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Abstract

The effects that RFID tags pasted
on a large metal are examined in this
report. In particular, frequency is
operating at 900MHz to 928MHZ. The
examination considers the situation
that tags are pasted on metal license
plate and a large cylindrical can. Both
numerical simulation using HFSS and
measurement are conducted to exhibit
the fundamental characteristics in
terms of reading distances at various
angular directions as well as RCS
variations.

1§ 4
& K ORFID A se fAmBa £
L& F Hoh- PATFH RFID i st de i
TEER TN T SRR T AN ¥
AR ETRR S TR s T st
G A ek R oo A HRE PR
DI RN @gj;—ﬁ,g_ {20 IS Sl
7 ey & si(bar-code technology) i
% AP e 33 e o

RFID Hitrerdp 18 % A BN & 4P

AR AR AE R DS
Lpa P s gt ~F 7P A

5 4B AL b

oty R4 % % 3T 115 3] REID 5 Be

2. IE3 AR RFIDTag B3t~ A1 & B 2

#HREE

RFID cnTAG 2k & + & - BaFd &% 4
A R H AR &R R T
B ARPEANE R G P ER-E R &
B s — B { ~ o RCS(Radar Cross
Section) P #& > i&m BB M4 L £
DGR F R S RARE £ B R
BE L e

% RFID s 5§ ¥ » TAG #7ic £ 1c 3)|
Reader smPower =& RCS § %+ «h4p b
4o 0 (1-1) ¢

2
P=F{><Gt><( 4 j °

1-1
' R) e D

#¢ > P35 tag#icdeha g ~ R
reader % # it £ ~ G, 5 reader = & en
gain~ m o % RCS -

@ RCS et % 2 240 (1-2) ¢

P

0 = -etman - KAG, (1-2)

¥ P g % Tag 3200305000 3 5t

shpower ~ G, * % Tag % #:Hgain~ A P~

%7 e K 5 RPN ICE LA

Prediz g4 Fl+ 0 BB Ao (1-3) ¢

4 2

K:L2 (1_3)
Z,+Z]

Z i Tag = A ¥ chgrpbpeds Z % Tag

Mz [Cz$dris R AZ 2930

B (1-2) ~ (1-3)a A AP e g g e



FRY - B tag R R g B
gpEiE > Ko G s 2883 %5 - @ RCS
frm S R R ALY
g E B ERCS £9% PTG Af o

3.7 ki > FRdud> RCS 2 2 §F

de b 3 (1-2) ~ (1-3)5% @ A aeig o
% feehx g pe g [Credgtst RCS ehE iRl
S FEROM G oAy BRPET tag
Sl PREHE o Sf POEHEH D ST g
(I-Ditsg-#Hig e+ 35

= [FEEKG, 2D
7\ P
¢ EIRP 5 5 #1585
EIRP = 2t (2-2)

L, 5 @iy B orig & ch g a4 o

d (2-1) ~ (2-2)3% i 7 123 3 B jEdpen
% ‘2fr tag e A F]+ K 3 ¥ E #o0hd o
l}i o

Ze=Re+iXe

Za=Ra+jXa
S

2F

(B 1) : Tag 2 p 2477 R B

det (B 1)#F7F > 2w o jd g K
RF DX RA L PR ek o @
#f K By B 0 B e
L] o RBEIE RERIAPEY T EET R
<] EHIR PR S *;_; AR R j\fﬁd» LA
e K B4 F B RCSm%iLOUT“'

Ao (1 3)'\ SR AERRE L& =

th o e e |7 ﬁo£

e sl S T N R

E’.ﬁ%«

Z, K
0 | AR
R+ X
Z, 1
o0 0
4 HE e %
d 2 A RFID hsed > #ciiugt
( ‘07 " 17 L@: £ RCS B2

4‘1 K fgw] > F]gt F RFID Tag » #7ié

z_ chip #fx#{s > chip p 2 [E4k-¢
o Fm A4 hTag R A2 - f&? @8
ez 1735 o A &% Ansoft HFSS -
BOcW o KR R
o1 TP 5 916MHz 2. Dipole = & i
ENNERE G ATOL e oo Bl
AR T e £ oo F %é‘ﬁﬁé’fﬁér(ﬁl 2)5T
7 tTag * &3 %%1‘51% |3t FR4 45 47
+ oo e B R B &3 Dipole 2 B &
? oo

LR T P A

(R 2) 5w~ UL B FIEE2
tag T & W

BAYE Tag = MEFZESEEF 20
2o (B tEIPRImFEETEA
2 FsAEA > m (B4):5 %2 BT F4H
A4z L °

4~



—u—10hm
—e—50 ohm
K —4—100 ohm
- —v—150 ohm
n "1 —e—200 ohm
m -16 —<4—250 ohm
° 18 —»—300 ohm
1 —e— 350 ohm
204 —*— 400 ohm
—e—450 ohm
29 —a— 500 ohm
244
=26 4
-28 L S B B B S B S B B p e e |
0506 07 08 091011 12 1.3 14 15 16 17 18 1.9 20 21
Frequency(GHz)
o 4 h
(W 3): heeRe2 §
0w
Z .
-3
64
—u—10nf
9 —eo—22nf
2] —4—33nf
—v—47nf
- -15 —4—56nf
D 8 —4—100nf
a —»—2.2uf
21 —e—4.7uf
28] —%—10uf
=27 4
230 4
-33

T T T T T T T T T T T T T T T 1
0506 07 08 0.9 1.0 1.1 12 13 1.4 15 16 1.7 18 1.9 20 21
Frequency(GHz)

(B4): 4R F2SG,

% (B 3) 7 o % e b R ILEE(A TS
0.4nmFR4) » # S,z 1 B iT* AFF ¥ 7 ¢
AL AR A (B2 )Y BT
ARG GRS, R R b
LB 2 Ao P 2 1.6GHZ A e

WRET g T an it ket g
BlP > PR APFRERYERES > 3 iE

v .u%ﬁ3¢§fﬁ%ﬁ%7 v A LA R A

BFAPLEFIRNE L FF2Fa
FPHERRCER BRR2FHERLT §

imm;w s H % he(B) 5)HT
—,’f—' 2 ER % 1.4mm 2. FR4 -

O—Wl—l‘l—l¥lgl
24
4] N § i/‘;}/b 4
] . ;/ = /:/
8] /‘ / —=—10hm
—e—50 ohm
109 \ / ./ —4—100 ohm
124 —v— 150 ohm
< M7 —e—200 ohm
» 187 —<— 250 ohm
o -18 —»—300 ohm
T 0] . —e— 350 ohm
=224 —*— 400 ohm
—e—450 ohm
27 —o—500 ohm
-26 4
284
-30 4 .
32

T T T T T T T T T T T T T T T 1
05 06 07 08 09 1.0 1.1 1.2 13 1.4 1.5 16 1.7 1.8 1.9 20 21
Frequency(GHz) 1.4mm FR4

(F5): 2k TraiRad Ry
*~ 1.4mm FR4 p¥enS,

o

#ER2 % Vv BIRE RS ¢
H S 21 (T4 > feApgtens F o4
PR s 4e e 0 H S1] Lﬁzﬁ“ﬁi)if‘wgfﬁ !
2% 87§ RFIDTag 2 chip » §d A%
ik R 0" & 17 243 ’Té;‘i
HAcvT o - HE AT T F B B AR
g{ﬁ:o

(B 6) 5 k-2 B F(4p)ened g <
AR e A B3 TEAE F 910MHz 7 F
AEERE RS BB L BRELE
BAE F RCS it o

-4~ —=—A\ /20
—+—A /16
6 —s—A\ /12
—r—A/8
EE —+—A\/4
—<—A\i2
-10 -
o
B
o 12
[8)
"4
14
-16 -
18 -
-20 T T T T T T
0 100 200 300 400 500
ohm

(B 6) : # lrsed2 RCS %1 H



WEREEFRAELIQ 3 150Q paRCS
BilEh A MEREEETEEPEE R
SLE AR EES X3 A
efE B K % IR ) RCS ehsg it o

FERFID gk 13 24 i ¢ % 3 5 ASK
AETERET0 BT 17 ARkEoR g
&WQ’HQfﬁggﬂ% e R
B FORSP A b apiiz > A7 ik 4
7 e enfc L -

-

5 ERE*
GIONGEFES FE8 -2 53
B> 24 RS 8 e tag(W] 9)30 2 M0 2 48
ISR R LR N A RS R

LR U Y TN S W
QJF»J—‘F?‘:’FRZL /\’Fﬁ—
;@ 5 F’%%‘?f}%)i

PAFLBERET
k4734 2 $20 RPID

(B 8) : R4 12 RFID % 3L & )

NO.1 0.5cm polystyrene | 60cm

1.0cm polystyrene | 120cm

1.5cm polystyrene | 180cm

NO.2  0.5cm polystyrene | 20cm

1.0cm polystyrene | 40cm

1.5cm polystyrene | 120cm

NO.3  0.5cm polystyrene | 90cm

1.0cm polystyrene | 130cm

1.5cm polystyrene | 180cm

(R 9 :+ 82 4% tag 7t L. H

RSB EAPEER tag s B3R £
2 pEgE(P B S 2 OH R B
2 g% e (B 10)~(B 11 - )~(® 12)~
(M 13):

— ANT1
——ANT2
B | ANT3

-2 B ZHEEES
g
LB
s
8

@
. 10 1“”_ %
o 120 ‘ 60 —ANT1
Sm' A ——ANT2
] ~——ANT3
251’_‘\-
m_
150
0 0
.l n 4
olrel 20

(B10 )~ (HF11):tagr @ 2 BEe:

N2 - pEBIRE

Eifrom 90
- 1o 10 7 80 4 —— ANTI
1 0 T == €0 —ANT?

——ANT3




—ANT
—ANT2

1 130 50
W- 4 /\ 0 ANT3
250 - ‘ \

0] '
010 L S0 |
(M 12 )~ (W 13) : tag L4 2 FEEZ

MR- pEBLRE

6 %3

X b eng A p e g ORFID mR
TR o A Tag & &R
2 B R A iE @ AR U g PR RCE
FAPH AT DER > £ Tag
FHRERES > FOIERM e 2 EA
ol - bR o> v ﬁng;’_rﬁgf;;:szfim
fF e oo I R B AR
GeN A2 - g R AEERE RO e A 2
- REBE - 2 - R ke R F %
RA P T2 R RP R aTIEAR
S G PIEBEARIE 0 K o HIEPR -
P2 AE Tag & & B MOTIES o &
Th xFrppdp o o Tag 2 & B2
BV~ 0 R IRAR R SR e
FREY 7 T FARST RS

L7 RIEiRLOE IR B £ B+
YA RN G F oA vt &
o Mo A3 4 U iR ok o i
RCS i 18 £ 4% 7 £ 4L 5 B3 RFID
Fribend Fl2zo - > S A EAPE
o p AR Me RS L ¢
Cengg it o B pFen
VAR ¥ e SRS o 3

et

AP el

ff}”{' |g| 9 /Tj.‘_,sb;}

Flap g e g BT R
,/f‘_jg Fieé& > &Ky RFID Tag 2

E A np e

[1].

[2].

13].

[4].

[5].

VII %% = )F*Je
“UHF Gen2 STRAP,” DataSheet
RI-UHF-STRAP-08, Texas Instruments
Incorporation.
K. V. Seshagiri Rao, Pavel V. Nikitin
and Sander F. Lam, “Antenna Design
for UHF RFID Tags: A Review and a

Practical Application,” IEEE
Transactions on  Antennas and
Propagation, volume 53, no. 12,

December 2005, pp. 3870-3876.

Pavel V. Nikitin and K. V. Seshagiri
Rao, “Theory and measurement of
backscattering from RFID tags,” IEEE
Antennas and Propagation Magazine,
volume 48, no. 6,December 2006, pp.
212-218.

Giuseppe De Vita and Giuseppe
[annaccone, “Design Criteriafor the RF
Section of UHF and Microwave
Passive RFID Transponders”, |EEE
Transactions on Microwave Theory
And Techniques, volume. 53, No. 9,
September 2005,pp.2978-2990

V. Pillai, “Impedance matching in
RFID tags: to which impedance to
IEEE  Transactions on
Antennas and Propagation Society
international  Symposium 2006, July
2006, pp. 3505-3508, 9-14.

match”,



2009 3 B = R RMTPEAE TR LS BH5E ik

ﬁ:}ilﬁ’j‘gj 7 o> = 2000 & 4= e »}; 'J‘ﬁéﬁfﬁ
o BFEER SR BRE A B R E R R o AT

gL ENT L2 p 3o
He (- o - BEA g2 GITE) 2 FEEA g2
MEREZR LR WAt g a2 ATz 4
Ek -

AEARLIRELL BT 2 ehg £F R REEES e
FEZHATHREF A > LG Loz e FHEOF

- R g

\_

’%_Afr'-—.ﬂf‘ _:" 7]]\?#?%&"% (ITI.E.)
Hteo AR CHPRR LA BIRGR B HARET A HATE
T EAR o

Wip s o B AR A B AT PR B R e 03]

LAP e E TV E MR P RERE S R edt

FAgo b AFHEEY D R IBRAF B R £ W



Wave Propagation in Negative-Index Medium: A
Critical Evaluation

S. T. Peng and H. T. Hsu
Department of Communication Engineering
Communication Research Center
Yuan Ze University

Email: stpeng@saturn.yzu.edu.tw

Abstract- We present here a critical evaluation of the
propagation of electromagnetic waves in media with
simultaneous negative permeability and permittivity. Firstly, the
well known network method is employed as a building block for
treating both cases of positive and negative refractive indices on
the same footing. Secondly, a new criterion is proposed for
deciding on the forward wave, and this establishes rigorously the
existence of the backward wave with forward flow of energy,
without the presence of any other physical factors.

[.  INTRODUCTION

The electrodynamics of waves in a medium with simultaneous
negative permeability and permittivity was first brought up by
Veselago in 1968 [1]] , and wide-spread at tention cau ght up
only inthe p ast decad e, w ith theoretical formulations a nd
suggestions for potential applications being put forward in the
literature [2,3]. While a great attention has been centered on
the realization of t he materials [4], consid erable ef fort had
beeng iven toth e explanation oft he back ward-wave
phenomenon in order to rou nd o ff the theory. For example,
the frequency di spersion of th e medium was b rought in to
justify the possibility of forward group velocity for the flow of
energy in the positive direction [5]. In this paper, we present a
mathematical analysis of wave propagation in a “simple” NIM,
without involving any additional physical factors. Specifically,
we e mploy th e en gineering approach to t he electro magnetic
problem by the netw ork method that is co nvenient for us to
put PIM and N IM on the sa me footing, so that we can see
clearly d ifferences in p ropagation ch aracteristics of the t wo
kinds of medium. With the equivalent network, we propose a
new criterion to decide on the f orward wave on th e basis of
the i mpedance, avoiding the a mbiguity often experienced on
the basis of the phase constant.

II. SCALARIZATION OF MAXWELL’S EQUATIONS:
FOUNDATION OF EQUIVALENT NETWROK

For the f iels of ti me dependence, € t hatis
assumed and sur prised, the Maxwell equ ations may be
written in the following form:

VxE(r)=—joouH() (1
VxH(r)= joweE(r) (1)

Here, we introduce the extra parameter, o, that may take either
positive or negative unity, so that in the ensuing analysis, the
frequency, permeability and per mittivity, ®, g#and & will

always be tak en as positi ve real quantities, unless oth erwise
specified. Evidently, for o= 1, the last two equations go back
to the well known Maxwell equations for wave propagation in
the positive index medium (PIM). On the other hand, for o=
-1, oo may be interpreted ast he p hysical e ffecto f time
reversal in the PIM [5]; instead, the association of owith the
permeability and permittivity, ouand og, characterizesthe
negative-index medium (NIM) [ 1-3]. In thi s way, both PIM
and NIM can be treated on the same footing, so that the results
of wave propa gation in the PIM can ready be utilized for the
case of NIM, and the differences in propagation characteristics
of the two kinds of medium can be rigorously established.

For the propagation of a plane wave, we may apply the

triple Fo urier t ransformationsin x,y andztot he two
equations in (1) to yield:

kx E = couH

kxH(r)=-ocwscE (2)

Each of the last two equations states that the three vectors, E,
H, and K, and mutually perpendicular to one another, and they
form a right-hand system for o= 1 and a left-hand system for
a= -1_ T hus, the positi ve-index medium (PIM) and right-
hand medium ( RHM) are s ynonymous, soi s the negative-
index medium (NIM) and the left-hand medium (LHM).

Fig. 1 shows an interface between air an d negative-
index half s paces, toget her with an e quivalent trans mission-
line network. With the coordinate system attached therein, we
are concerned with the flow of energy along the z-axis, which
will be desi gnated as t he longitudinal d irection and the xy-
plane will be referred t o a s th e transver se plane. Forth e
propagation of uni form pla ne wav es, w ¢ may choose th e
coordinate sy stem such that the fields are invariant along the
y-direction, and t he field c omponents o ft he TE and TM
modes are given in Table 1, in which the parameter k, satisfies
the usual dispersion relation fg; a uniform medium, and can be

given as.
(1b)
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Furthermore, in taking the squarer ootin the exp ressions

above, we shall impose the positive sign throughout this work.

This completes the determination of all the parameters of the
equivalent transmission-line network which forms the basis of
the ensuing analysis.

III. NEW DEFINITION OF FORWARD WAVE

In arriving at t hose equations in Table 1, we had gone
through so me elaborate an alysis in order to cast the res ults
into a form that is plausible for physical interpretations. As
an il lustration, con sider the case of TE mode wit h the
transverse propagation constant, K, in the forward x-direction.
For the field components in Table 1, the t wo equations in (1)
yield:

gV(z) =—jowu (2) 3
dz

2
9= v 4)
dz owe

To recast th e last tw o e quations in to t hose in t he sta ndard
form of transmission-line equations as al so given in Table 1,
we have two choices f ort he characte ristic propag ation
constant, , and characteri stic impedance, Z; they ar e:
{K—okX;Z—\l(—“’” and {K_kx;z_\l(_g"’”}. For o= 1,

r4 r4

the two ch oices are iden tical, as wellk nown for PIM;
however, for o= -1, the first set shows a backward phase and
positive i mpedance, wh ile the secon d set sho ws a f orward
phase and ne gative i mpedance. These a re the choices t hat
will be need ed at app ropriate contexts, as w ill be illustrated
subsequently.

IV. DISCcUSSION AND CONCLUSIONS

The two choices described above may be unified to state
that t he p hase con stant nd the impedance mustbe ofthe
opposite signfor a wave to propagate in an NIM. Referring to
Fig. 1, th e energy to travel i n forward direction in the NIM,
the impedance must be positiye and we have no choice but the
negative sign for the phase c onstant. On the other hand, for
the propagatio n alon g t he i nterface (in the x -direction), the
phase constant, K, is dic{@gyl by t he inci dent w ave to be
positive, the i mpedance in t he x -direction must be negative,
meaning t hat the energy i s travel ing in the neg ation x-



direction. Thi s causes th e negat ive re fraction, as exp ected.
We have reached these conclusions without introducing any
additional phy sical factors, estab lishing clearly what th e
negative param eters o fthe mediumca n do. The same
analysis appl ies to the case of TM mode, and will not be
elaborated here.
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Table 1 Field representations for TE and TM modes
Mode Type TE Mode TM Mode
E, (X 2)=V(2)e H, (% 2)=1(2)e”
Field Components H,(x,2)=-I (2)e” E (X2) = V(z)e Ik
k - k .
H,(x,2) = —-V(z)e E, (X 2)=——>1(z)e &
ooy owe
Transmission-Line d . d .
Equations —V@=-iZl(5) —1(2)=-]KWV(2)
dz dz
— — 2 2 —
Phase Constant k=0K,ork =K, k, =ky1-k2/k*, K=\ us
Characteristic 1 ou 1 oy 1 k 1 k
mpedance Yk, Y K, Y e Y e




Optical Properties of Periodic Structures Containing
Superconducting Materials Operating in Near Zero-
Permittivity Region
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Abstract- The optical properties of a high-temperature
superconductor in the near-zero-permittivity operation range
are theoretically investigated. Investigations are performed
through the calculations of optical reflectance over three model
structures.  Firstly, the calculated wavelength-dependent
reflectance for a bulk superconductor occupying half-space
shows that the threshold wavelength is strongly influenced by the
angle of incidence and the polarization of wave. Secondly, the
reflectance response in a single superconducting slab has a peak
at the threshold wavelength for the transverse magnetic (TM)
wave whereas the shape of the peak is very sensitive to the angle
of incidence. Finally, reflectance is calculated for a
superconductor-dielectric bilayer structure. The results illustrate
that the dielectric substrate has a pronounced effect on the
reflectance response for both transverse magnetic and transverse
electric (TE) waves.

I. INTRODUCTION

Dielectric materials f or con ventional elect romagnetic
applications usual ly cal 1 for a refractive index nof greater
than o ne. With thead vance inm aterial sci ence and
technology, unusual values for n, for example, lower than one,
equal t o zero, o r eve n ne gative, are made po ssible th rough
proper mixture of composites [1,2]. Such artificial composites
are now commonly referred to as metamaterials. A periodic
stacked structure such as the photonic crystal is also possibly
categorized as a ki nd of metamaterials b ecause it can be
designed as a medium with an effectively unusual refractive
index [3]. The p ossibility of building materials by mixing
composites with ind ependently cho sen r efractive indices to
obtain peculiar values of index has inspired a lot of interesting
applications. Phen omenasuch as enh ancement and
suppression

of spontaneous emission and imaging beyond the d iffraction
limit are among the typical ones worth mentioning [4-6].

A dielectric material with its refractive index very close or
equal to zero has drawn lots of attention recently [7-10]. For a
material with zero refractive index occupying the half-space,
an electromagnetic wave incident on it will experience a total
reflection according to the Fresnel’s formulas [11]. This total
reflection also holds for a slab geometry with the exception of
normal i ncidence. Fo r no rmal i ncidence c ase, certain wave

transmission f rom azer o-index slaboccu rsan d the
transmittance depends on the ratio of the thickness of slab to
wavelength. With t his spe cial property , alayer ed structure
containing such materials can be adopted to enhance radiation
directivity, transmission and spatial filtering. For instance, a
one-dimensional period ic structu re co mposed o f near ze ro-
permittivity material and or dinary diel ectric material is used
to design for spatial filtering [7].

Besides metamaterials, a sup erconducting material a Iso
possesses such s pecial prop erty of having an extre mely low
refractive index at certain frequencies. As will be seen in Sec.
11, thee electrom agnetic r esponse of a supercond uctor is wel 1
described by t he t wo-fluid m odel [12]. Acc ording to this
model the permittivity ofa superconducting material can be
extremely low when operating near the threshold wavelength
(or frequency). The th reshold w avelength is at w hich the
permittivity is exact ly equal to zer o. On the other ha nd,
periodic multilayer structu res con sisting of sup erconducting
and diel ectric materials, also called the sup erconducting
photonic crystals, have been reported in recent years [13-19].
Certain dist inctions o fsuc h str uctures co mpared toth e
dielectric-dielectric an d metal-dielectric ones have been
explored an d addressed t here. The k ey ad vantage o fusi ng
superconducting materials in phot onic crystals is thatth e
optical properties are tunable because of the temperature- and
wavelength-dependent ref ractive i ndex i n su perconductors.
Furthermore, the superconducting photonic band structure can
be tu ned by the external static magnetic field whent he
superconductor is in the mixed state [13,17].

The af orementioned reports arem ainlyon th e
superconducting periodic layered structures, where the optical
properties are i nvestigated due to the perio dicity. Despite all
the in teresting and u nusual op tical p henomena have been
explored, the fundamental issues of superconducting material
operating in t he near- zero p ermittivity ( or ref ractive ind ex)
remain unseen thus far. Motivated by this, the purpose of this
paper is to conduct a theoretical study of the optical properties
of asuperco nductorinth isspecial region. A general
consideration o fboth TE and T M incident wav es o bliquely



impinging on three model structures op erating in the near
zero-permittivity region will be given in detail.

II. BASIC EQUATIONS

The geometries of three model structures to be considered are
shownin Fig .1 ,wheret he opti calr eflectance wi 1l be
calculated at t he incident plane boundary X=0 .1In (a), a
superconductor occupying the half-space, X > 0, is referred to
as the struct ure I, w hich all ows us to investigate t he bul k
properties. I n (b), the str ucture II, wehave asin gle
superconducting slab with thickness ds. In this case the effect
of film thickness on the o ptical properties is of interest. As
for (c) ,asu perconductor f ilm deposited on ad ielectric
substrate of t hickness dy is referred to as str ucture I II, in
which t he main focus will be onthee ffectd uetot he
existence o fthe dielectric s ubstrate. The cal culation of
optical reflectance at the plane, X = 0, is closely related to the
refractive index of a superconductor that can be deter mined
by the superconductor electrodynamics.

SC sC sc| M

x x x
x=0 d, d, d,,
(a) (b) (c)

Fig. 1. T hree model structures under consideration in this paper.In(a ), a
superconductor (SC) oc cupying the half space, x>0, is ref erred to as the
structure I, while in (b), the structure II, is a superconducting film in the
region, (< x< d, and s tructure III depic ted in (c) isa bilayer, where a

superconductor film is deposited on a dielectric material (M) w ith thickness
dyv. The optical wave is launched obliquely on the plane boundary x =0 from
the left free-space region.

The electro  dynamics ofthe h igh-temperature
superconductor can be well modeled within the framework of
the two-fluid model and local electrodynamics. Based on this
model with exp (jot) temporal dependence for all fields,

the supercon ducting co mplex conductivity can be expressed
as [12]

05=U'—ja":ez{ W —j[ nor +n‘~‘ﬂ’ )

m| 1+ &’7? 1+0’7 o

with e being the electronic charge, m the mass of electron, ng
the concentration of the superelectrons, n, the concentration
of the normal electrons, and 7 the normal-electron relaxation
time.I n theli mito f wr<<l anda tt emperature
T <0.55T, (T, is the critical temperature of superconductor)

[14], the complex conductivity reduces to a purely imaginary
one, i.e.,

2
;. ong 1
Mo oAl

(o)

2)
Where is the free-space p ermeability and t he Lo ndon
penetration length is defined by
=" 3)
L,n,e
The te mperature-dependent Lon don penetration le ngthi s
generally expressible as

2’0

1-(T/T,)’

Where Ay is the penetration length at T= 0 K. E quation (2)
neglecting the n ormal-fluid contribution, in fact, describes
the conductivity for a lossless superconductor. According to
Maxwell’s equations to  gether with the su perconducting
conductivity in Eq. (1), wecand erive th e Hl emholtz-like
wave equ ation from whichthew ave number ks ina
superconductor can be obtained to be

A = ; “

i 12
K, :<a)2y080—ja)yoas) , ®)
where &) is the free-space permittivity. Equation (5) together
with Eq.(2)lead to th ef requency- andt emperature-
dependent refractive index of a superconductor, namely

1 12
nS:ns(a),T):{l—j . ©

wzﬂogoﬂ“f
It is seen from Eq. (6) that the refractive index is zero when
the frequency isequa 1 tothe thr eshold frequency
o, =1 / ( YN ) .For  thehi gh-temperature

superconductors, th e threshold freq uency is in the range of
0.8—1.5x10"s" (1260-1880 nm) [15], which is in the ne ar
infrared. For frequency higher than ¢, , the index is real and

denoted by ng, whereas it is imaginary, n,, which is known as
the extinction coe fficient. Wi thth e superconducting
refractive index, the opt ical properties f orthe model
structures shown in Fig. 1 can be readily calculated.

For asingle bou ndary p roblem in stru cture I, th ¢
reflectance Rissim plyr elated to the Fresnel reflection

2
coefficient r as R= |I‘| . The Fresnel reflection coefficient is

polarization-dependent given by

_cos6 —(n,/n )’ —sin’ g
cos é, +\/(ns/ni)2 —sin’ g

for TE wave, and
(n/n) =sin*§ —(n,/n ) cosq ®
\/(ns/r\ )’ —sin @, +(n,/n )’ cos d)

for TM wave, respectively. Here 4 is the angle of incidence,

(7

™

N =1 is the free-space refractive index.

In structureI 1, where the thic kness of the
superconductor s lab is ds, exp ression fo rt he ref lection
coefficient can be written by



Mes (1 _eizw)
@w::‘fj?“iﬁr"

9

where I.g indicates the Fr esnel reflection co efficient from

free-space to superconductor as described in Egs. (7) or (8),
respectively, depending upon the po larization of the incident
wave. The parameter is given by

4= Z’st N, cos0, (10)

where the wavelength is ) = 27[/((0 o€, ) and the ray angle

@, in the superconductor can be determined from the Snell’s

law o f refraction. I n the simple normal-incidence case, an
analytical explicit expression for the reflection coefficient in

asla b g eometry can b e f urther o btainedas r,, =N/D,

where nominator and denominator are

N =(1+n,)[ (1-n;")cosh (jkd,)-(1- 8]
+(1—ns)[(1+ns‘1)cosh(jksds)+(1+nS smh (jkd.) J (1)

and

=(1+ns)[(1+n;l)cosh(jksds)—(1+n:)sinh(ijdS)J
+(1-n,)[ (1-rg" Jcosh jkd, )+ (1" )sinh (jkd,) |- (12)

In addition, in the limit of zero-index, i.e., Ny, -0 (k, —0),

n’l)sinh(jk d

expression f ort he n ormal-incidence reflectance can be
obtained, with the result
2d2 /A

R =l = e

In structure I1I, where the superconductor is deposited on a
dielectric s ubstrate o f thickness dy, reflection coefficient of
the bilayer can be obtained by using the matrix method in a
stratified medium. Acco rding to t he matrix method, the
characteristic matrix for the superconducting layer is [20]

(13)

Jsm(k 5)
M, - cos (k,ds) Y. | (14)
jY,sin(k,d,) cos(k,d,)

where k, =

intrinsic admittance is given by

Y, = fg—onscosﬁss (15)
Ho
vy = [So N | (16)
> A\ u, cosé,

for TM wave, respectively. Similarly, if the refractive index

=Je, Wwith &y

being the r elative permittivity, then th e characteristic matrix
of the substrate layer is

O 1€, is the free-s pace wav e number and the

for TE wave, and

of th e sub strate layer isdenotedby n,

jsin (k d,,
cos (k;dy ) % , (17)

jYy sin(kyd,, ) cos(k,dy )
where the ad mittance Yy can be obtained from Eqgs. (14) and
(15) with a simple replacement in the subscript, S— M . The
characteristic matrix of the bilayer system is the resultant of
the product of the individual characteristic matrices, that is,

m m
M bilayer =M SM M ! Sk (18)
m21 m22

M, =

The reflection coe fficient is then de termined by th e matrix
elements, namely

2

YOmll +Yo m, — m,, _Yomzz , (19)
2

YOrnll +Y0 ml2 + m21 +Y0m22

where Y, = /g, /4, is the admittance of free space.

r =

III. NUMERICAL RESULTS AND DISCUSSION

In what follows we shall present the numerical results for the
three m odel structures. The material parameters i ncluding
critical te mperature T,=90 K and the Lo ndon penetration
lengthat T=0K , 4p=2 20 nm of the supercond uctor are
taken from thety pical valu es ofa high-temperature
superconductor system, YBa,Cu;0;. (YBCO). Regarding the
dielectric subs trate in s tructure I1I, w ¢ choose MgO with a

relative per mittivity of & = 10. T he te mperature is fixed at
7.7 K in the following calculation. Based on Eq. (6), we plot
the re fractive index, nNg,t ogether w itht he extinction
coefficient, ny, as a function of wavelength as shown in Fig. 2.
It is clearly seen that both ngand n, are close t o zero at the

threshold wa velength 4, = 27[C/ o, = 1383n m. For

wavelength s mallertha n A, theref ractiveinde xo f

superconductor is r eal. The sup erconductor behav es like a
usual d ielectric material a nd electro magnetic wave s ¢ an
propagate through the material. This is called the d ielectric-
like res ponse. Th er efractive index, ho wever, is pu rely

imaginary when the wavelength is greater than Zth , indicating

that the wave will be attenuated wheni t enters into the
superconductor. In thi s case, it is r eferred to as a Meissner-
like response.

1.0

----- Refractive Index
0.8 —— Extinction Coefficient

=

0.6 [ . 1 0.6
3 . 1

z
Extinction Coefficient

04 =

0.2 F

Refractive Index

0.0 F 4 00¢

1000 1200 1400 1600 1800
Wavelength (nm)
Fig. 2 Wavelength-dependent refractive index of YBCO at 7.7 K



Fig.2 shows the r eflectance as a fun ction o f wavelength for
case I under various incident angles. Clearly, Brewster-like
behavior was observed for TM case and not for TE case.
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Fig. 2 Reflectance as a function of the wavelength for (a) TM wave and (b)
TE wave, respectively, in normal incidence and at various incidence angles.

Similar calculation then follows for the cases II and I1I and
the complete results will be presented in the conference.
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