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Pairing an Epsilon-Negative Slab With a Mu-Negative
Slab: Resonance, Tunneling and Transparency

Andrea Alu and Nader Enghetgellow, IEEE

Abstract—Here, we analyze the transverse-magnetic (TM) media the direction of the Poynting vector is antiparallel to the
wave interaction with a pair of slabs, one being an epsilon-negative direction of phase velocity [1]. The recent resurgence of interest
(ENG) layer in which the real part of permittivity is assumed i, this medium began when Smith, Schultz and Shelby, inspired

to be negative while its permeability has positive real part, and .
the other being a mu-negative (MNG) layer that has the real by the work of Pendry ([2]-[4]), constructed such a composite

part of its permeability negative but its permittivity has positive ~mMedium for the microwave regime [5]-[7]. Their composite
real part. Although wave interaction with each slab by itself has “medium” consists of arrays of small metallic wires and split
predictable features, we show that the juxtaposition and pairing ring resonators [5]. Many research groups are now exploring
of such ENG and MNG slabs may, under certain conditions, lead \5rigus aspects of this class of complex media, and several
to some unusual features, such as resonance, complete tunneling tential fut licati h b lat (,j 112141
zero reflection and transparency. The field distributions inside potential future app ications . ave_ een speculate ,([ ] [_ -
and outside such paired slabs are analyzed, and the Poynting Inone of our earlier works in this area, we theoretically intro-
vector distributions in such structures are studied. Using equiv- duced the idea of thin subwavelength cavity resonators ([8], [9])
alent transmission-line models, we obtain the conditions for the in which a layer of DNG material was paired with a slab of con-
resdonanlcg, fﬁﬂp'féeb“;””.e“”.g %”d transpare?cy,_ agd twe g’ustify ventional medium (i.e., double-positive (DPS) medium). In that
and explain the field behavior in these resonant paired structures. :

Salient features of the tunneling conditions, such as the roles of work, pur theoretical results revealed that a sl_ab of DNG meta-
material parameters, slab thicknesses, dissipation, and angle of Material can act as a phase compensator/conjugator, and thus by
incidence are discussed. The analogy and correspondence betweegombining such a slab with another slab made of a conventional
the ENG-MNG pair and the pair of a slab of conventional material  dielectric material one can, in principle, have a 1-D cavity res-
juxtaposed with a “double-negative” medium is also discussed. gnator whose dispersion relation does not depend osuhe
Finally, a conceptual idea for a potential application of such a of thicknesses of the interior materials filling this cavity, but in-

“matched” lossless ENG-MNG pair in “ideal” image displacement . . .
and image reconstruction is prgposed. g P stead it depends on thiatio of these thicknesses [8]. We later

: _ _ extended this work to the analyzes of parallel-plate waveguides
Index Terms—bouble-negative material, left-handed material, o, aining a pair of DPS and DNG layers, guided modes in open
metamaterial, negative index of refraction, negative permeability, . .
negative permittivity, negative index material, transparency, tun- DNG slab waveguides, and mode coupling between open DNG
neling, zero reflection. and DPS slab waveguides ([9]-[14]). In each of these problems,
we have found that when a DNG layer is combined with, or is
in proximity of, a DPS layer interesting and unusual properties
are observed for wave propagation within this structure. Indeed,
ECENTLY, the idea of electromagnetic complex matethe paired DNG-DPS bilayer structures may exhibit even more
rials with both negative real permittivity and permeabilitynteresting properties than a single DNG or DPS slab — prop-
(referred to with various names such as double-negative (DN@&lies that are unique to the wave interaction between the DNG
[26] or left-handed (LH) media [1]) has attracted a great deahd DPS layers.
of attention (see e.g., [1]-[41]). This idea dates back to 1960sMost of the work reported in the recent literature has been fo-
when Veselago considered theoretically the monochromatigsed on the wave interaction with DNG media, either by them-
electromagnetic plane wave propagation in a lossless medigelves or in juxtaposition with conventional (DPS) media. How-
with simultaneously negative real permittivity and permeabilitgver, materials in whiclonly oneof the two parameters and
at a given frequency, and he theoretically showed that in sugthas the negative real panpt both may also exhibit unusual
features when they are paired in a conjugate manner. Fredkin
and Ron [17] have shown that such a combination can provide
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a certain frequency range have been suggested in the literatur N
(see e.g., [4]). Likewise, techniques to form passive complex

media with negative real permeability in a given frequency region 0
band have also been studied [3]. To form a medium with both

real permittivity and permeability being negative, one has o> Mo
to combine both fabrication techniques, as done in [5]-[7].
However, it seems that constructing two slabs of materials, eact
with only one of the material parameters having negative real
part, may be less intricate, and this is one of the motivations
behind our work presented here.

As for the terminology, for a medium with negative real
permittivity (and positive real permeability), we use the term
epsilon-negative (ENG) medium, while for a medium with
negative real permeability (and positive real permittivity) we

choose the term mu-negative (MNG) medium. These are indeec%g/vl;n

. region 2 region 3

il &y»Hy

media with single-negative (SNG) parameter, as opposed tc
double-negative (DNG) media [26]. In most of our analysis, H™
the media are assumed lossless. However, when dissipatiol
is considered, the complex parameters- ¢y(e, — je;) and ; -
= po(pr — jui) are used where; andy; are nonnegative Fig. 1. Geometry of the problem: TM wave interaction with two slabs, one

quantities for passive media for the time dependefcé We  of which can be made of an ENG material, in which real part of permittivity is

also consider loss to be relatively small, i.e;., < |5r| and negative (butreal part of permeability is positive), and the other made of a MNG
) Finall Ith h thi K ted h - | material, in which the real part of permeability can be negative (but real part of

pi < |pr|. Finally, although this work reported here involveg,e ity is positive). Outside region is assumed to be free space.

the transverse-magnetic (TM) polarization case, similar fea-

tures and results are obtained for the TE case, which can %erM g Hy ek (nge_m(z_dl)

easily shown by using the duality principle. 2
+COIM VEL -k (Z*dl)) dy < z < dsy

Il. GEOMETRY AND FORMULATION OF THE PROBLEM

Consider a Cartesian coordinate systemy(z) with unit Hj " =g T™Hq e=ih=e=iVR =R GE=di=b) 4, 4 4, <
vectorsz, g, andz. We take a TMe’“*-monochromatic plane 2
wave in free space with its wave vecley = & k., +2 \/ k3 — k2
in thez-z plane, withky = w,/figeo, and its magnetic and elec-where R™ and 7™ are the reflection and transmission

tric field vectorsH:M and EEM given below: coefficients, the coefficient’s are the amplitude coefficients
' Jp— of waves in each of the slabs, normalized to the amplitude
H N = Hy e dFer—ivko—ke = of the incident wave, the subscripts) and () indicate the

e ST forward-decaying and backward-decaying evanescent waves
Hye 7"=*7IVE0 %% (1) in each slab, an#,, = w\/lin\/En = knr — jkni With n = 1,
2 represents the wave number in each slab. The expression for
We assume the problem to be two-dimensional (2-D), i.e., #le electromagnetic fields in all four regions can be trivially
quantities are independent of theoordinate. We also assumeobtained from Maxwell's equations. We should emphasize that
thex component of the wave vectd,, to be a real quantity, and Since these slabs are made of SNG materials, > 0 and
thus for the case of a propagating wave we Waye< w?pgeg.  kni > |knr|. The reflection and transmission coefficients and
If, howeverk2 > w?0e0, the wave will be evanescent, and théhe coefficients""s can be obtained by requiring the tangential
choice for the root square will be/k2 — k2 = —j\/k2 — k2 components of the electric and of the magnetic fields to be
to have a decaying wave along the direction. continuous at the boundaries. The detailed expressions for
Consider a pair of slabs of thicknessgsandd,, one made these coefficients for the general 2-slab problem are obtained,
of a lossless ENG material and the other of a lossless MN®@! it is too long to be included here. To gain some insights
material inserted in the regidh< z < d; +d,. (Fig. 1) We take into the behavior of the fields in these regions, instead we
the TM incident wave to be the one given in (1). Since in thegiesent the plots of real and imaginary parts of the magnetic
ENG and MNG slabge < 0, we havek2 > w?pe in each slab fields (H,yTM component) in these four regions for selected
and thus waves in such layers are obviously always evanescatameter values. Fig. 2(a) shows the magnetic fiflgd

Therefore, the magnetic field vectors in the four regions can pehavior inside and outside the slabs for a sample pair of
written as follows: ENG-MNG slabs. Here we notice that the slope of the term

, e ' . H, has opposite signs on both sides of the boundary d;
HiM =g Hye %" (6*] Vi —kiz _ RTM v kg*k;z) 2<0  petween the slabs, in addition to the change of slope sign at the
- , ) Vo boundaryz = 0. This is due to the fact that the tangential com-
™™ _ » —jkyx ™ — kﬁ—klz T™M k2 —kiz g )
Hy™ =g Ho e™ (Cl+ ¢ tCie ) ponent of the electric fieldE, = (—1/jwe)(9H,/d2)
0<z<d must be continuous at the boundaries, implying that

weép wep

/1.2 _ 1.2
ET]\/I: <i kO kl‘_2 kl’
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Fig. 2. Real and imaginary parts of the normalized total transverse magnetic

field as a function ofz coordinate, when a normally incident TM wave

mission and reflection coefficients and, as will be shown in the
next section, this can lead to an interesting anomalous tunneling,
transparency and resonance phenomenon.

[Il. EQUIVALENT TRANSMISSION-LINE (TL) MODEL AND
DISTRIBUTED CIRCUIT ELEMENTS FOR THEENG-MNG
BILAYER

It is well known that considering the equivalent TL
model for a TM plane wave propagation in a homogeneous
isotropic medium, one can writeE, /0z = —jwjieqH, and
0H,/0z = —jwé.E, where ., and é., are shorthand
for fieq = 1 (1 —k2/w?pe) andé.q = e for the TM case.
(Using duality, we can find the corresponding terms for the TE
case.) With these expressions one can express the equivalent
inductance per unit length., and equivalent capacitance per
unit lengthC,,, for this TL model as

2
Leq = Allleq = Alﬂ (1 — w];_z(,a> s Ceq = Agéeq = AQE
3)
whereA; andA, are two positive constant coefficients that de-
pend on the geometry of the equivalent transmission line. Using
the concept ofi.q andé.q, We propose appropriate equivalent
TL models for waves, either propagating or evanescent waves,
inside DPS, DNG, ENG, and MNG slabs. Such TL models for
the lossless case are listed in Table | for easy reference. In as-
signing equivalent TL models for each of these cases in Table I,
we take into account the following points.

1) If iq happens to be a negative real quantity, will be
negative real, which conceptually translates into “nega-
tive inductive reactancefwL., = —jw |Ley| at a given
frequency. This negative reactance can be effectively re-
garded as the reactance of an equivalent “positive capac-
itance”, i.e.,—jw |Leq| = —j/wCeg for that given fre-

illuminates a pair of: (a) lossless ENG-MNG slabs and (b) lossless MNG-ENG quency. So in the TL analogy, whenever, < 0, we can

slabs. Here the magnetic field intensity of the TM incident wave is assum

d  think of that as an effective positive capacitaricg. In

to be unity, i.e.,H, = 1 in (). In (a), the parameters are chosen to be " : .
&1 = —3€0, i1 = 2o, €2 = Eo, o = —Bpo, di = 27/5 k4], such a case, the TL model consists of series capacitance
ds = 2m/5|ks|, 8; = 0; and in (b) the two slabs are simply reversed in C.g (instead of conventional series inductance).

position. The value of reflection, transmission, afits coefficients are then
found to beR = 0.17 + 0.945, T = —0.04 4+ 0.3y, Cy+ = 1 — 1.19y,

Cio = —0.16 + 0.25], Coy = —0.3 + 0.485, Co_ = 0.01 + 0.04;
in (@) andR = 0.4 — 0.87j, T = —0.04 + 0.3j, C14 = 0.49 + 0.755,
Ci_ = 0.1+40.125,Cop = 0.56 4 0.595, Co_ = —0.06 + 0.035 in (b).

(—1/jweo) OHy/0z|,_o- = (—1/jwer) OH,/0z| ;.

Since in Fig. 2(a)eo > 0 ande; < 0, the termdH,, /0= thus
has opposite signs on both sideszot= 0 (and also on both
sides ofz = d;). As a result of this change of slopeat d;,

2) Likewise, ifé.q < 0, we will have C.q, < 0, which
can be viewed as an effective shunt positive inductance
Leg, i.e., +j/w|Ceq| = +jwLeq. In this situation, we
will have a shunt inductor (instead of a shunt capacitance)
in the TL model; The equivalent C-L transmission line
as the “left-handed” transmission line has already been
considered in [19]-[22] as a realization of 1-D and 2-D
wave propagation in DNG media.

3) We are assuming, to be a real quantity. Thus, for a

the dominant behavior of the magnetic field (for the TM case) propagating wave in a lossless medium we should have
in the two slabs is different, i.e., if in the first slab the total k? < w?ue, and for an evanescent wawg > w?pe.

magnetic field is decreasing just before it gets te d, it will

be increasing in the second slab just past d;, or vice versa.
Fig. 2(b) shows the plot off,, for the case where the first slab
is @ MNG material and the second slab is an ENG medium.

Therefore, as mentioned earlier, waves in lossless ENG

and MNG slabs are obviously always evanescent, hence

there is only one single entry for each ENG and MNG
A case in Table I.

similar observation can be made here with the change of slope4) We use the symbols L-C, C-C, L-L, and C-L transmission

sign atz = d; andz = dy + ds.

lines to distinguish which reactive elements are used as

This difference between the field behavior in the ENG and  the distributed series (first symbol) and shunt elements
MNG parts of this bilayer structure obviously affects the trans- (second symbol), respectively, in the TL model.
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TABLE |
EFFECTIVETL MODELS FORTM WAVES IN LOSSLESSDPS, DNG, ENG, MNG 8$ABS. BOTH PROPAGATING AND EVANESCENT WAVES ARE CONSIDERED INTHIS
TABLE. IN EACH CASE, A SKETCH OF INFINITESIMAL SECTION OF TL MODEL WITH DISTRIBUTED SERIES AND SHUNT REACTIVE ELEMENTS PERUNIT LENGTH OF
THE LINE IS SHOWN. IN ADDITION, IT IS ALSO INDICATED WHETHER Ly AND Clq IS POSITIVE ORNEGATIVE, AND WHETHER 3 AND Z ARE REAL OR IMAGINARY
QUANTITIES. THE SYmMBOLS L-C, C-C, L-L, AND C-L TRANSMISSIONLINES ARE USED TOINDICATE WHAT EFFECTIVE REACTIVE ELEMENTS ARE USED AS THE
DISTRIBUTED SERIES (FIRST SYMBOL) AND DISTRIBUTED SHUNT EFFECTIVE ELEMENTS (SECOND SYMBOL ), RESPECTIVELY, IN THE TL M ODEL

DPS (4>0,>0) DNG (<0, £<0) ENG (>0, £<0) MNG (<0, &>0)

™ L,>0 peR L,<0  fe® Not applicable, since | Not applicable, since
Propagating| <" 2% C,<0 ZeW | for kR, wealways | for k,eR,we
pag & v _ 1 F have always have
zanze I T g % k2 > @’ pe for lossless k2 > &’ pe for
ke <oue T T ‘ ‘ ENG lossless MNG
LCTL CLTL
™ L,<0 pe3 L,>0 pe3 L,>0  pe3 L,<0 pe3
Evanescent Cq>0  Ze3 Cy<0  Ze3 Cy<0  Ze3 C,>0 Ze3

wave Sl B el e e el B |
kf > @’ ue __u_ 3 ‘z ? ‘ _I_ _I_

C-CTL L-LTL L-LTL C-CTL

5) When the loss is present, one can always add the equlve wave numbepf, of the semi-infinite segments of the TL,
alent distributed series resistance and shunt conductamdéch represent propagating waves in the outside DPS region,

per unit length in the TL model given in Table I. are both real quantities expressegs= \/w?peo — k2 Jweg
The paired ENG-MNG structure can now be viewed and 3y = +/w?poeo — k2. The zero-reflection condition

the cascade of transmission line segments with approprigdg (z = 0) = Z, can be achieved if and only if:

TL elements shown in Table |, representing the TM wave

propagation in the ENG and MNG slabs sandwiched betweén (22 — Z1) tan (81d1) tan (S2d2)

the two similar semi-infinite lines. Using the standard Tl+jZ, (Z7 — Z3) tan (B1d1)+jZ1 (235 — Z§) tan (B2d2) = 0.
formulation, one can find the following expression for the (5)
transverse input impedance at the front face=£ 0) of any

generic bilayer followed by a uniform half space, see (4) shovdubstituting the values of’s andg’s for the ENG and MNG
at the bottom of the page, where the symb6land indicate slabs given above into (5) leads to the following expression:
the characteristic impedance and wave number in each segment )

of this cascaded line and can be obtained from Table I fof0 (XExg — Xnine) tanh (|Bexal di) tanh (|Buna| d2) +
different slabs. We are interested in exploring the possiblet j [Xunc (Z5 + Xixg) tanh (|Bexc| di)

conditions upon which one would get zero lreflection from this 4 x .« (22 + Xne) tanh (|Bunc| d2)] = 0. (6)
structure, thus having complete transmission of the TM wave

through a pair of ENG-MNG slabs. Assuming for the momerfthe above condition will be satisfied for a pair of finite-thick-
that the first slab is ENG and the second is MNG, from Tableness ENG and MNG slabs if and only if, we have:

we can see that for the lossless ENG slab the characteristic

2 _v2
impedance of the equivalent L-L transmission line is purely Xeng =Ximng and
inductive, 7; = Zgng = jXeng = VE2 — wpier/jwer Xwving tanh (|Bene| di) = — Xeng tanh (|Bune| d2) (7)

with Xgng > 0 sincee; < 0 andpy > 0, whereas for . .

the lossless MNG slab the C-C line is purely capacitive, i_éga,adlng to the conditions:

Zy = ZMNG = jXMNG = \/ka% — w2u252 jwé‘g with _ . : —

Xung < 0sincess > 0 andus < 0. In both sla/bs, the wave Xeng = —Xune and fengdr = funcdz. ®
numbers are imaginary, i.64; = Oeng = —jV k2 — w?uie1 A pair of lossless ENG and MNG slabs satisfying (8) gives rise
andf> = Bune = —jv/ k2 — w?us2es since the wave inside to a zero-reflection scenario, when it is sandwiched between
each slab is evanescent. The characteristics impedanaed two similar half spaces. It is interesting to note that the above

Zy{jZ1tan (B1dr) [Z2 + jZo tan (Bada)] + Z2 [Zo + jZ2 tan (Bada)]}

Zim(2=0) = Z1Zy + j{ZoZy tan (Bady) + Zo tan (Bidy) [Zo + jZ> tan (fBad2)]}

(4)
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wave. Note that the value @f, at the front face of the pair (i.e.,
Re{H } atz = 0) is the same (both its real and imaginary parts) as that
154 = = Im{H} at the back face of the pair (i.e., at= d; + ds), manifesting
‘ the complete tunneling of the incident wave through these loss-

less pairs, without any phase delay. The field values within the

ENG-MNG pair, however, can attain high values at the interface

between the two slabs (i.e.,-at= d1). Such unusual behavior of

the field inside and outside the ENG-MNG pair (or MNG-ENG

pair) can be justified by using the equivalent TL model, as will
~ be shown in Section V. As mentioned earlier, Fig. 3 reveals the
fact that the field variation inside the ENG-MNG pair can be
different from that inside the MNG-ENG pair, even though the
conditions (8) are the same for both matched pairs. In the former,
the real and imaginary parts éf, inside the pair possess the
same sign, while in the latter they have opposite signs.

Fig. 4 illustrates the distribution of the real part of the
Poynting vector inside and outside the matched pair of
ENG-MNG (a) and MNG-ENG (b), for the TM plane wave
at 9tM, = 45°. Here we see the complete flow of power
through the matched pair of slabs, an interesting observation
given the fact that each of the ENG and MNG slabs by itself
would not have allowed a sizeable fraction of incident power
to go through. Pairing the lossless ENG and MNG slabs thus
provides transparency for the incident wave at a particular
angle, and leads to an interesting flow of the real part of the
Poynting vector inside the paired slabs.

Normalized Transverse Magnetic Field (H)
[

-0.5 4

IV. CHARACTERISTICS OF THETUNNELING CONDITIONS

Normalized Transverse Magnetic Field (H )

Some of the salient features and characteristics of the zero-
reflection and complete tunneling conditions given in (5)—(8)
can be described as follows:

(b)

Fig. 3. Sketch of real and imaginary parts of the normalized total transvelﬁe Dependence on Material Parameters
magnetic field as a function of coordinate, when a TM wave with =

i as -Hon : . - L . . . o .
E?\j G‘_"‘&ﬂg Z‘I‘at')”s":";iréc‘?b)'rgplf‘nngc on p(gi)r"aof Eif.ﬂi? l\ﬁl’ﬁ'g_é’,‘; ('BOSST;%S; From the derivation described in Section Ill, itis clear that if
The parameters of these slabs, which are chosen such that the zero-refle@Bf €xchanges the order of the slabs, i.e., instead of ENG-MNG
conditions are satisfied forrthe 48ncident TM wave, arepzne = —320,  pair, to have the MNG-ENG pair, the above conditions will re-
e = 327358 oane. The efoction. tansmission s cooficiens Main Unchanged. However, as shown in Figs. 3 and 4, the field
arefoundto be® = 0,7 = 1, Cy, = 0.5 F 0.42j, C;_ = 0.5 + 0.425, Structure and the flow of the real part of the Poynting vector in-
o 5.0 oo ko Bt e o {oer st i the two slabs wil be difierent,
tﬁrgusgh these pairs. The field distribution inside these slabs?ar_e giﬁerent;g}\-‘rhe condmpns given in (5)-(8) .are obtained for the
(a) the real and imaginary parts &, have the same sign, while in (b) they ENG-MNG pair (or an MNG-ENG pair). However, when an
have opposite signs. ENG slab is next to another ENG slab, the zero-reflection
conditions will obviously never be achieved. When the ENG
conditions in (7) are the necessary and sufficient conditions felab is juxtaposed even with a DPS or a DNG slab, the
zero reflection from any pair of SNG slabs sandwiched betweearo-reflection condition may not be satisfied either, for the
two similar semi-infinite regions. Thus, for a givén if the case where the wave inside the DPS or DNG slab is assumed
parameterg.i, e; of the ENG slabys, 5 of the MNG slab to be a propagating wave. This is due to the fact that in such
and the thicknesse$ andds are chosen such that (8) is ful-a case,Z; and 3, of the ENG would be purely imaginary,
filled, we can have complete transmission of a wave throug¥hereasZ, and /. of the DPS or DNG would be purely real,
this lossless ENG-MNG bilayer structure, resulting in an irand thus one cannot achieve a r&g| in (4). However, ifk,
teresting tunneling phenomenon. We name such an ENG-MNKSchosen such that the TM wave inside the DPS or DNG slab
pair a “matched pair” for the given value &f. is an evanescent wave, according to the equivalent TL models
Fig. 3(a) presents the magnetic field () distribution in an shown in Table |, the DPS or DNG slab can be treated as an
ENG-MNG pair, which is matched for a TM plane wave wittequivalentMNG or ENG slab (for the TM mode), respectively,
45° angle of incidence. Fig. 3(b) shows the magnetic field dignd a zero-reflection condition may, under certain conditions,
tribution in the matched MNG-ENG pair for such an incidenbe achievable.
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R MNG The conditions derived in (8) do not depend on the material
s \\\\\\'5 VAV AV R VY parameters of the two identical external regions, butonly on the
SRS SR NENENEN f A parameters of the ENG and MNG slabs. In fact, as we will show
SRR SRR / ; Aadadd Al in Section V, these zero-reflection conditions are not due to the
; f: :: TTRNNN ; j : : : : ; f, ; matching between the slabs with the external regions, but in-
s : : N IR P stead only due to the interaction of the ENG and MNG slabs
4 NN b‘ 9’ VAV AP PR RN VY with each other, resulting in a “resonance” phenomenon. How-
ARG NN \ 1 ; Ay A ever, if the two outside semi-infinite regions are filled by two
RO NN g s different media, the zero-reflection condition will change, and
4 NEUNN VAV A AR L -
R AT, M FAVAPEPRIRIRENE ¥ ,  Willin general depend on the external parameters as well. It is
PRV 1 NN Q IR VI important to note that even in this general case (8) still represents
5 4 NN \ 5 AV R A a“transparency” condition, depending only on the internal inter-
L4 T TS \ 7 ; A dhand action of the two slabs with themselves. So when the conditions
s j ; /’: R ; ’/' S :' :;’ in (8) are satisfied, the paired slabs will become “transparent” to
] N : ‘: N ' P the incoming wave, and if the two outside media are the same,
4 NN :: NP Yy, zero reflectlo_n_w_lll be ac_hleved. _
SEdrd NNUNENEN \ ; A _I_\/Ioreover, it |5|ntere_:st_|ng to note Fhatthe zero-reflection con-
RS NN /"/”»” s dition can also be satisfied by a pair of lossless DPS and DNG
ENG 4 layers, if we haveZ; = Z, andfid; = —f.ds for a given
(@) angle of incidence and polarization. This is possible, since it is
known [1] that in DNG media the direction of phase velocity is
[ a opposite to the direction of the Poynting vector, so the condi-
PRV AP IS L | tion B1dy = —fd, is achievable. The conditiod; = Z, is
VAV PR \ : NN also attainable. Such a DPS-DNG bilayer structure will also be
] YY) \\‘ NN == transparent to an incident wave with a specific angle and polar-
:: : :: o : ; ; ; ; NN NS s : j : ization. The correspondence between the ENG-MNG pair and
P ARl NN JR the DPS-DNG pair will be discussed in Section VI. In relation
PRV Ry (AT R to this, it is worth noting that Zhang and Fu [23] has shown
] YN : : : : : ;s that the presence of a DNG layer (or layers) can lead to unusual
Rl S !/; k NENESREN ‘rard evanescent photon tunneling when such DNG layers are next to
*; : i i i ;' /; /1 MENENENENE ;’ ; : , conventional layers. Their case can be considered as a special
s f o :: L NN 7 F solution to our (7), since as shown in Table | the TL models
PRV R Iy (YT PR for the evanescent waves in DPS and DNG layers are similar to
VLIS YN NN Y those of MNG and ENG layers (for TM case) or ENG and MNG
R e / :: N, layers (for TE case), respectively.
//fx;/////;t\\\,.\///
’; : ; C : :: i ﬁ /N : : : o ’: : j B. Dependence on Slab Thicknesses
N TP § NENRURUR e The conditions shown in (8) do not restrict the sum of the
e ’_..f__:_'_,ff._i‘_..’.'...’.’.../.r,\ NENENEN & thicknesses of the two slabg, + d». One could thus have thick
% ENG © or thin layers of lossless ENG and MNG materials as long as the
(b) above conditions are satisfied in order to achieve transparency.

Fig. 4. Distribution of the real part of the Poynting vector inside and outsidd/hen dissipation is present, the sum of the thicknesses can play
the matched pair of (a) lossless ENG-MNG and (b) lossless MNG-ENG, for teerole, as will be discussed in Section IV-F.

TM plane wave a@ 5™, = 45°, described in Fig. 3. Here we see the complete

flow of power through the matched paired slabs, highlighting the “complete

tunneling” phenomenon, transpareny, and zero reflection property. C. Brewster-Type Angle

The zero-reflection conditions given in (8) in general depend

The phenomenon of complete transmission through an infJ! the value ofk,. If the parameters of the ENG and MNG
mogeneous layer with a particular permittivity profile [42] an§labs are first chosen, one may be able to find a real value of
also through multilayered structures made of several layersfof Satisfying (8). If such a rea, exists and if it satisfies the
alternating plasma (with negative epsilon) and conventional gp_equalltykfi < w?poco, then it will be related to a particular
electric (with positive epsilon) materials [43] have been angngle of incidence of the TM wave for which the wave is “tun-
lyzed in the past. But the tunneling effect in those structur8§!€d” through the lossless ENG-MNG bilayer structure com-
is due to the phenomenon of “leaky resonance” [42], [43] ipletely and without any reflection. This “Brewster-type” angle
which any positive-permittivity slab is placed between at leaSgN be expressed as:
two negative-permittivity layers. In our problem presented here,
the tunneling phenomenon is different in that it occurs for a pair OV — oresin (| SL52 (e2p1 — e1p2) . 9)
of slabs consisting of only one ENG and one MNG layer. r=0 HoEo (€3 — €3)
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We should remember that in the above relatigng 0, 1 > 0, 204
g2 > 0,anduy < 0. Obviously, an arbitrarily chosen set of such & T
parameters for the pair of ENG and MNG slabs may not alway_m 15

provide us with an angléX in the real physical space. In i
order to have such an angle, the following necessary conditic’e 10
should be fulfilled s
=
(]
1 ? 054
< 21 2€1u2 <0 for TM case. (10) g ~
€182 foo (€3 — €7) 2
= 004
As an aside, it is worth noting that the above condition c0|nC|de'_ ~ o

with the one required for having a Zenneck wave at the interfac.¥ N
between semi-infinite DPS and DNG media (and also semi-infi E 054
nite ENG and MNG media), as shown in [13], [16]. The furtherz
analogies between these two phenomena will be discussed it -104
future publication.

D. Conjugate Matched Pair of ENG-MNG Slabs ~
Of the infinite set of parameters satisfying (8), the particula:a;

(]

>

setey = —e9 1 = —u9, di = do deserves special attention.

We name such a pair of lossless ENG and MNG slabs the conj o
gate matched pair or strictly matched pair, in contradistinctio
with the term matched pair we defined earlier that referred t 2
an ENG-MNG pair that satisfies the general condition (8) foI'
a specific value ot;,.. For the lossless conjugate matched pair's
the reflection and transmission coefficients and the coefficier's

C’s in the field expressions inside the slabs are simplified an §
expressed as: g
o
1 e/ w2pgeg — k2 g
RTM =0, TT™ _ 1 CTM gy z S
2 2/ k2 — w?ue
™ +/k2—w2ped ~TM
CZi —e 2 —wpe Cl:': (b)
RTE TTE _ CTE :I: ./M/w2u060 - ka% Fig.5. (a) Sketch of real and imaginary parts of the normalized total transverse
=0, =1 0L =3 52 3 magpnetic field as a function afcoordinate, when a normally incident TM wave
x T wope impinges on a conjugate matched pair of lossless ENG-MNG slabs, and (b)
CTE _, % k2 —w?pe doTE (11) distribution of the real and imaginary part of the normalized Poynting vector
2+ =€ 1F inside and outside of this structure. The normalization is with respect to the

value of the Poynting vector of the incident wave. We note that the real part of the
wheree = ey = —e9, t = 11 = —ps2, andd = d; = d. For normalized Poynting vector is uniform and equal unity through the paired slabs,

lying the complete tunneling of the incident wave, whereas the imaginary
this case, the zero-reflection and complete tunnellng throth ﬁ% of the Poynting vector is only present inside the pair and has its peak at the

slabs occurs foanyvalue ofk, and any angle of incidence (andinterface between the two slabs. The parameters of the ENG and MNG slabs,
for any polarizations, although only TM case is discussed her@hich are chosen such that the conjugate matched pair conditions are satisfied,
hencel ™! = 1. Moreover, no effective phase delay due to th"2"3_% 20 "5, o lion anamission aft coeffcientsfor the
lengthd; + d- is added to the wave propagation, i.e., the phage.rare foundtob® = 0,7 = 1,014 = 0.5F0.615,Cay = 1.76+2.155,

of the transmitted wave at= d; + d, is the same as the phase‘>- = 0.14 — 0.17j.

of the incident wave at = 0. Furthermore, the coefficients

ClT}r“ andCT™ in the first slab have the same magnitude, which The real and imaginary parts of the Poynting vector for awave
means that, accordlngto (2) the decaying and growing expon&imneling through these conjugate matched pair of ENG and
tial terms inH,, have the same magnitude zt= 0*. As the MNG slabs is shown in Fig. 5(b), where the case of a normally
observation point moves through the first slab and approactiesident wave is considered. From Fig. 5(b) we see that the real
the interface between the first and second slabs, the magnitpdet of the Poynting vector is uniform and equal unity through
of H, would be dominated by the growing exponential ternthe structure, indicating the complete tunneling phenomenon.
In the second slab, however, the magnitudé/gfis dominated The imaginary part of the Poynting vector, on the other hand, is
by the decaying exponential, as the last two relations in (11) rzero outside the paired slabs, it is only present inside the slab,
quire. Therefore, the field inside the conjugate matched pairafid has its peak at the interface between the two slabs. This ex-
ENG-MNG slabs is predominantly concentrated around the ihibits the presence of stored energy in these paired slabs, which,
terface between the two slabs. This behavior can be seen fraswill be explained in Section V, can be regarded as a “reso-
Fig. 5(a). nance” phenomenon.
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E. Variation in Angle of Incidence for the Matched Pair of 109 & =60
ENG-MNG Slabs ”==“‘2133

For a given set of parameters for the ENG and MNG slak *°7 T L
the general matched pair condition for zero reflection arj; .‘i d’_ o
transparency may be satisfied if the TM incident wave ceg os- W |7 Al
have a specific incident anglé;,, given in (9). This implies s | [ &%
that when an ENG-MNG pair is designed to be transpare® 0 e | m=-238
for a TM wave with a specific angle of incidence, this pai‘% 'i d;:z.f?’ia
will not be transparent to other angles of incidence. Recis E—
that the zero reflection and transparency condition for tt 927 .’| Y208
more specific conjugate pair is independent of the ang . ,L;/di_ 2
of incidence. Here we explore the sensitivity of reflectiol oo e s _'w\ P a99kk|
coefficient for the general matched pair to this angule 5=3
variation. A variation 6k, in the transverse wave numbetr Hh=-2
k. causes a perturbation in the zero-reflection condition d,=%
which can be expressed, to a first-order approximation, as
iXeng + jXung = (ke 8k, /w? Xongm) (1/63 — 1/3) @
and fexcdi — Punads = kg 6k (d3 — di)/Bexcmdr, £=60

where Xexcm, SENem and Syvingm are the values satisfying '
the matched condition (8), i.e., féik, = 0. The reflection
sensitivity on the angular variation, therefore, increases wig g |
k.
Moreover, the reflectivity increases with the difference bet
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thickness of the structure. Fig. 6 shows the magnitude of the
flection coefficient for the ENG-MNG pair with several sets o
parameters designed to make the pair transpareht-atr /4.
When the media parameters are chosen closer to the conju(x , |
matched pair conditions, the reflectivity remains low for a wide
set of angles, whereas for larger value$lgk? — 1/¢3|, the re-
flectivity increases as the angle of incidence deviates from t
design anglé':™,. Such dependence on the difference betwet
the constitutive parameters saturates for largeas seen from
Fig. 6 and the first-order approximation. The reflectivity will de-
pend more on the total thickness of the structure. As can be seen (b)

from Fig. .6{ the reflectivity from ajth.'nner structure [Fig. 6(a)_] Isiig. 6. Sensitivity of the reflection coefficient to variation of the angle of
less sensitive to the angular variation than that from the thicketidence. The magnitude of the reflection coefficient from matched pairs of

0.4 -

eflection Coeffici

pair [Fig. 6(b)]. lossless ENG-MNG is plotted as a function of angle of incidence. Here we
first select the ENG slab with parametetsne = —3¢o, tene = 2p0
and dENG = 277/5 |kENG| for (a) anddENG = 477/5 |kENG| for (b)

E. Presence of Material Loss Then the parameters of the MNG slab are chosen such that the pair satisfies

the zero-reflection condition ((8)) for the TM wave with 4%angle of

In finding the matched pair conditions given in (6)—(8) an#icidence. Since there are two relations in (8), but there are three parameters
the conjugate matched pair conditions, we considered 0SSIERR.S:or A areaui in prineple for  given ENG (e choice of MG i ot
ENG and MNG slabs. Obviously, with the presence of l0Sgnique in order to form a matched ENG-MNG pair. We show a family of curve
perfect transparency and zero reflection is not achievable deeseveral pairs of matched ENG-MNG slabs. For each pair, the reflection
to the mismatch between the paired slabs and the outside JECEnt = e evakated o s uncon o angle o nidence, T valies
gion, as well as the absorption in the materials. It is importapérmittivity and permeability of the MNG slab are shown with respectgto
to eprore the sensitivity of the wave tunneling phenomenon _gnd;zo). We notice tha_t‘the variaition of the reflection coefficie_nt with angle of
the value ofe; or ;. Imagine we have a conjugate matcheiﬂ]udence is less sensitive for thinner slabs (a) than for the thicker ones (b).
pair of ENG-MNG slabs, for which we can have complete tun-
neling, i.e., we achieve the zero reflection for the lossless caaad the sensitivity of the reflection coefficient endepends on
Fig. 7 shows how the reflection and transmission coefficientise value ofd: the larger the value aof, the more sensitive the
vary with e; and/ord. In this Figure, it is assumed that = 0, reflection coefficient will be with respect te. This would be
while ¢; is allowed to be nonzero. (Analogous results are olexpected from physical arguments. For small values tife re-
tained ife; = 0, andu; # 0) We note that fore; = 0, the flection coefficient is not too sensitive to the presence of small
reflection coefficient is zero for all values df representing the «;. In addition, one can also determine how the transmission of
case of a conjugate matched pair. However, whebecomes a wave through the pair is affected by the loss. In Fig. 8, for the

nonzero, the reflection coefficient may attain nonzero valueBM case we see the behavior of the total magnetic field inside
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Fig. 8. Effect of loss on the field distribution in a conjugate matched
ENG-MNG pair excited by a normally incident plane wave. Here we show the
distribution of the real and imaginary parts of the total transverse magnetic
(a) field inside and outside of the conjugate matched pair of ENG-MNG slabs
considered in Fig. 5(a), when the loss is present in the form of the imaginary
part of the permittivity in both slabs.

respectively. The two semi-infinite regions of free space;, 0
andz > d; + d», can of course be modeled as the standard L-C
transmission lines for the case of a propagating TM wave.

Itis interesting to observe how the TL section between 0
andz = d; + dy affects the propagation through the line from
left to right. Let us first assume that we divide the L-L line and
C-C line into many small infinitesimal segments. The number
of such infinitesimal segments is taken to Ne= N’ > 1,
thus the length of each segment in the L-L and C-C lines is
d, /N andd,/N’, respectively. In each segment, we have certain
amounts of series impedance and shunt admittance, which can
be obtained by multiplying, respectively, the segment length by
the series impedance per unit length and shunt admittance per
unit length, analogous to the method used in [20]. We now look
at the nodesV — 1 andN’ — 1. Referring to Fig. 9(a), the total

impedance between these two nodes can be written as:
Fig. 7. Magnitude of (a) the reflection coefficient and (b) the transmission

coefficient for the conjugate matched pair of ENG-MNG slabs shown in

(b)

Fig. 5(a), when the loss mechanism is introduced in the permittivity of d; 1 do

both slabs as the imaginary part of the permittivity. (Normal incidence is IN_1.N'—-1= ijeql_ 4+ — = (12)
assumed here.) We notice that the sensitivity of the reflection and transmission ’ N = jwCegz N

coefficients to the presence of loss (i.e., @) depends on the value of the

thicknessd; i.e., the reflection and transmission coefficients will become mora s described earlie. is defined axug = —1/w2Leq2.

sensitive to variations with respect4p as the value off becomes larger.
pecido d By substituting the values df.q; andL.q2 for the TM case the

above equation can be re-written as:
and outside of the ENG-MNG pair, whepandy; are allowed

to be nonzero. Obviously, for larger valuesegfand.;, more jAw
absorption occurs in the structure, resulting in lower values éfv-1,8/ -1 = N
the transmitted wave. 12 12
|:<1 - 2—I> Nldl + <1 - 2410) u2d2:| . (13)
Wop1€L W22
V. RESONANCE IN THEENG-MNG BILAYER Taking into account the conditions given in (8) for a matched

pair and considering the fact thate; < 0 anduses < 0, after
As listed in Table I, the evanescent TM wave propagation Bobme mathematical manipulations, we obtéin_; y-_1 = 0.
the ENG and MNG slabs can be modeled as equivalent L-L amtis implies that the series reactive elements between the nodes
C-C transmission lines, respectively. Therefore, the ENG-MNG —1 andN’ -1 are in resonance, and thus these two nodes have
pair can be modeled using the TL, as shown in Fig. 9(a). the same voltage, i.6/x_1 /-1 = Vn—1 —Var—1 = 0. From
Fig. 9, this pair is shown as the cascaded L-L and C-C trankis, one can assert that the shunt eleniggt at nodeN — 1
mission lines inthe rangé < z < dy andd; < z < dy + d», (i.e., between nod®& — 1 and the ground) and the shunt element



ALU AND ENGHETA: PAIRING AN ENG SLAB WITH A MNG SLAB 2567

oo @5 Qi B OB
T T ﬁj il ] PRt R

DPS 3 ENG MNG g DPS
1z=0 'z=d, ‘z=d, +d,

@)

©.0 . @ - ©
] A L St IS e
”?M??I ﬂmTTT T T T

L v

' VT ' v
DPS ; DPS ; DNG ; DPS
12=0 z=d, ‘z=d, +d,
(b)

Fig. 9. Equivalent transmission line models with corresponding distributed series and shunt elements, representing the TM wave interagtmpaiitof (a
ENG-MNG slabs, and (b) a pair of DPS-DNG slabs. In each section, the TL consists of many infinitesimally thin cells containing series and shsnt*alement
shown in Table I, the choice of such equivalent series and shunt elements in the TL model depends on the material parameters in each slabpthefiblarizati
wave (here we only consider TM polarization), and whether the wave is propagating or evanescent.

Ceq2 @t nodeN’ — 1 are now in parallel. The total admittanceincident wave with any angle of incident and polarization can
of these two parallel shunt reactive elements is tunnel through the pair. From a TL and circuit element point
of view, one can also see that if we only have one of the L-L or
C-C transmission lines individually, the current and voltage will
decay along such a line. However, when we join the L-L and the
. - S __ C-C segments to represent the ENG-MNG pair, we have a res-
Following similar steps and considering thdt.g; = ; . .

9 ) o onant structure in which the current and voltage behave quite
—1/w?Ceq1, We find Yy _1/n7—1 grouna = 0, Which implies q erently

. iff
that the two shunt elements are in resonance. Consequen \Xh order to intuitively understand and interpret the field be-

the current flowing in the mdgctwe elemeril.q; between havior inside the ENG-MNG pair, we evaluate the current in
the nodesN — 2 and N — 1 is the same as the current ; :

S " each series element in the resonant segment betweetand
flowing in the capacitive elemenf.g> between the nodes

N’ — 1 and N’ — 2. These two elements are then eﬁectiveli =di+dyin '.:'g' 9(a). Considering the fact thatat:_o we
. . . . ave no reflection, and thds._y/I.—o = Zy, whereZ, is the
in series, SiNCEY,,_1/n/—1ground = 0, and repeating the

. characteristic impedance of the TL before the paint 0, we
above steps it can be shown that these two elements ar . . ) .
. . -7 1ind the following expression for the current in the series ele-
in resonance as well, i.eZy_>n—2 = 0, resulting in

i . <M<N -
Va anr s = Vi 2 — Var 2 = 0. Following this procedure ments between nodéd andM + 1, where0 < M < N —1

as we go away from the middle nodé = N’ toward the end
nodes 0 and’, we notice that such resonance behavior occurs
for every pair of series and shunt elements, and thus we findiere
that the current and voltage at the node 0 are the same at those
at node(’, i.e.:

dy

YN—l/N’—l,ground = mﬁ + JWCqu N (14)

Inpnrvr = Ivajprsre + 3 Inynr 1,

I _ Iz:O
M/M+1,7 —=7M oM+l
Loﬂl2 +

v/ Le
1+ ql a{u
\V4 Leql + 4Leﬂl

V.o = ‘/Z:d1+d2 and I.—o = Iz:d1+d2. (15) n <1 B \/ Leql ) M

. o Lt i | ™
From this, one can conclude that the input impedanee-at) eal effl
(looking into the right in Fig. 9(a)) is the same as the input 7 _ L., Z, v/ Lequ ( M—aM)
impedance at = dy + d, (looking into the right). Therefore, ~ “M/M+Li= oMM (T, /Teqi + 4Leg1 © =~
the segment of the TL between= 0 andz = d; + d», which (16)

represents the matched pair of lossless ENG and MNG slabs,
is in resonance and has become “transparent” to the incominigh «; anda, being shorthand fot; = Leqi + 2Lem F
wave that is effectively “tunneling” through this segment Withhé 2

Leq1 (Leq1 + 4Lesr1). If for the special case wherk.q1 =

no effective phase change. Although the lossless ENG or M . = I, then the above eguation can be simplified as

slab by itself does not allow the perfect complete tunneling of*
the incoming wave through it, when we juxtapose an ENG slab (3+\/5)M (\/5+1)_|_(3_\/5)M (v5-1)
with an MNG slab with the properly selected set of paramelas/ar41,r =I.=0 YRR

ters we obtain a resonant structure which provides transparency v ]‘31

and zero reflection to the incoming wave. If the slab parameters L BV -(3-VvE)T 1z,
are chosen to have a conjugate matched lossless pair, then dp? 1.7 —*==0 oM, /5 whq1'

17)



2568 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 51, NO. 10, OCTOBER 2003

ENG MNG ENG MNG ENG NMNG ENG NMNG

DPS DNG DPS DNG DPS DNG DPS DNG

Fig. 10. Correspondence between the cascaded “thin” layers of ENG-MNG slabs and the cascaded “thin” layers of DPS-DNG slabs, using the concept of
equivalent transmission lines, discussed in Table | and Fig. 9. Detailed explanation is given in the text.

The corresponding expressions for the current in series elemehts reflection coefficient implies that we can have a resonant
between the consecutive nodgg and M’ + 1, where0/ < “natural” mode for this segment of the line acting effectively as
M' < N’ — 1is a node in the C-C TL section, can also ba “cavity resonator.”
found by simply making the following substitutions.,; —
1/w?Cofr, L1 — 1/w?Coqo in (16) and (17). The currents
Tnijnga @ndIng g increase with power oM, whenM v/ CORRESPONDENCEBETWEEN THEENG-MNG PAIR AND
increases from O t&V — 1. Same considerations can be made THE DPS-DNG RIR
for the corresponding expressions for the voltages at the nodes
M and M’. Their behavior is very similar. Consequently, in Fredkin and Ron [17] have shown that a layered structure
this equivalent circuit model, we observe that the current amdth alternating slabs of negative-epsilon and negative-mu ma-
voltage distributions within this resonant segment are concderials may effectively behave as a DNG material, because the
trated around the nod¥ = N’ and then they decrease in mageffective group velocity in such a structure would be antipar-
nitude as one approaches to the edges of the segment, i.e.aliel with the effective phase velocity. Here using the TL model
ward the nodes 0 arid. This is obviously consistent with whatwe present a different analogy between the ENG-MNG pair
we obtain for the field behavior using the wave theory, as shovand the DPS-DNG pair. The transmission line model shown in
in Figs. 3 and 5. Fig. 9(a) can be modified to represent the TM wave interac-
It is worth noting that the resonant behavior of th&ion with a lossless DPS-DNG bilayer structure. Using the in-
ENG-MNG segment of the line can also be interpreted fiormation given in Table I, we can model the DPS-DNG pair
terms of the impedance mismatch between the two TL sectiaas the transmission line shown in Fig. 9(b). One can immedi-
at the nodeN = N’. As listed in Table I, the characteristicately see that, like the case of ENG-MNG pair, if the param-
impedance of the L-L line representing the ENG slab (for theters of the DPS-DNG pair are chosen such that the zero-re-
TM mode) is a positive imaginary quantiti4; _r = jXr_r flection conditions are satisfied, the resonance phenomenon be-
with Xz_r > 0 while the one for the C-C line for the MNG tween the series reactive elements and between the shunt re-
slab is a negative imaginary quanti¥c_c = jXc_c with  active elements in infinitesimal sections of the TL will occur.
Xc_c < 0. If one treats the evanescent wave in the ENG slaks a result, we can again haVe—y = V,—4, 44, andl.—o =
as an “incoming” wave impinging on the boundary betweeh_,, +4,, suggesting that the matched pair of lossless DPS and
the ENG and MNG slabs, the Fresnel “reflection coefficientb NG slabs can be in resonance and may become “transparent”
for such an incident evanescent wave can then be writtenthe incoming wave. In this sense, the ENG-MNG pair may
as R = (Zec—c—Z1-1)/(Zc—c+ Zr_1). When the act in a similar manner as the DPS-DNG pair. However, one
ENG-MNG pair is a matched pair, according to the conditiorshould remember that the behavior of the wave propagation
(8), Zr—1. = —Zc—c, resulting in an infinitely large reflection within these two pairs is different: in the ENG-MNG pair, the
coefficient! This should not cause any concern, because: {Elds are sum of evanescent waves, whereas in the DPS-DNG
this is a reflection coefficient between an “incidest/anescent pair, we can have propagating waves. Since in the small-argu-
wave and “reflected’evanescentvave, which each by itself ment approximation, trigonometric sinusoidal and hyperbolic
does not carry any real power; and (2) the “singular” nature sinusoidal functions may appear somewhat similar, for a short
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range of distance the evanescent field function may appro:
mately resemble those of the propagating wave. One can tr
anticipate that a “thin” ENG-MNG pair may essentially func- $ 4 3 4 r
tion like a thin DPS-DNG pair. This point is pictorially illus-
trated in Fig. 10. Imagine that we have cascaded “thin” laye
ofidentical lossless ENG-MNG pairs. The layers are assumed /
be electrically thin with thicknessesd,; andAds. The equiv- /
alent cascaded pair, L-L and C-C, transmission line model ' jae 2 ,ﬁ,;‘.’f ....... _
this structure is also shown in Fig. 10. It can be seen from th \ s
model that if the layers are assumed to be thin enough, the
cascaded pairs can also be viewed as cascaded pairs of |
and C-L lines, thus representing cascaded pairs of DPS-DN
layers. Specifically, we notice that each segmenL Qfi - Les1 .
is sandwiched between the two segmentSgh-C.q2, and vice T ELlLIBey
versa. Therefore, for thin layers the groupinglQf;-Ceq2 and i
Ceso-Leg1 together can be assumed instead, representing ti
DPS and DNG layers, respectively. If the matched pair conc. H
tions, (8), Tor the ENG-MNG pglr are satisfied, one would gqltig. 11. Sketch of a conceptual idea for the image displacement and image
the tunneling effect for the entire set of cascaded ENG-MNfaconstruction with conceptually all the spatial Fourier components preserved,
pairs, since all these pairs behave as resonant structures indivithg the concept of conjugate matched ENG-MNG paired slabs. When such
ually. As was the case in [23],ifthe matched pair conditions af#ar of NGNS sebe & ieted beueer the obict on e e an e
fulfilled, the same can be said about the set of cascaded pairsfe of the object appears closer to the observer, at the distarcad, with
DPS-DNG slabs for the evanescent tunneling. ideally all its spatial Fourier components present, i.e., with its original resolution
Analogous behaviors can also be exploited in guided-walA ct
structures. As was the case with the paired parallel DPS-DNG
layers inserted in a parallel-plate cavity or waveguide structuign plane. However, if we insert the conjugate matched lossless
[8], the matched ENG-MNG paired parallel slabs could alSeNG-MNG pair in the region between the object and the ob-
support a resonant mode when they are placed between two gafver, the apparent location of the object will be at the distance
allel metallic walls [13]. Furthermore, the phase of the field ab — 24, which may provide near-field observation of the objects
the back face of this matched pair is also the same as the phaif theoretically all spatial Fourier components (propagating
at the front face. Some aspects of this ENG-MNG parallel-plaég@d evanescent components in the outside region) present, i.e.,
cavity have been reported in [13]. with its original resolution intact. This can conceptually provide
an interesting future application of such paired slabs inimage re-
construction and resolution enhancement. One should also point
out that an analogous matched pair of lossless DPS-DNG slabs
would also “preserve,” and allow “tunneling,” of the evanescent
Consider a pair of lossless ENG-MNG slabs that are conjwaves as they interact with such a pair, similar to what Pendry
gate matched for a given fixed frequency. In front of this paihas analyzed for a DNG slab surrounded by a DPS medium [2].
we put an object, e.g., a line source (see Fig. 11). The field didewever, unlike the case of an ENG-MNG pair, propagating
tribution at the object plane can in general be expanded in termgves can exist in the DPS-DNG pair, and owing to the anoma-
of spatial Fourier components with spatial wavenumber paratnus negative refraction at the interfaces between DNG and DPS
etersk, andk,. Here for the sake of simplicity, we assume thanaterials, a focusing effect occurs leading to a real image [2].
the object is independent of tiyecoordinate and that we haveSuch a focusing effect for a DNG slab has already been sug-
a 1-D Fourier expansion in terms of spatial components wiglested and studied by Pendry in the particular case in which the
wavenumbet:,. only, where—co < k,, < +o0. Since the loss- DPS slab material is taken to be the same as the outside region,
less ENG-MNG pair is conjugate matched, each of the spatia., free space [2]. In general, for a DPS-DNG pair a real image
Fourier components, propagating as well as evanescent waveian object can be formed, whereas for an ENG-MNG pair,
the outside region, will in principle tunnel through the pair, and virtual image can be obtained. This behavior is illustrated in
they show up at the exit face with the same corresponding valikég. 11.
as their values at the entrance face. This means that an observer
on the back side of the paired slab will see the object as though it
were displaced and seated closer to the observer by the amount
dy + ds. In fact, conceptuallall of its spatial Fourier compo-  In this paper, we have studied the TM wave interaction with
nents are preserveth the absence of the ENG-MNG pair, if thea pair of ENG-MNG slabs, and we have found that, although
distance between the object and the observer is assumed tovhee interaction with each of these slabs alone leads to pre-
D, the observer for large enoudhwill only receive the propa- dictable results, the juxtaposition and pairing of such ENG and
gating waves from the object, and the evanescent wave portdhG slabs would, under certain conditions, lead to some un-
of the Fourier decomposition will be negligible at the observaisual features such as resonance, zero reflection, complete tun-

ENG MNG

VII. “I DEAL” | MAGE DISPLACEMENT AND IMAGE
RECONSTRUCTION

VIIl. SUMMARY
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neling and transparency. We have analyzed the field distribua5] N. Engheta, S. Nelatury, and A. Hoorfar. The role of geometry of in-
tions inside and outside such paired slabs, including the reflec-
tion and transmission from this pair, and the flow of the Poynting
vector in such structures when the zero-reflection conditions argae]
satisfied. The equivalent transmission-line models with appro-
priate distributed series and shunt reactive elements have been
derived. They have been applied in this study in order to deriveL7)
the necessary and sufficient conditions for zero reflection, reso-
nance, complete tunneling and transparency, and to explain trﬂﬁ]
seemingly anomalous field behavior in these paired structures.
In particular, we have shown that pairing the ENG and MNG
gabsrnayexmbnresonancephenomenon,andthatsuchargg]
onance is one of the reasons behind the transparency for these
paired slabs and the unusual field behavior within them. Fur-
thermore, we have discussed several characteristics of the tu[r%g]
neling conditions, such as the roles of the material parameters,
slab thicknesses, dissipation, and angle of incidence. We haye
also explored the analogy between the ENG-MNG pair and th[921]
DPS-DNG pair. Finally, as a potential application of the con-
jugate matched lossless pair of ENG-MNG slabs, we have pro-
posed an idea for an “ideal” image displacement and image régz]
construction utilizing such a pair.
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