (ﬂTW‘ﬁ 3.7d.)

)
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A= aay 9 =
ﬁnﬂiﬂ‘]’i1ﬂ1ﬂ°]§ullﬂiﬂﬁﬁﬁlwlﬂﬁ]1ﬂﬁllﬂﬁﬂ 3.7

S'(G) = ii”g - 1%” (37)

37 wRsudgumearitlaseadfveslnssadne C,-C,

il 1ns0add (Chirality Index) voaTnsaadraii Idimsoonuuy  (C,-C)) gniIumde
M ianuderiiovesdnumz AT (Continuous Chirality Measures, CCM) tlon Tassadiafienansa
el laseadn geiiga Tasmshimawdsunlasduy B (i 3.8) nnlassadldhmanaanes
WasuAnm B 910 059 360 09 Tuvaiziinnueves nrurdnuaziuudos gniidaliasi 1y awd 3.9

uaasmslseuifieunasii lnseaddvesInseadie C-C, Worhman/asuniassyy B

adl 3.8 msnlasuuilay B veslnseadaves c,
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Continuous Chirality Measure Angular Bisection Methods
0.4000 25
0.3500 f.\
% 03000 ——03
° ] — 3 ——c3
E 0.2500 g C5 .g o
Fe. c4 =
> A
% 0.2000 /’ \-‘ 6 ‘? (;Z
E 01500 %)'—‘\ H ——c7 s
= q = —_—
O 4.1000 . . ——cs 5 —-—C7
- VJ / hAS o c8
[ B
0.0500 7~ "\"'"-r A
[ A
0.0000 - T T T DAL~
0 30 60 90 120 150 180 15
B Angle B Angle
(a) (b)

q' =1 1T v oA as Y as [ 1 d'
adl 3.9 manSeuieumaailnseadfvesingeadne -, (a) IMstannuaeiiiowoa
ANBAUZAVLIAT (Continuous Chirality Measures) 1A (b) Tb41NATIUANLIAT

(Angular Bisection Methods)

dieitlunsassnaeunugndesvesrasnsse IdhmsnsuieusiTuensauaunas (18]
484 Pott (MW 3.9(b) Fawad Idanmas e lasoaandis® CCM 11 (M 3.9() ez Wwa
NimifleusuTtdnnamtns awaunnasuat idwaifiuua T ludemadersudei 1duaaa 13l (64]
msfiradns i ldanaesTsitinmuandeiuiaiiiesnninfiaesisiuiindnmslumsdamm
nseadaiiuana1aii nafe ‘i‘%‘i‘%umﬂémmmm51%14%zﬁwmmmﬂ'ﬂﬂmaﬁ?ﬁnnwammmﬁﬁ%ﬁ
nsoaaniinannmssunguuesaugalanlulaseadn dauis com fuezldndnmslunmsmszozma
y

Ay A o Y v o Ao Y Y A Y =
‘I/l’ﬁu‘ﬂfjﬂm?J\ii]ﬂﬁ?ﬂﬂlﬂ]ﬂ\ﬂﬂixiﬁiNhlﬂEN?HLLHQ‘VI‘VIﬂWIﬂiﬁﬁﬁNllﬂ’J"lllﬁlliJWli Tagazapaqonny

v 9
dzfion (Mirror Axis) THIIzay [65] M 3.10 ugasmsmmuagalumsmuiama lnseadavend

as
a9497D

(a)

mwi 3.10 waasmsmvuagai ldlumsdnunianlnsoadfsnes
() IBMIIAANUABLIDIVDIANHULANNIAT (Continuous Chirality Measures) 1A

(b) ﬁLLﬁQﬂ?wmumm (Angular Bisection Methods)
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1MW 3.9() ATl InseaaARs IS I3E COM Y010 IA53d519 (C,-C,) s Tl uiema
Aoty Tasez 18 gagaiiyn B i1y 60 e Feainmsnaaesnuasyillaseadn lnseads C, i
widigegaiiyn B Sawiiy 60 sam iy 0352059 Funandufeuds 2 whweslassadhaiii
auaniia lasoadaniiluigsndud, unuifou (Gammadion) [60, 64] Fsamnsoosuieldninszezma
AUNIAT (Symmetry Distance, SD) v8a1A3aa31a [66] wazaananmsmuiamayil lnseaanues
Zabrodsky  MiunmzafidiavesInssad i ﬁ'ﬂﬁugf]'eﬂﬂsm%’wgﬂﬁwmﬂszﬂuﬁuﬁf‘f SGERE
snwnuanaveslaseaaalf1ded wailil ssvnhdunnisiindnnanawail laseadandenninh
Taseade 2 Fawnlsznududiegdumiady duweadlunmii 301 Fozflunaddelassafvvoun

A Vv ow v Yy A a 9/ o (2
luﬁNﬁﬂﬂ’J']fJ\ﬁﬂ‘]v_«lWQmﬁNUﬂUlﬁﬂLﬁNﬂulﬂlﬂm%Z‘Lﬂlﬂﬂizﬂ‘ﬂﬂu

% Y (Y] d
3.8 ﬂ1i’t’)i’)ﬂ!!‘lj‘ijﬂ‘]fﬁﬂ1§ﬁﬂ!ﬂﬂl®ﬂ!!ﬁﬂaﬂﬁ Uiﬂﬂ‘l%“r‘iaﬂﬂ1§%!ﬂi1$ﬂ]\ﬁ]§

v 9

v
TasearavesdIduiowuIUMINLBNEIU 13D Split Ring Resonator (SRR) 1u laitfiseeninga

9|

§ ' g 9 { ° a 1 ' < 3
oz limanmeoumaliih (&) Wuavlduds ssannsafizildinan snuduldmauiivan (g )iy
1 1 v Y )
av'ld uaezinanaNudge Fegannawes g wnlszm 2-3 911 [15] AsiusmINEIE ISR
o ] a A g Y o @ J A g Y a A A d%’ Y a 43! ~
duntsvesmsineg & niluavldaadmamwuezliva g adluavldinanaw dgaruldinayunn
= v g ) o a A v A @ a .
@ennunaziliennsormiinauauanudru  (Pass Band) Yoariiminmiveuasdnay (Negative
Y
Refractive Index, NRI) adatulumsesnuvuulnsaadiaveuside laneenimsesnuuu Taseadialdan
I A A .%’ a o Y I (] A A o A Y a ds!
4 Wuavhanudngaunn@y vazilda g Juavlugishanuddas eldm g vez & Matu

EY

@

<3| ' A a
Wuavlureanuameinu
Y Ay Yo s ] Y Yy 9
nnlassadenldimldihmsesnuuunazmesdlszaeumaniman iy ealaseadredoe
Ea v
wanmangungy Tuduasuse liisegshmsesnuuuludiuves  dxiimsinmuedinaaauves
Y Y] a o X . . : Y A ] Y
Taseadrelagldngpins1ns121995 (Circuit Analysis) Feenusonaslnseaseiosnuuy (Founu 2

Y H '
suludnuuznasstmnu) eennlugiees Wihldasnma 3.11

Thes,

)
L]
3
L2

o

s

Y § = s a 4
awi 3.1 Taseadawed C, Nvonuutaz19935ve4 Insead 1 9imnnngimsinszi
1995108 W AoAun vy tag Hi Asuny H2 ADUALYenY d ADILeHi

FEHIN 2 LAY
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° ' {3 4 9 . Y Ay go
S1ENTOAUIVNHIAANVDUNHANTUND (Magnetic Resonant Frequency) voalasaasan Idviims
=] . 1w { ) 9
o9nNUuL (@,,q) mﬂmmmuﬂszi}im (Total Capacitance) a1 MA AT N5 (Total Inductance ) &

A9auMIN (3.8)

1
o = (3.8)
'm0 LTCT
mvesdaniienihluudazglvessesaunsadnan i§nnaumsi 3.9)
[2H, In(H,/W)+ H, In(H,/W)— ]
[y, H >y | 2(H, + Hy)sinh ™ (H, /| @QH,H,)* ~ H,")
= - | 3.9)
Hy+2H, ) 27| _op sinh™ (2H? — H,>/|(2H,H,) - H,")
|—(2H, + H,) i

awv -dy a ~ 1 J A A a 3 y 9 v
TugAteiismnsaiissanssszniegllanmaanmalsznu 2 Taseasraidreny awaumsns
o J ~ o [} o J
Muammanuteni ihlu (67-691 li'lddunaanaslyfaussveaeuuals (Ampare’s Force) 130

159UDINIHLUNY (Grassmann’s Force) [70]

1 o -] 2 13 a 1 { A 9 @
611!ﬁ’Ju‘U@Qﬂ15ﬂ1u’3m‘ﬂTﬂWI’JLTT]J“]Jig"l!uuﬁ"lil"liﬂﬂ"lu’f]mllgﬁﬂEJWflﬂiﬂﬂﬁ’JuﬁLﬂﬂﬂWicﬁﬂuﬂﬂclu

anpazNUUAUYBILYLYedIATIada [30,71] Aaaumsn (3.10)

_&wH, &wH,
d [-d

C

(3.10)

Tavdt [ =2H, + H,

=] Vo { o o { oW o ¥
mmmuﬂizfgiammzmmmﬁmmi’mmmmmmm‘l@’fﬁnﬂﬁnmﬁﬁ (3.11) gy (3.12) MUAIAY ANUY

A o ' = o q ¥ o1 a A 1 g 4 9 Y
lll@uflﬂ!,mu‘ﬂﬂuﬁllfﬂiﬂ (3.8) ﬂz‘V]ﬂﬂﬁ?ﬁnﬂiﬂﬂ1ﬂﬂ1'5iuG]f’NﬂTiLﬂﬂﬂ'J”IiJleJL‘ViﬁﬂﬁuW’Eleﬂ

L
ol (3.12)
n

C, =nC (3.11)
L, =
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39  TisunsudrassiuvenanysanuumaiinaleIswamedumifeudanm
(Three Dimenisonal (3D) Uniaxial Perfectly Matched Layer (UPML) Model by Finite

Difference Time Domain (FDTD))

an oA A a A . X . . ¥ 2
ITHAANAUIUDAUFIIA 130 Finite-Difference Time-Domain (FDTD) [72] il umsiseuama
v v VoA A . L. R YA ° Y]
maglaemMsudaumMInlIenIzUIUMIHacadUiiealuTamun1anal  (Time Domain) #4'1@1n31n 1%
g’, =y ng 3 Aan A 1 1 ] 2
asansnluil a.a.1966 Tag K. S. Yee Fnibiludsndreaemstszunammann i vazanumimanly
g aa L g ia ' '
TassafrandluenuialuTawumanar athmienlumslssnammsnlasunlasves aumsves
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0 13.96-14.34, 15.06-15.99
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120 13.96-14.36, 15.06-15.99
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around the Potential Placement)

4
TuaauilvzihmsAndrveamsinamariinmsinmvesasdnauvesInseas C,
A o ' ya o = A A Yy Ao a & Y g = )
niimsvansluyuana Indifssnuyuiauliion Inseadensaneiyw 12 e Falagnu luaiunuds
=

[ ] ] Y
Faaaalunmi 4.7 Tagazinmannsani 5 yu agil 5, 10, 12, 14 182 18 038

MR 4.7 M39a9TA9a319 C, NYuA19AIA 5 03N D9 18 BIAN (a) 5 039N, (b) 10 DA,

(c) 1294f11, (d) 15 93/ tag (f) 18 93N

v i
HAYBINTIIADINANTNARDIVDINTIA IATIaT 1S 5 Ny “lﬁ'uﬁmagiu MU 4.7

Falsznoudae S, dausaueswesdatimsinivewas &, g uaz sasIMsgaydevesdayna (Loss

= wa

H H Vv
Factor) lunsaiimssanslaseadeiyy 10 esmuaz 14 eam dudwisoiasan landigueau

Reciprocal MU INM3HyKIATIA31950U Mirror Line ¥091as59a319fiyn 12 per daulunsdives 5 ogem
¥ Ao @ = Y2 @ ' v oo = Y A <3|
uag 18 03f1 Y Nanvazmsdarnnlndifeany annuiies 1o Tasllaseadnn 12 oy
JCERGERRGANGN!
= = o Y '
nnmsanymslasuulaaulumsianedassasamelusie 13 03a (5 pee — 18
¥ " a s ° a ad Ao A ¥ o
83f1) ¥031A330319 C, wunmmadnes luaaudmiuiwes g vedlunnnsainulianyuziadieny

' o a 2 o A Y o 1w v A 1o 1A a
uaﬂumummu%iwm E NUANHUSNAAYNULFUNU ﬂﬂnuiuﬂmmu 5 93F WUNAULHUINNA

=

° "o < g . y a ' § ' <

MU gAreINI TURDIMIULmMaN (Electric Resonance) Hutna lugiennudngenilunnsal Fama
] < v ad @ @ ' a d Adao I~
minziunnnguaniaves laseada aswgeunsodunaldanina o lunmi 4.8(0) Wnntidnymzh

v a o Y A o o & v Y wn gy A
ﬂfﬁJ‘ﬂﬁﬂu"llﬁNTﬂi\iﬁﬁ'l\ﬁ/lllﬂ']ii]ﬂ’J'I\WI’J’E]gIﬁQ“]f'lfllmzﬁﬂ"ll’ﬂﬁllﬂ\i 12 9381 Tﬂﬂﬂmﬁnn@]ﬂ?uﬂﬂ (Handedness)

9
ad o =

a a ' A o & = g a4 A o
¥o4 lnsoaaniuziidninanemsvyuvesiieniams Ins lsmduvesnauaumutiman Wi naaudaa
1 Y é 1 =3 wa 1 1 Y [ d' Y
A Tnsead i Fazdawadeguaniaveosmsdaiutazmsaznovvesdyana [77] luasi 42 14
HEAAIFNAAMAFTNMINNIMUBIAIA AaUNHIUMINIITANIzNoUNY SasIMIsgadsvesdyaa N1

] ' Y Aa o A ' -
AUDUNIT 1 EU'E'NIﬂ5\1?[5']\1‘1/]11ﬂ']ii]ﬂ']"|\1‘1/|1!11@]"|\1‘]‘1/]\1 SYY



55

0
-10
-20 <
T
(4
-30
_____ 120
-40 | S 140
. ! . < 18°
12 14 16 18
Frequency [GHz] Frequency [GHz]
(a) (b)
‘L T
0! _--—-\;
§
foast
I:'if' Y
-5
i —_
2
' " g
-10 ————— 10°
_____ 120
.......... 140
15 . 480 if
r _2.5l e
12 14 16 18 12 14 16 18
Frequency [GHz] Frequency [GHz]
(c) (d)
4 T T g = T T 1=
N B i
L 3 - i il —r 10°
S T i T IR — 0
© i 3 ] EH 12
© HIT- H - R R 0
w2 I ! i 14
@ HiE ! ¥ o 180
o ! 8
=1 i
1
-I'.H :
H I I
0 r . r
12 13 14 15 16 17 18
Frequency [GHz]
(e

1 a 14 1 o a [ o 1
MNA 4.8 1dA3 (2) NIIRDS S,,, () FIUTIUIUDTIVDIATTNITHAMVOILEAS (n) , (c) I
iﬁwmy,d) AIUIIVOY £ Ay (e) é”mwmiqm,x?mmmﬁmmum (Loss Factor)U94

9 H i
msvanelaseadie ¢, ne s yuimaaslunni 4.7



56

M 42 uEIFRANNINNALDURILYBIRY TR IasAnaUveeTnsIai1 C,

Tumsiananywy 5, 10, 12, 14 1az18 936

Angle (Degree) Double Negative NRI Bands (where Loss Factor < 1)
5 13.90-14.93, 15.46-15.97
10 13.94-14.81, 15.52-16.09
12 13.90-14.76, 15.50-15.97
14 13.67-14.68, 15.52-16.09
18 13.81-14.62, 15.38-16.03
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M 43 uaAIERANNINMALIURIIYeIRT T nIMAsauvewEIueaInsIdi e C,

Tumssanaiiyuain
Angle (Degree) Double Negative NRI Bands (where Loss Factor < 1)
65 and 18 13.81-14.62, 15.38-16.03
69 and 14 13.67-14.68, 15.52-16.09
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43 mmlihsazmanumieninllihniinasnedwmisvesmdwaves
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msimesmanman1Wih (Capacitance and Inductance Modification vs. Location of

Effective Material Parameters)
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Abstract

Chiral isotropic metamaterials with a negative index of refraction design consisting of arrays of
a sole structure are proposed. The C,, point group is selected based on its chiral and isotropic
properties. A circuit analysis model is obtained for the double negative NIR passband design.
The structure’s orientation provides flexibility to adjust the properties. Structure modification,
based on the capacitance and inductance value, controls the locations of the structure’s effective
material parameters and the double negative NIR passband. These proposed designs give the
highest possible rank of isotropy. The negative index of refraction is also validated.

Keywords: left-handed materials, chiral, isotropic, negative refractive index, metamaterials

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Metamaterials or artificial electromagnetic (EM) materials are
manmade materials, designed to perform within a certain
operating frequency. The lattice constant or the periodic
dimension of the structure is very small compared to
the operating wavelength [1]; hence, the materials behave
homogeneously as bulk media. One of the most popular
properties of these materials is the negative index of refraction
(NIR), which is the reason why they are sometimes called
NIR, left-handed or backward metamaterials, according to
their electromagnetic properties. These unique properties lead
to numerous applications [2-5].

A negative index of refraction is initiated by the
assumption of Veselago [6] i.e. the direction of phase
velocity, indicated by the real part of the index of refraction,
and the direction of energy flow are opposite.  This
requires the real parts of permittivity and permeability to be
negative simultaneously. Therefore, this material is called
a double negative NIR. Later on, there is another less
restricted condition found to pursue the negative phase velocity

3" Author to whom any correspondence should be addressed.
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Figure 1. Family tree of complex electromagnetic materials.

ie. wigr+ueg < 0[7, 8], where only one real part is necessary
to be negative. In this case, the negative pair needs to be greater
than the positive pair. This type of NIR is called a single
negative NIR. Nevertheless, it can be seen that this condition
can also be true if the imaginary part is negative; presently,
the possibility of negative values of the imaginary parts of
the effective material parameters is confirmed by a number of
studies [9-11].

The conventional double negative NIR metamaterial
design, operating in the x band, consists of arrays of
wires and split ring resonators (SRR) [12], where negative
electric permittivity and negative magnetic permeability

© 2009 IOP Publishing Ltd  Printed in the UK
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Figure 2. Structures designed from C;—Cg groups.
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Figure 3. Points used to calculate the chirality index from (a)
continuous chirality measures and (b) angular bisection methods of a
C, structure.
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Figure 4. (a) C; and (b) C¢ structure and its geometrical parameters.

are generated, respectively. However, the NIR band
of these bi-anisotropic [12-15] composites presents high
losses [12, 13, 16]. There are several proposals to overcome
this, such as adapting the SRR structure to be more
isotropic [13, 17, 18], designing the NIR band from a single
resonance structure [19, 20], etc. Being isotropic can not only
improve the quality of the NIR band, but it will also add more
degrees of freedom to any design that requires flexibility of the
excitation direction.

Continuous Chirality Measure
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Recently, there have been many studies of chirality (K)
conducted in metamaterials [21-33] in three main interesting
aspects, i.e. studying two- and three-dimensional chirality in
metamaterials, generating negative phase velocity materials
with high chirality and enhancing the transmission properties
of metamaterials by a suitable value of chirality. Firstly,
the transmission properties of planar chiral metamaterials
have been studied intensively in x band and terahertz
regimes [30-33]. The optical activity in three-dimensional
chiral metamaterials has also been reported. It is due
to electromagnetic coupling [27], mutual orientation of the
material structure, and the incident EM wave [28, 29].
Secondly, chiral material can generate a backward wave if
its optical activity is strong [25, 26] or the product of the
electric permittivity, ¢, and the magnetic permeability, pu,
of the material is smaller than K [34, 35]. This idea
has been opening up new opportunities in nanometamaterial
design [36]. Lastly, the way chirality affects other properties
of metamaterials [37-39] is also significantly helpful for
metamaterial design. Furthermore, chirality alone with its
strong polarization effects leads to many applications in
photonic devices [22, 24].

In this paper, we propose a new design of left-handed
chiral isotropic metamaterials which consist of arrays of a
lone structure. Group theory and circuit analysis [20, 40]
are used to obtain the isotropic, chiral and NIR properties.
These structures are proved analytically to contain the chirality
by the continuous chirality measure (CCM) [41] and angular
bisection [42] methods. The designs lead to the highest rank
of isotropy, but are still compromised to ease the fabrication.

Angular Bisection Methods

2.5

——C3
_._C4

C5
Cé6
—¥—cC7
—.—C8

Chirality Index

B Angle
(b)

Figure 5. Chirality index calculated from the (a) CCM and (b) angular bisection method.
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Figure 6. (a) C, stack consisting of four pairs of the structures and (b) the equivalent circuit of a pair of the structures.
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Figure 7. Structure designed from the Cs group with (a) straight

arms and (b) curved arms. The unit cell size is

10.2 mm x 10.2 mm x 6.34 mm. PEC and PMC boundaries are set
at the planes which are normal to the E field and H field directions,
respectively, to form a periodic structure. The structure is made of

copper. The dimensions are as follows: linewidth, w = 0.85 mm,

H1 =3.83 mm, H2 = 5.1 mm, structure thickness = 0.0112 mm.
The distance between the two structures is d = 3.175 mm. The

radius of the curved-Cj structure is 3.83 mm.

CST Microwave Studio® software together with the finite-
difference time-domain (FDTD) method are used to study
the transmission and reflection properties which later will be
used to extract [43] the effective material parameters and
index of refraction of the designs. The complex values of
the material parameters are double checked using Kramers—
Kronig relations [44]. The results have shown that the new
designs will be further promising candidates for left-handed
metamaterials.

2. Chirality and isotropy of C,, structures

Complex EM materials can be categorized into four groups:
isotropy, bi-isotropy, an-isotropy and bi-anisotropy, with
regard to their electromagnetic parameters [45]. Bi-anisotropic
materials are the most common found in nature. They
contain all co-(permittivity, €, and permeability, 1£) and cross-
polarization (electric to magnetic coupling, & and magnetic

1" 12

13

14

15 16 17 18

Frequency [GHz]

Figure 8. Effective parameters, permittivity (&), permeability (1) and index of refraction (n) of the structure designed from the C3 group with

straight arms.
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Figure 9. (a) Sy, and S, parameters, (b) real and imaginary parts of the refraction index, (c) real and imaginary parts of the permittivity,
(d) real and imaginary parts of the permeability and (e) loss factor of the C; unit with straight and curved arm orientations shown in figure 8.

to electric coupling, ¢) terms in a tensor form. The cross-
polarized terms are linked to chirality and reciprocity [46].
While bi-anisotropic media are the most complex, isotropic
media are considered to be the simplest; they contain only
a scalar value of permittivity and permeability. Bi-isotropic
media also contain the abovementioned four EM parameters
but in a scalar form. In addition, there are only tensor
permittivity and permeability in anisotropic media. The

complex electromagnetic materials and their parameters are
described in the family tree shown in figure 1 [47].

Group theory, based on the concept of symmetry of
atoms in molecules, has been utilized for metamaterial
design [48-53]. This method simplifies the design process
by making a shortcut to a potential structure that contains
the required material parameters [47]. In this paper, the
C, point group is chosen to be our chiral isotropic structure



J. Opt. A: Pure Appl. Opt. 11 (2009) 074011

K Matra and N Wongkasem

Figure 10. Three symmetry parts (1 — 2,2 — 3 and 3 — 1) of the
C; unit with respect to the directions of propagation (k) and fields (E
and H).

candidate. The material parameters of this group are presented
in equation (1) [47].

Exx Exy O Mxx  HMay O
&€= |:8yx gy 0 :| M= |:Myx My 0 :|
0 0 ¢
2z 0 0 )
Exx Sxy 0 Cax Cx_v 0
%_: |:ny gyy 0 :|9 ¢ = |:§yx ny 0 :|
0 0 &; 0 0 &

where the parameters on the plane x—y are alike, i.e. &y =
Eyy = Exy = Eyxs hxx = MHyy = MUxy = Myx, §xx = Syy =
&y =&y, and { = ¢, = {yy = {,x. The cross-polarization
terms verify the chirality of the structure, while the existence
of the identical parameters declares the isotropic property on
the x—y plane. Figure 2 shows the designed structure initiated
from the C, point group.

The chirality of these structures is then calculated using
a continuous chirality measure (CCM) [41] and an angular
bisection [42] method. The angular bisection method obtains
the chirality index from a group of any three points on the
structure, while the CCM uses points which offer the shortest
distance to the mirror axis where the structure shows the most

symmetry. An example of the points used to calculate the
chirality from a C4 structure is shown in figure 3. Both methods
are based on the principle that chirality is defined by a lack of
certain symmetry. An example of the structures obtained from
C; and Cg groups is shown in figure 4. H1 and H?2 are the
main axis and the arm of the structures, respectively. w is the
linewidth. A is the angle between two axes and B is the angle
between an axis and an arm.

Figure 5 presents the comparison of the chirality index of
structures C3—Cg when the angle B is varied. The maximum
chirality value obtained from the CCM and angular bisection
methods occurs at 60° and 120°, respectively. The use of
different points to calculate the chirality is the main reason
why there is a shift between the maximum points in the two
methods. A similar result has also been found in the well
known chiral structure, Gammadion [23]. However, in both
cases, the chirality index increases when the number of arms
(n) increases. According to the symmetry of the structures, the
angle B with the value of 360°-180° will give the same result
as the one with the angle of 0°-180° [40]. Therefore, another
maximum point is found at 300° and 240° for the CCM and
angular bisection methods, respectively. It can also stress that
the structure Cg with the maximum value of chirality index
0.35 from CCM, and 1.89 from angular bisection method, is
almost two and respectively four times more than that of the
Gammadion or Cy4 structure. This can be explained by the
symmetry distance (SD) of the shapes [54].

3. Negative index of refraction approach

The circuit analysis model [19, 20, 55] is one of several
ways to approach the negative index of refraction (NIR)
design [56, 57]. A split ring resonator (SRR), one of the
two parts of the conventional wire—SRR NIR metamaterials,
is analyzed as a resonance circuit (LC circuit). Previous
studies have shown that besides generating — v right after its
magnetic resonance, the SRR can also produce —e¢, but at an
approximately two to three times higher frequency than that of

Figure 11. Six different placements of the C5 unit rotating from 0° to 120° to complete the symmetry part: (a) 0°, (b) 12°, (c) 42°, (d) 83°,

(e) 95° and (f) 120° angle.
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Figure 12. (a) The S,; parameter, (b) the real part of the index of refraction, (c) the real part of the permittivity, (d) the real part of the
permeability and (e) the loss factor of the C; unit with six different placements as shown in figure 11.
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Figure 13. Five different placements of the C3 unit rotating from 5° to 18°; (a) 5°, (b) 10°, (c) 12°, (d) 15° and (f) 18° angle.
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Figure 14. (a) The S21 parameter, (b) the real part of the refraction index, (c) the real part of the permittivity, (d) the real part of the
permeability and (e) the loss factor of the C; unit with six different placements shown in figure 4.

—e [19, 58]. Hence, in order to make the two locations overlap
to generate the double negative NIR band, the frequency of —¢
must be moved down and at the same time the location of —u
must be tuned up [19, 59].

By applying the circuit model, the arrangement, shape and
dimensions of the designed C,, have been adjusted to fulfil the
double negative NIR criterion. The wave indicated as k is
propagated through the structure plane. The electric field, E,
is perpendicular to the plane, while the magnetic field, H, is

parallel to the plane. A C, stack, which imitates the design
used in the experimental measurements, is carried out, and its
equivalent circuit of one pair of the structures is illustrated in
figures 6(a) and (b), where w is the linewidth, H 1 is the length
of the main axis, H?2 is the length of each arm, starting from
the center to the beginning of the arm, A is the angle between
the main axes, while B is the angle between the main axis and
the arm; g is the gap between structures and d is the distance
between the substrates forming the stack.
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Figure 15. Ten different placements of the C3 unit rotating from 65° to 78°; (a) 65°, (b) 69°, (c) 71°, (d) 73° and (e) 78°, and from 5° to 18°;
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Figure 16. The arrow shows the excitation direction where (a) conventional 2D, (b) C3-2D and (c) conventional 3D isotropic structures

generate an identical response.

The magnetic resonance frequency, predicting the location
of negative permeability, of the equivalent circuit of the pair of
the structures, shown in equation (2), is calculated from the
total capacitance, Cr, and the total inductance, L.

1
'm0 — 2
Wmo ‘,LTCT @)

where Ct = nC and Lt = £

-
The inductance of each branch can be obtained from
equation (3).

H2
L=|14 —"-—
H2+2H1

+ H2In(H1/W) —2(H1+ H2)

x sinh~' (H2?/\/QH1H2)> — H2*) —2H1

x sinh '(2H 1% — H2?//(2QH1H2)? — H2%)

— (2H1+ H2)]. (3)

2
> KOl InH T W)
2

This inductance is calculated by deriving the force
between closed circuits: a closed circuit and a part of
itself [60—62], not by means of Ampere’s force or Grassmann’s
force [63]. The capacitance can simply be obtained by
considering the part as two parallel plates of the area, wH?2
separated by the distance, d [20, 55], approximately equal to
the following:

_80U)H2 gowH?2
T4 I—d

C C))
where ] =2H1 + H2.

This circuit analysis is used to design the structure
dimensions and stack arrangement guided by the desired NIR
band in the microwave regime within the range of 12-18 GHz.
Time-varying wave propagation of the system is studied using
CST and the finite-difference time-domain method to double
check the accuracy of the design. A parametric study of the C,
structures will be discussed in section 4.



J. Opt. A: Pure Appl. Opt. 11 (2009) 074011

K Matra and N Wongkasem

H2:H1=1.50 H2:H1=1.33 H2:H1=1.00 H2:H1=0.75 H2:H1=0.50
///ﬁ/)/ ’:I e ('/:) o~
Mﬁmj}-—_suay/ He | (S o “‘\l‘i“‘"'i’?’lj
T - W 17
E\\\:_\\j\\ ‘ . w M
,ihﬁﬁ\\xj Qf
Jz
17.288GHz 17.374GHz 20.831GHz 27.403GHz 45.092GHz
(a) (b) (c) (d) (e)
H2:H1=1.50 H2:H1=1.33 H2:H1=1.00 H2:H1=0.75 H2:H1=0.50
2
= y
HIYE x
E[ Ly ‘
H |
17.288GHz 17.374GHz 20.831GHz 27.403GHz 45.092GHz
() (9) (h) () {1)]

Figure 17. Structures designed from the C; group with the ratio H2: H1 (a) 1.50, (b) 1.33, (c¢) 1.00, (d) 0.75 and (e) 0.50 where k is parallel to
the mirror line and (f) 1.50, (g) 1.33, (h) 1.00, (i) 0.75 and (j) 0.50 where k is normal to the mirror line.
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Figure 18. Effective parameters of the C; units when the ratio H2: H 1 is varied. The direction of propagation, k, is parallel to the mirror line;

the real part of the (a) permittivity and (b) permeability.

4. Parametric study of C,, structures

A parametric study of the C,, structures, the left-handed chiral
isotopic metamaterial candidate, is discussed. The main
properties i.e. chirality, isotropy and negative refractive index
are combined to persue the proposed concept. Transmission
and reflection coefficients (S;; and S§;; parameters) are
obtained by CST Microwave Studio® software together with
the finite-difference time-domain (FDTD) method. The
effective material parameters and the index of refraction are
then retrieved [43, 64]. The relation between the real and
imaginary part of the effective parameters is double checked

with Kramers—Kronig relations [44]. The loss factor, |n;/n;|,
is also taken into consideration. Several significant parameters,
discussed in this section, will ease the understanding of the
metamaterial design.

4.1. Curved versus straight arms

The pair of Cj structures is considered as a C; unit. The
dark color represents the Cs structure on the top layer and
the lighter color shows the Cj structure on the other layer.
The arm orientations of the C3 unit are investigated. Figure 7
presents a pair of C; units with straight (a) and curved arms
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Figure 19. Effective parameters of the C; units when the ratio H2: H 1 is varied. The direction of propagation, kK, is perpendicular to the

mirror line; the real part of the (a) permittivity and (b) permeability.

(b), respectively. The directions of the electromagnetic field
and wave propagation are shown. Each arm loop behaves as
a magnetic resonator; hence, there are three sets of resonators
connected in a parallel format for this Cs unit.

The effective material parameters and the index of
refraction of the designed straight arm C; unit are presented
in figure 8. There are two overlaps where ¢, < 0 and
ur < 0, illustrated by a dotted rectangle. The second
overlap from 15.5 to 16.0 GHz is the overlap between an
electric resonance (w = wep) and a magnetic resonance (w =
wmo) While the first interval from 13.8 to 14.8 GHz is the
overlap between the electric resonance and the low negative
permeability. A negative index passband occurs at the regions
satisfying Veselago’s assumption [4]. This type of NIR will
later be called a double negative NIR band. Prior to the NIR
bands, there are two other —n bands at 11.7-13.8 GHz and 15—
15.5 GHz, respectively. These bands assure the negative phase
velocity condition i.e. &;it; + 16 < 0 [8]. This NIR will be
considered as a single NIR band.

Figure 9 illustrates comparison plots of the parameters
from the straight-C; and curved-C; units. The transmission
($>1) and reflection (S;;) coefficients are shown in figure 9(a).
The effective material parameters, the permittivity (¢), the
permeability (1) and the index of refraction (n), both the real
and imaginary parts, are illustrated in figures 9(b)—(d) and the
loss factor is presented in figure 9(e).

The transmission and reflection coefficients and the
material parameters of both cases are similar; only the NIR
passband (15.5-16.0 GHz) of the straight arm Cs3 occurs at a
lower frequency. The passband is also wider than that of the
curved arm C; (16.6-16.8 GHz). The shift of the NIR bands
can be explained by the location of the (—)u and (—)e. The
frequency of (—)u obtained from equation (1) i.e. the magnetic
resonance frequency, wmo, is slightly lower for the straight-
Cj structure than for the curved-C; one. The same tendency
is observed with a single ring resonator, provided by its

10

circular or square loop [58]. The inductance in each resonator
is provided by its triangular metallic loop (equation (3)),
while the capacitance is given by the overlap of the arm
(equation (4)). It is also important to state the loss in the
mentioned NIR bands as well. Low losses appear during the
double negative NIR for both cases where the imaginary part
of the index of refraction is very low, close to 0.

4.2. Isotropic orientation relative to the EM field

The orientations of the structure are relative to the elec-
tromagnetic (EM) field propagation direction and polariza-
tion [23, 58, 65], resulting in transmission and reflection prop-
erties as well as other material parameters of the structure.
The best way to arrange the conventional SRR—wire metama-
terial [12, 66] is to have the incident wave propagate through
the plane of the structure; therefore, the H and E fields are nor-
mal and along the plane, respectively. To meet the necessary
conditions to generate an NIR band, discussed in section 3, the
directions of the fields in this study are set to be the same as
those of the conventional metamaterials. These C,, structures
have bi-isotropic properties on the structure plane. Hence, the
transmission properties are also related to the placement of the
structure on the plane [23].

4.2.1. Symmetry part and optimized placement. The Cs unit
is divided into three symmetry parts as illustrated in figure 10.
The angle between 1 and 2, 2 and 3 and 3 and 1 is 120°. The
dotted lines make a 90° angle with the H2 arms, demonstrating
the mirror planes of the unit. These lines are called the mirror
line of the unit. Six different placements of the Cs unit, rotating
from 0° to 120° to complete the symmetry part, will be studied.
The directions of k, E and H are shown in figures 10 and 11.
The six placements consist of angular orientations of
(a) 0°, (b) 12°, (c) 42°, (d) 83°, (e) 95° and (f) 120°. The
0° and 120° positions are in fact the same placement where
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™

Figure 20. C3 with the main axis, H 1, the original arm, H2 and the
extra arm H3.

Table 1. Negative index refractive passband of the C; unit with six
different placements.

Angle  Double negative NIR bands
(deg) (where loss factor <1)

0 13.96-14.34, 15.06-15.99
12 13.90-14.76, 15.50-15.97
42 14.81-15.00, 15.20-15.50
83 13.96-14.36, 15.06-15.99
95 15.21-15.95

120 13.96-14.36, 15.06-15.99

one of the reference H1 arms is parallel to the direction of
propagation at 0°; the unit is then rotated counter clockwise
and completes one symmetry division at 120°. The 83° rotation
can be grouped with the 0° and 120° ones as well, due to
their reciprocal placement. This will be further discussed in
section 4.2.3. The 12° rotation takes place when one of the
mirror lines is normal to K. k is parallel to the mirror line in the
42° case and slightly shifted in the 95° case.

Figure 12 illustrates the S parameters, the real parts of the
refraction index (n), the permittivity (¢), the permeability (u)
and the loss factor of the six cases. The unit is designed to
generate a NIR at 15 GHz. As previously discussed, the single
negative NIR band of the negative phase velocity can occur
under the condition, discussed in [8]. However, when losses
are taken into consideration, the double negative NIR is more
preferable due to its lower loss factor, as the imaginary parts of
the permittivity and permeability are not required to be large.
Therefore, the NIR band which will be mentioned later in this
paper is the one from the double negative NIR where its loss
factor is less than 1.

The double negative NIR passbands of the six placements
are formed from 14 to 16 GHz, presented in figure 3(b). The
results of 0°, 120° and 83° are identical, presenting the band
from 13.96 to 14.36, 15.06 to 15.99 GHz. The 42° and 95°
rotations have similar transmission properties as seen from the
S>1 plot in figure 12(a); however, their effective parameters
¢ and p are different, causing the different results of n. It
should be stated that the effective parameters should always
be retrieved to verify whether the transmission peak is left-
handed or right-handed. The double negative NIR band in the
12° position takes place significantly due to its strong magnetic
response as shown in the dip of the negative permeability at
15.5 GHz in figure 12(d). The loss factor plot is presented in

11

Table 2. Negative index refractive passband of the C; unit with five
different placements.

Angle (deg)  NIR bands (where loss factor <1)
5 13.90-14.93, 15.46-15.97

10 13.94-14.81, 15.52-16.09

12 13.90-14.76, 15.50-15.97

14 13.67-14.68, 15.52-16.09

18 13.81-14.62, 15.38-16.03

Table 3. Negative index refractive passband of the C; unit with five
different placements.

Angle (deg)  NIR bands (where loss factor <1)
65 and 18 13.81-14.62, 15.38-16.03
69 and 14 13.67-14.68, 15.52-16.09
71 and 12 13.90-14.76, 15.50-15.97
73 and 10 13.94-14.81, 15.52-16.09
78 and 5 13.90-14.93, 15.46-15.97

figure 12(e) and the NIR bands of the six units where the loss
factor is less than 1 are concluded in table 1. Although it can
be seen that the good quality of the double negative NIR bands
is associated with the placement of the Cs unit, the appearance
of the NIR band in all cases (which completes the symmetry
part) supports the isotropic aspect of the C,, structure. Still, the
C5 unit with the direction of propagation normal to the mirror
line appears to be the most promising in terms of generating
the double negative NIR.

4.2.2. Angle variation around the potential placement. In
this section, the NIR band of the C3 unit is studied where the
unit is rotated in a small angle around the location of interest at
12°. Five placements, 5°, 10°, 12°, 14°, and 18° are observed
as presented in figure 13.

The transmission coefficient, the real part of the refraction
index (n), the permittivity (¢), the permeability (w) and the loss
factor of the five cases are shown in figure 14. The 10° and 14°
can be considered to be reciprocal by rotating the unit around
the mirror line. The 5° and 18° are close to displaying mutual
properties as well; only 1° is shifted, while in the 12° case, the
mirror line is right at the rotating axis.

During the 13° movement interval (5°-18°) of the Cj
unit, the real part of u has similar values. The real parts
of ¢ are also alike except that of the 5° rotation, which is
flipped relative to the x axis. Moreover, the index of refraction
of the 5°, 10° and 12° and those of the 14° and 18° are
roughly symmetrical with respect to the y axis. These could
be due to the handedness of the medium. The handedness
of a chiral medium influences the rotation of the polarization
direction of the EM wave propagating through it, as well as the
transmission and reflection properties [38]. Table 2 presents
the NIR bands of the five units where the loss factor is less
than 1.

4.2.3. Reciprocal placement.  Section 4.2.2 mentions the
reciprocal placement of the 10° and 14° units, where the unit
can be rotated around the mirror line; the same behavior is
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Figure 21. Structure designed from the C; group with the extra H3 when H3 = (a) 0, (b) (H1)/2.5,(c) (H1)/2.25,(d) (H1)/2,
(e) (H1)/1.75 and (f) (H1)/1.5 and their S, parameter and the real part of the permittivity and permeability.

found when the unit is flipped over. Five reciprocal pairs, 65°—
18°, 69°—14°, 71°-12°, 73°-10° and 78°-5°, are presented in
figure 15. The NIR bands are listed in table 3.

Many research groups [53, 67, 68] have proposed several
potential two- and three-dimensional (2D and 3D) isotopic
metamaterials. In fact, regarding their isotropy claim, as
illustrated in figures 16(a) and (c), the structures provide
only 4 and 6 directions, for 2D and 3D models, respectively.

(Note that characteristically, a sphere is the pure 3D isotropic
structure, while a circle is the one for the 2D structure.) On the
other hand, with more degrees of freedom, the C, structure
with ‘n’ arms can simply produce isotropic behavior in 2n
directions for 2D and 6n directions for 3D. An example of
the isotropic behavior of the Cj3 structure (2D) is shown in
figure 16(b). The arrow shows the direction of propagation
that can induce the structure to generate the same results.
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Figure 22. Comparison of the S,; parameter and the effective parameters of the C; units when the extra arm H3 is varied. (a) S,; and the real

parts of the (b) permittivity and (c) permeability.

4.3. Capacitance and inductance modification versus location
of effective parameters

Capacitance and inductance play a significant role in
metamaterial design. Extra capacitances can be added to adjust
the location of the effective material parameters [50, 69]. The
location of the parameters will later control the passband of the
design. This idea can improve the size of the structure.

4.3.1. Structure size: H2/H 1 ratio. Figure 17 presents Cs
structures with different ratios of the arm (H?2) and the main
axis (H1), H2:H 1. Figures 17(a)—(e) presents the case when
k is parallel to the mirror line and figures 17(f)—(j) presents
the case when Kk is perpendicular to the mirror line. In both
cases, the length of H2 controls the capacitance of the system.
The magnetic resonance frequency, @y, calculated from
equation (2) is also shown. It can be seen that with the smaller
ratio value, where the capacitance is reduced, the resonance
occurs at higher frequency. Therefore, the last two options,
where H2:H 1 are 0.75 and 0.5, could be eliminated since they
cannot satisfy the homogeneous condition of metamaterials i.e.
the size of the structure should be smaller than the operating
wavelength.

Figures 18 and 19 show the effective parameters of the
C; units where the direction of propagation, k, is parallel and
perpendicular to the mirror line, respectively.

For both cases, the locations of —e and —u move down
to a lower frequency when the ratio of H2:H 1 increases. The
tendency of the behavior can be seen by the connected solid
squares. This supports the capacitance adjustment concept.

4.3.2.  Extra arm: H3. The other well-situated way to
optimize the capacitance and inductance is to add an extra arm,
presented as H 3 in figure 20. This extra arm will significantly
increase the inductance (equation (3)) and the extra capacitance
will also be added. The higher capacitance and inductance
will lower the location of the NIR band; therefore, the lower
frequency can be operated with the same lattice constant, a,
(structure dimension). This technique will certainly help the
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metamaterial condition that requires a < A, where A is the
operating wavelength.

Figure 21 presents the C3 group with an extra arm, H3,
with a different length, varying from O to 2/3 of H1. The
length of the extra arm is proportional to the main axis H 1
where the main axis, H 1, and the extra arm, H?2, are fixed to
have the same length. The S,; parameter and the real parts of
the permittivity and permeability of each unit are also shown.

The location of the overlap of —¢ and —pu is associated
with the extra arm added to the structure unit. Higher values
of capacitance and inductance cause the position of the double
negative NIR band to be at a lower frequency. A comparison
of the S»; parameter, the real part of ¢ and p of the C; units is
illustrated in figure 22.

5. Conclusions

A new design of left-handed chiral isotropic metamaterials
which consists of arrays of a sole structure, designed using the
C,, point group, is proposed. The C, point group is selected,
based on its chiral and isotropic properties. The main axis and
the arm of the structure provide flexibility to the design. Our
analytical studies have shown that the number of arms, n, and
its orientation can effectively control the chirality index. A
circuit analysis model is obtained in order to tune up the double
negative NIR passband. Several significant parameters are
studied to pursue the optimization of the candidates. Structure
modification based on the capacitance and inductance value
extensively influences the locations of the structure’s effective
material parameters and therefore has a strong impact on
the double negative NIR passband. The proposed designs
obtain a rank of isotropy as high as possible, but are still
compromised to ease the fabrication. The C, structures
offer the most conceivable isotropic property in the 2n and
6n directions for two- and three-dimensional models. The
negative index of refraction is also validated. These designs are
additional promising candidates for chiral isotropic left-handed
metamaterials and will most likely facilitate the investigation
of the feasibility of the use of these metamaterials in different
applications.
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Abstract

Left-handed metamaterials designed using C,
group with optimized isotropy are proposed. The
structures provide 2n and 6n excitation directions
where the identical response is generated for two
and three dimensional models. Circuit analysis is
used to design the negative index of refraction,
later verified by the effective material parameters.
The result shows the negative index passband with
low losses.

Keywords: Isotropy, Negative Index of refraction,
Left-handed, Backward wave, Metamaterials.

1. Introduction

Metamaterials are artificial electromagnetic
materials designed to perform within a desired
frequency. The size of the unit cell of its periodic
structure must be very small comparative to the
operating wavelength for obtaining homogenous
properties. One of the most popular properties of

metamaterials is the negative refractive index (NRI).

Having these characteristics, the propagating wave,
after passing through the material, blends on the
opposite direction as compared to that of other
natural materials. That is why this NRI material is
sometimes called left-handed or backward
metamaterial. These unique properties lead to its
use in numerous applications, such as perfect lenses
[1] and invisible objects [2], to name a few.

After Veselago assumed the existence of
negative refractive index in electromagnetic (EM)
materials in 1968 [3], several research groups have
been taking an interest in this extra properties. The
first metamaterial design consisted of arrays of rods
and split ring resonators (SRR), where a real part of
electric permittivity and magnetic permeability is
negative in the same range is generated [4-6].
Unfortunately, due to its bi-anisotropy, the NRI
band of these composites presents high losses.
Furthermore, they are not convenient in terms of
fabrication because of the combination of the two

structures. Hence, there were several proposals to
design metamaterials which contain only one
structure [7-9] that can generate NIR and low loss.
However, to optimize the transmission properties of
a designed structure, one may consider the isotropic
property. Isotropic media contains only scalar
parameters which made them independent of the
direction of excitation. Structures with high rank of
isotropic properties increase the degree of freedom
in term of an excitation direction. This is beneficial
for fixing the properties of the structure.

The first group who attempted to design a two
dimensional isotropic metamaterial structure was P.
Gay-Balmaz and O. Martin [10]. Later, there were
several structures designed to have isotropy for
both two-dimensional (2D) and three-dimensional
(3D) structures, with additional features such as
orientation improvement of SRR in the
metamaterial composites to cancel the bi-anisotropy,
cubic SRRs, crystal-like structures, and random
arrangements of chiral particles [11]. However,
these concepts, still, do not actually lead to
structures with a high degree of isotropy. Most of
these conventional isotropic metamaterials in 2D
and 3D present isotropic properties in only 4 and 6
directions respectively.

In this paper, we propose a new design of
isotropic left-handed metamaterials which consist
of only a single structure. Therefore, these
structures are optimized to obtain a rank of isotropy
as high as possible, but still compromised to ease
the fabrication. Study of isotropy behavior of the
structure placements is the aim of this paper.
Group theory and circuit analysis [8-9, 12-13] are
used to obtain the isotropic and NIR properties.
CST Microwave Studio® software together with
Finite-Difference Time-Domain (FDTD) method
are used to study the transmission and reflection
properties which later will be used to extract [14]
the effective material parameters and index of
refraction of the designs. The complex values of the
parameters are double-checked using Kramers-
Kronig relations [15].
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2. Structures Design

Our goal of this paper is to design
metamaterial structures which contain chirality and
negative refractive index with the highest rank of
isotropy. The C, point group, as shown in figure 1,
is chosen to be our structure. From group theory,
we find that C, structures are classified as bi-
anisotropic. They contain chiral and co-polarization
terms; however, when wave polarization is taken
into account [16], it has been found that all of the
parameters in X-X, Xx-y, y-X and y-y plane are
identical. Therefore, we can conclude that the C,
structures have isotropic properties in the plane of
their structure. Then, circuit analysis is used to
predict the location of NRI band [7]. We have
found that the structures in this group can produce
NRI i.e. both the capacitance and inductance of the
unit cell influence the magnetic resonance of the
structure. More details of the NRI methodology are
presented in [9].

-

C; Cy Cs
Ce C; Cs

Figure 1. C, point group

3. Optimized Isotropic structure

In this part, isotropy in our designed structures
is discussed. Isotropy is the property that shows the
independence of the direction. This is beneficial for
several applications. Many research groups have
tried to design metamaterials with isotropic
properties [10-11]. However, their structures
present isotropy for only 4 directions and 6
directions in  two-dimensional and three-
dimensional model respectively, as illustrated in
figure 2. Since it has been shown that the Cs;
structure can present chiral and NRI properties [9],
we have chosen it to be our case study. We will
focus on the effect of isotropy on the C; structure
reagarding to the structure arrangement.

The C; structures are designed to operate in 15
GHz based on the H2/H1 ratio [9]. CST Microwave
Studio® software and Finite-Difference Time-
Domain (FDTD) method is used to determine the
effective material parameters. The index of

refraction of the designs is extracted from S,; and
S1; parameters using the Robust method.

|
3
@) T‘ (®)
Figure 2. The arrows show the excitation direction

which present isotropy in conventional isotropic
structure in (a) 2D and (b) 3D

In simulation, PEC and PMC boundary is set at
the planes which are normal to the E field and H
field directions, respectively, to form a periodic
structure. The structure is made of copper. The
dimensions are as follows: linewidth, w = 0.85 mm,
main axis, Hl = 3.83 mm, arm, H2 = 5.1 mm,
structure thickness, t = 0.0112 mm. The distance
between the two structures is d = 3.175 mm.

3 > ; A
1 a 4 AR,

/ B V/ 1

N‘L—K \

() ¢

f (b)
Figure 3. (a) Six reciprocal placements and (b) Six
symmetry parts of the C; pair unit with respect to

the directions of propagation (k)
and fields (E and H)

The study the isotropic property of C,
structures is divided into 2 parts: first, a reciprocal
placement, and second, a symmetry part. In the first
part, the six placements of the C; structure,
consisting of an angular orientation from 0 to 360
degrees: 0° (a>a), 83° (f>a), 120° (e>a), 203°
(d>a), 240° (c>a), and 323° (b>a) as shown in
figure 3(a), are considered. The angle is measured
from the reference line (line 1) to the other lines.
The solid and dash lines present a reciprocal
placement of the structure. Therefore, when the EM
field interacts with the structure in these directions,
the same response is observed. Figure 4 illustrate
the S parameters, real parts of permittivity (&),
permeability (1) and the refraction index (n) of the
six reciprocal placements.
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Figure 4. S;, parameter, real part of effective
parameters; permittivity (€), permeability (p), index
of refraction (n) and loss factor of six reciprocal
placements.

As mentioned before, the results of these six
placements are identical because they have
reciprocal locations (H1 parallel to k), presenting
the NRI bands which have a loss factor less then 1
from 13.96 to 14.36, 15.06 to 15.99 GHz.

Considering figure 3(b) showing the symmetry
behavior of the structure, the structure has 6
directions which provide an identical result and
isotropic properties as shown in figure 4. Note that
here, only the placement of the structure which
shows isotropic properties is considered. The
structure is not placed yet in an optimal angle. It
has been found that at 11.5°, the C; structure
produces an optimized NRI result.

Figure 5. Optimized placement (11.5°) and angle
variation around the potential placement

After getting the optimized placement (11.5°),
we have studied six angles around the 11.5° line
(6,); £2.5°, £6.5° and £ 11.5°, which are 0°, 5°,

9°, 14°, 18° and 23°, The angles are comparative to
the reference line (@) to confirm the isotropic
properties of the structures. They were divided into
two groups: counterclockwise (14°, 18° and 23°)
and clockwise (0°, 5° and 9°). The pair of 9° and 14°,
5° and 18° and 0° and 23° can be considered to be
reciprocal by rotating the unit around the 11.5° line
as shown in figure 5.

2 13 14 15 16 17 18
Frequency [GHz]

Figure 6. The S,; parameter and the real part of
effective parameters; permittivity (g), permeability
(w) and index of refraction (n) around g =11.5°

From the results presented in figure 6, we can
observe that structures oriented with an angle in a
range of 6.5° from the 11.5° line i.e. when = 5°, 9°,
14° and 18° produce a similar value of S,;. These
results present a chiral effect ensuing in n and &
values 1i.e. the opposite direction between
counterclockwise and clockwise group. This can be
due to the handedness of the medium, which
influences the rotation of polarization direction of
EM wave propagating through it, as well as the
transmission and reflection properties [17]. While
6 =0° and 23° have different results, they still show
the same trend as the other angles.
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(b)

Figure 7. The arrows shown the excitation
direction which present isotropy in C; structure in
(a) 2D and (b) 3D

The results of the arrangement of C; structures
in different angles are well-founded reasons for
supporting isotropic properties in C, structures. The
results of reciprocal form arrangements (when at
least one leg of HI1 is oriented in the same
direction) also give an identical value. Therefore C,
group can present isotropy 2n directions in 2D and
6n directions in 3D which are more than those from
other conventional isotropic structures. An example
of the isotropic C; structures in 2-D and 3-D is
shown in figure 7. In addition, when the structures
are rotated in a small angle around the optimal
placement (% 6.5°), the results are still alike. Note
that the direction of rotation influences the effective
parameters because of the handedness of the
structures.

4. Conclusion

New designs of left-handed metamaterials,
where the isotropy is optimized, are studied. The C,
structures offer the most possible isotropic property
in 2n and 6n directions for two- and three-
dimensional models. The negative index of
refraction is also wverified. These designs are
additional promising candidates for isotropic left-
handed metamaterials.
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Abstract

Six states of splitting waves are observed when an electromagnetic wave propagates through
wedge-shaped chiral metamaterials. The chirality and electromagnetic parameters, as well as
the material parameter factor, are the main influences controlling the refractive indices of the
material and the rotations of the out-going waves. The incidence angle or the angle of the
wedge has a major impact on selecting the out-going waves and the occurrence of an evanescent
wave. This new study discloses some of the less known aspects of chiral metamaterial design

leading to a broader range of applications in optical devices.

Keywords: metamaterials, chiral, negative refractive index

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Two unique electromagnetic features of chiral media are the
optical activity or optical rotary dispersion (ORD), which
creates the rotation of the polarization plane, and the circular
dichroism (CD), where the differential absorption of left and
right circularly polarized light is observed. Due to the optical
activity, as an arbitrary polarized plane wave is incident on
chiral media, there will be two eigenmodes, left and right
circularly polarized waves (LCP and RCP wave), propagating
inside the media with different velocities. Hence, there are two
refractive indices corresponding to the two eigenwaves. The
difference causes the rotation of the plane of polarization. This
effect is considered as a natural circular birefringence. It is
similar, but not identical, to Faraday rotation in gyroelectric
and gyromagnetic media [1, 2].

Optical activity can be naturally exhibited by many
organic molecules e.g. DNA, sucrose, etc, solid materials such
as quartz, topaz, beryl, as well as spin-polarized gases at optical
frequencies [3, 4]. Recently, in connection with negative
index metamaterials [5, 6], artificial chiral structures such as
helices [7, 8], Gammadion [9-12], Y structure [13], chiral
SRR [14] and Cn [15] have been designed to generate chirality

3" Author to whom any correspondence should be addressed.

2040-8978/10/035101+06$30.00

at microwave frequencies. In addition, there are several works
in progress in optical regimes [16—18].

Four different states of the two eigenwaves propagating
inside chiral metamaterials have been characterized [19, 20].
Typically, these LCP and RCP plane waves propagate without
interfering with each other, according to their different
phase velocities. A recent experimental investigation of the
separation of left and right circularly polarized light normally
incident on a chiral liquid has been reported [21]. However,
as the two waves encounter any non-chiral boundaries,
they are recombined and then present a reflected and
transmitted wave from the chiral media [3]. In several
studies where circularly polarized waves are launched as an
excitation [12, 14, 18, 22-24], the same waves are considered
for the whole system [25]; there are no splitting waves in
the chiral medium, according to each circularly polarized
incident wave. Consequently, the phase velocity, as well as
the refractive index of each circularly polarized wave can be
obtained. These refractive indices are not the effective index of
chiral materials.

It is important to stress that the effective index of
refraction, negr = /&4, of chiral media is negative only
when the material parameter factor, p = Z—T + ’;—? [20], is
less than zero, i.e. ny, and ng represent the indices of the two
eigenmodes inside the media. However, if either ny or ng

© 2010 IOP Publishing Ltd  Printed in the UK
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CHIRAL MEDIA
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Figure 1. Wave directions of oblique incidence on a chiral slab.

is negative and its absolute value is greater than the positive
one, this can imply a negative refractive index (NRI) of the
media as well, that is a wave with a larger index (absolute
value) is dominant. Because there are actually three indices,
any conclusion in terms of the indices needs to be considered
carefully, especially in the case where a slab of chiral media is
illuminated by a linearly polarized incident wave; therefore,
the out-going wave is also linearly polarized or elliptically
polarized in lossy media. For example, in [17], an extremely
weak negative refractive transmitted wave was observed by
using a linearly polarized plane wave as the excitation, when
chirality nihility [5, 26, 27] was designed.

In order to verify that a linearly polarized wave splits into
LCP and RCP waves, we suggest a wedge-shaped structure
of chiral metamaterial to observe the two transmitted waves.
The conditions when the out-going waves from a chiral
metamaterial would grant either positive or negative refractive
index properties will also be stressed. The rotations of the out-
going waves are also discussed. The incident angle, or the
angle of the wedge, plays a significant role in selecting the
out-going waves. Several states of the splitting waves found in
chiral metamaterials elevate propagation flexibility which will
open new possibilities in optical devices.

2. Two circularly polarized waves in chiral
metamaterials

Fields in a chiral material induce electric and magnetic dipole
moments (P and M) as shown in equation (1).

_ These dipole moments, P and M, proportional to V x
E and V x H, are used to describe the optical activity of
chiral media. Constitutive relations and wavenumbers of the
reciprocal chiral medium in Drude-Born-Fedorov form are
given as [3, 28]

B = pou, [ H +«V x H]
)

D= 808,[177 +kV x E]

CHIRAL MEDIA

! FREE SPACE

FREE SPACE

Figure 2. Propagating waves on a chiral wedge with a normally
incident wave.

where ¢ = o6, 4 = oM, and k are the permittivity,
permeability and chirality parameter of the chiral medium,
respectively.

Chiral media can also be characterized in the frequency
domain by Tellegen constitutive relations [29].

D = g6, E + (x — ji)/Somo H
B = pop H + (X + i) /2ol E .

Note that materials with a magnetoelectric Tellegen
parameter x = O are reciprocal, and in fact this is the Pasteur
medium.

When the chiral slab is illuminated by a linearly polarized
wave, the transmitted wave on the other side of the slab will
be elliptically polarized due to the chirality of the slab. Inside
the slab, there are two circularly polarized waves, left and right
circularly polarized light (LCP and RCP). The two waves can
be described by left- and right-handed Beltrami fields [3]. The
left- and right-handed fields propagate independently but are
coupled at the boundaries. Nevertheless, E and H are united
while propagating, but decoupled at the boundaries.

The wavenumbers and refractive indices of LCP and RCP
waves can be calculated as follows:

VL:kO(\/gr/fLr + K); VRZkO(\/gr,ur_K)
nL = /&y +K; Erfhr — K

where kg = w./o€o; under the dissipative condition
where ¢, pu and « are all complex valued, plane wave
propagation with four different circular polarization states in
the medium [19, 20], as shown in figure 1, is observed. Figure 2
presents a plane wave obliquely incident on a planar free

R R
space/chiral interface. The reference regime p = i—[ + ’;—[
; '

is set. With the condition |c®| < (\/&,)}, both LCP and
RCP waves are of a positive phase velocity (PPV) in case 1 and
negative phase velocity (NPV) in case 2, for p > O and p < 0,
respectively, while in cases 3 and 4 when —«® > (/&)
and k® > (/g ;,)R, the two circularly polarized states of light

3

“4)

nR =
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Figure 3. Transmitted waves split behind the chiral wedge.

generate NPV and PPV simultaneously. ()R and ()' signify the
real and imaginary parts of any complex valued parameters.
In these circumstances, the reference regime and the chirality
parameter will be used to study the light splitting effects in
chiral metamaterials.

3. Refractive indices and light splitting effects in
chiral metamaterials

The refraction of light in isotropic chiral media also obeys
Snell’s law. If the polarized plane wave is incident at 6;, the
angle on the free space—chiral interface at z = 0, as shown in
figure 1, the angles of the two circularly polarized waves can
be obtained:

o

2 I | P

O cp.rep = Sin ((—) sin 91> .
nL.R

®)

The LCP and RCP waves inside a wedge-shaped chiral
media in figure 2, obtained from equation (2), will propagate
through the wedge in the same direction as the incident wave,
since QECP,RCP = ¢; = 0°; however, because of the circular
birefringence, there will be two waves impinging on region 3
with different directions.

The angles of the transmitted wave from the two chiral
refractive indices can be calculated from

. NLR Y .
t _ 1 .
01 cprep = SiN ((n—0> sin 02) .

If the refractive index of either the LCP or RLC wave
inside the chiral media is positive, the transmitted wave will
impinge with an angle +6,, stated as the PRI (or positive
refractive index), as shown in figure 3, and vice versa.

The chirality parameter (k), the material parameter factor
(p) and the relation between |«®| and (,/g,1z,)R determine the

(6)
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Figure 4. The relationship between incident and transmitted angles
with different refractive index values.

conditions under which the transmitted waves will propagate.
Six states of light splitting effects in chiral media are shown in
figure 6. PRI (n > 0) or NRI (n < 0) stands for an effective
refractive index in the chiral materials. Behind the wedge, two
out-going waves are represented by the two arrows, with the
bold arrow indicating the dominant circular polarized wave.
The clockwise and counterclockwise rotation arrows designate
LCP and RCP waves, respectively.

To maintain both out-going waves, the condition
nprsing, < 1 for the LCP and RCP waves needs to be
satisfied. Otherwise, total internal reflection will take place.
The critical angle of incidence 6, (the angle of the wedge) can
be obtained by setting 6] -, and 6] -, to 90°.

.1 no .1 1
sin ——— ) =sin —F ).
nLCp,RCP Ve FK

Figure 4 shows the relationship between the incident angle
(6») inside the non-chiral medium and the transmitted angle
(6). Here, we consider only the case when the effective
refractive index of the chiral media (n) is negative. Negative
values of 6; imply NRI properties of the media and vice versa.
The straight line 6, = —90° indicates a total internal reflection
or the occurrence of an evanescent wave. In the case of non-
chiral media, if the index of refraction is large, the incident
angle needs to be very small in order to have a transmitted
wave. For instance, in the case of n = —35, the largest possible
incident angle is only 11.54° and even smaller at 5.74° for
n = —10.

Chiral media with two indices (np r), give more flexibility
to maintain the propagation. The two indices are directed
by the chirality of the media. With the same incident angle,
there could be either an LCP or RCP wave, or both that
can propagate through the media. Figure 5 presents the
relationship between the critical angles of LCP and RCP waves
and chirality parameters (k) when index of refraction is varied.

The straight lines, 6, = 90° and —90°, in figure 6
represent the maximum angle of the incident wave. These lines

92.critical _
LCP,RCP —

appear at —1 < « < +1 for smaller n (e.g. n = —107>,
—0.01, and —0.1). The critical angle of CP waves with these
small n decreases as | K| increases. In the case of n = —1, at

k = 1 and k = —1, for LCP and RCP waves respectively, the

100

501 LCP Wave

Figure 5. Relationship between critical angles of LCP and RCP
waves and chirality with different refractive index values.

critical angle changes its sign and decreases toward zero. With
a high value of n (e.g. n = —5 and —10), the critical angle is
extremely small throughout the range of ¥ (=5 < « < +5),
implying that a higher value of « is needed in order to avoid
the occurrence of an evanescent wave.

As shown in figure 6, the angles 6;(LCP) and 6,(RCP)
have opposite signs when |« | > n, according to their refractive
index value (npr) (based on the relationship presented in
figures 3(c)—(f)). With a larger value of |n], the incident angle
plays a significant role in the selection of transmitted waves.
For instance, at n = —5 and « = 0.25, the LCP transmitted
wave exists only if 8, < 12.15°, and the RCP transmitted wave
exists only if 6, < 10.98°. If || = n, there is either LCP
or RCP wave inside the chiral media; thus, only one wave
will propagate to region 3. This phenomenon is observed in
figure 6(b) when x = 1 and n = —1 and only the RCP wave
exists; if an infinite lossless chiral slab is considered, only half
the total transmitted power will be observed.

In lossy chiral media, the intensity of the two transmitted
waves is not equal due to the circular dichroism or differential
absorption [30]. The amplitudes of the reflected and
transmitted waves from the chiral media (slab/wedge) can be
obtained by methods [1, 30-34] proposed for regular positive
refractive index chiral media, without the restriction that the
effective refractive index needs to be positive. In the special
case when both &R and uR change sign, though optical rotation
is not affected, the circular dichroism does reverse in sign [35],
i.e. there is a switch between the absorption of the LCP and
RCP wave, so that one change will be of greater dominance
and vice versa.

4. Conclusions

Two circularly polarized waves propagating in chiral metama-
terials are studied. A wedge-shaped chiral structure is used to
observe the behavior of the splitting transmitted waves as an
arbitrary polarized plane wave was incident on chiral metama-
terials. Six states of splitting waves are found in chiral meta-
materials. The refractive indices and the rotations of the out-
going waves from the metamaterials depend on their chirality
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Figure 6. Relationship between incident and transmitted angles with
different refractive index values where (a) K = 0.25 and (b) K = 1.

parameter, electromagnetic parameters and reference regime.
The incident angle, or the angle of the wedge, plays a signif-
icant role in selecting the out-going waves and the occurrence
of an evanescent wave.
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