2702 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 12, DECEMBER 2002

Planar Negative Refractive Index Media Using
PeriodicallyL—C' Loaded Transmission Lines

George V. Eleftheriadesenior Member, IEEEAshwin K. lyer, Student Member, IEEERNd Peter C. Kremer

Abstract—Recent demonstrations of negative refraction utilize successful in this effort. Subsequently, three-dimensional (3-D)
three-dimensional collections of discrete periodic scatterers to electromagnetic artificial dielectrics (metamaterials), consisting
synthesize artificial dielectrics with simultaneously negative of an array of resonant cells, each comprised of thin wire strips

ermittivity and permeability. In this paper, we propose an Lo . .
glternate )éerspecaive on tht?e/ design aﬁdpfunctionpofpsuch ma- and split ring-resonators, were developed to synthesize the si-

terials that exploits the well-known L—C distributed network ~Multaneously negative permittivity and permeability required
representation of homogeneous dielectrics. In the conventional to produce a negative refractive index and, indeed, successfully
low-pass topology, the quantitiesL and C' represent a positive demonstrated reversed refraction [3], [4]. However, the meta-
equivalent permeability and permittivity, respectively. However,  oiarials presented in [3] and [4] are bulky 3-D constructions,

in the dual configuration, in which the positions of L and C . e . . .
are simply interchanged, these equivalent material parameters which are difficult to adapt for RF/microwave device and cir-

assume simultaneously negative values. Two-dimensional periodicCUit applications. They consist of loosely coupled unit cells
versions of these dual networks are used to demonstrate negativethat rely explicitly on the split-ring resonance to synthesize a
refraction and focusing; phenomena that are manifestations of the negative magnetic permeability. Consequently, the structures
fact that such media support a propagating fundamental back- - .5 achieve a negative index of refraction only within a narrow
ward harmonic. We hereby present the characteristics of these bandwidth. Furthermore, when applied to wireless devices at
artificial transmission-line media and propose a suitable means of C o 0
implementing them in planar form. We then present circuit and RF frequencies, the split ring-resonators have to be scaled to
full-wave field simulations illustrating negative refraction and larger dimensions, which, in turn, would make such devices
focusing,' and the firs_t experimental verification of focusing using |ess compact. It should also be noted that, to date, there has
such an implementation. been no experimental verification of the property of focusing
Index Terms—Artificial dielectrics, backward waves, focusing, inherent to LHM.
left-handed media (LHM), metamaterials, negative permeability,  This paper offers a fresh perspective on the operation of LHM
negative permittivity, negative refractive index, periodic hatenaples the design of a new class of metamaterials to synthe-
structures. . . L
size a negative refractive index. The proposed structures go be-
yond the wire/SRR composites of [2]-[4] in that they do not rely
I. INTRODUCTION on SRRs to synthesize the material parameters, thus leading to
N THE LATE 1960s, Veselago proposed that materials witW"’_Imatically increased operating bandwi_dtkMorgover, their
simultaneously negative permittivity and permeability ar nit cells are connected thro_ugh atra}nsmls&on—lme network a_md
physically permissible and possess a negative index of refractF fy may, therefore, be equipped W|th_Iumped elements, which
[1]. Veselago termed these left-handed media (LHM) becat% rmitthem to be compact atfrequenCIes where the SRR cannot
the vectorsE, H, and k would form a left-handed triplet ecompa(_:t. The flexibility gained through the use of either dis-
instead of a right-handed triplet, as is the case in conventiof&Fte O printed elements enables the proposed planar metama-
right-handed media (RHM). His conceptual exploration of thitgrlals to be scalable from the megahertz to the tens of gigahertz

phenomenon revealed that, through negative refraction, pla Apge. In_addmon,_by unhzmg varactors mstea}d of capacitors,

slabs of such media would cause light or electromagnetic ra € effective material propert!es can be dynamllcally tuned. Fur-

ation to focus in on itself. Although it has been known for som ermore, the proposed media are planar and inherently support
two-dimensional (2-D) wave propagation. Therefore, these new

time that arrays of thin metallic wires, by virtue of their collec- ; terial Il suited for RE/mi devi dci
tive plasma-like behavior can produce an effectively negati\%(:J amaterials are well suited tor microwave device and cir-

dielectric permittivity, it was not clear as to how to produce guit applications.

simultaneously negative permeability. The recent developmentThe remainder of this paper is divided into four sections. Sec-

o tion Il provides an introduction to the theoretical foundations
of the split-ring resonator (SRR) by Pendey al. [2] was o . o
P g ( ) by e al. [2] describing left-handed behavior ib—C' loaded transmission
lines, drawing distinctions between the distributed and periodic
Manuscript received April 4, 2002; revised August 7, 2002. This Worlffa?es. Section Ill outlines a method of designing practical pe-
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Canada. riodic L—C' loaded transmission lines to synthesize left-handed
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betdiy and

jwes =Y = eg = X @)
For the case of free space, we requike= po andegs = &g,
and we choose, = jwug andY = jweq. This implies a
medium in a low-pass topology with = o (H/m) andC = ¢
(F/m), both of which are positive real quantities. The corre-
sponding propagation constant reduces to that of a standard
transmission line (in this case, air filled)

Fig. 1. Unit cell for a 2-D distributed.—C' network. B = /— 7Y = oW ILC = w 0€0- (8)
[l. THEORY The resulting phase and group velocities at low frequencies are
A. Distributed Network Approach parallel and given by
Itis well known that dielectric properties like permittivity and w 1 1 28\ !
permeability can be modeled using distributied” networks. Vp=>=—F—==———== | = vy 9)
/B vV LC v/ HoE0 ow

The standard case is the use of periodic versions of these dis-
tributed L—C networks to represent free space so that the char%cﬁat the phase and group velocities are both positive results

teristicimpedance of the networkis equal to the free-space Way&, the choice of the positive root in (8). The choice is arbitrary
|mp§dance (37%2). In this case, the per-unit-length capacitancg ;e jt serves only to select one of two solutions related through
a_m_d inductance can be d|rectly related _to the free-space perrH'Eﬁ'pelce-reversal or, equivalently, one of the two branches of the
t|V|j[y and permeability, respecnv_ely. To |II_ustrate how these m%’orresponding dispersion diagram. That is, in RHM, the phase
terial parameters may be effectively derived from a network gl i the direction of the positive group velocity (which, in this
generic d'St“bUt_ed Series |mped::_1nces and shunt adm'ttan?,%%e, is parallel to the Poynting vector), a fact that is invariant
consu;ier the unit ce'II shown. N ,F'g‘ 1. The 2-D telggraphertg the sign selected for the root. In the case of RHM, (9) implies
equations representing the distributed structure of Fig. 1 Canthﬁt the refractive index is positive. Indeed, the refractive index
expressed as can be defined as

% =—iyZ % = —i,Z 1) ne € VLC (10)
and Vg VvV Ho€o
01, Oig which is positive and equal to unity for the case of free space.
N + or —vyY. @) Furthermore, the characteristic impedance of the network is ex-
actly equal to the free-space wave impedance, as expected, and

Combining (1) and (2) yields

Pvy | Puy | B, =0 B=+V—ZY ©) 17
Iy | g2, =1z
9r2 | 922 y zoz,/aznoz,/@g;a?m. (11)
€0

wheref is the propagation constant.

Itis now appropriate to map field components to the voltagesNaturally, this concept need not be limited to free space;
and currents in the medium. In a thin homogeneous iSOtl’Opéﬁher, itis app”cab'e to any other homogeneous isotropic di-
medium, a quasi-static transverse magnetidl() solution electric since we are free to specify the choic&andC. This
(i.e., assuming a wealcvariation) maps, to £, (by means prompts us to examine the scope of distribufed” networks
of the definition of potential difference), to H. (by means of for reproducing unique material parameters, including those
Ampere’s law), and. to — H, and, thus, (1) and (2) corresponchf | HM. Specifically, Veselago's postulation of a negative

as follows:

to the following field equations: permittivity and permeability prompts the question of whether
the L. and C parameters in a network representation can also
0E, ) OE, . : _ .
or —jwpsH, 0 +jwpsH, (4) be made negative. Naturally, from an impedance perspective,
imposing a negativd, and C' essentially exchanges their in-
and ductive and capacitive roles so that the series inductor becomes
OH, OH, ) a series capacitor, and the shunt capacitor becomes a shunt
92 or tjwes by ) inductor. The emerging dual structure is easily recognized as

having the topology of a high-pass filter network. The resulting
equivalent permittivity and permeability can be shown to be
. 4 negative, using arguments similar to those of the free-space
Jwps =24 = pis = jw (6)  case. Consider such a dual high-pass topology, with distributed

yielding the effective material parameters as
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series capacitandg’ (F - m) and shunt inductanc& (H - m). M1, n>0 M2
Using (6) and (7), we arrive at the following results: s, Case 1
j Z L = L (12)
TW = = = -
Jwits el =TT
. 1 1
Jwes :Y:ijic?S:—m» (13)
which show that the equivalent material parameters are indeed

negative for a dual.—C' network. The corresponding propaga-

tion constant is related inversely to the frequency _ , _ ,
Fig. 2. Phase matching at the interface between an RHM M1 and a generic

medium M2.

1

wV/IL'C"
We shall now use these backward waves to assert that the pro-
In this case, the phase and group velocities are antiparallel, gmo$ed dual.—C' networks do demonstrate negative refraction.
are given by Consider a two-medium interface, where medium 1 (M1) ex-
hibits a positive index of refraction and medium 2 (M2) is re-
w 98\ ~* garded as generic for the moment. The complete arrangement
= G =-wVL'C v, = <£> = +w* VLY is depicted in Fig. 2. A plane wave originating in M1 and im-
(15) pinging on the interface with wave vectky establishes a re-
where the choice of the negative root in (14) has assured a pwgeted wave in M2 with wave vectdt, such that the tangen-
itive group velocity (in this case, also parallel to the Poyntintjal wave-vector componenis,; andky; are equal. This phase
vector). This implies that, in LHM, the pha&eadsin the direc- matching is a generalized form of Snell's Law, and that it spec-
tion of the group velocity, or power flow, and the index of refracifies constraints only on the tangential components of the wave
tion should accordingly be negative. Indeed, the correspondivectors presents some interesting consequences. There is, in
refractive index is negative as follows: fact, the freedom of two possibilities for the normal component
of ko the firstand usual case, in whiki is directed away from
¢ 1 _ nses the interface, and the second case, usually reserved for reflected
"= vy _w2\/m\/m = Vogo waves, in whichk, is directed toward the interface. These two
cases are represented as Case 1 and Case 2 in Fig. 2. We may
This result further justifies the interpretation of (12) and (13urther invoke the constraints imposed by the conservation of
as equivalent effective material parameters. It is also clear tigaergy so that normal components of the Poynting ve&ers
the relationship between the network characteristic impedara@dS2 remain in the positive-direction through both media.
and equivalent wave impedance is preserved according to théf is clear that Case 1 depicts the familiar situation in which

B=-V-ZY = - (14)

Yo

(16)

following equation: M2 is a conventional positive-index medium (depicted as denser
than M1 in Fig. 2). However, if M2 is a medium supporting prop-

L 1S agating backward waves (LHM), then it is, indeed, true that the
Zo = \/; =n= \/g : (17)  wave vectoks, must be directed opposite to the Poynting vector

S2 so that power is propagated along the direction of phase

It should be noted that, although the parameters themsel@gtyance. Therefore, refraction in media that support backward

are negative, their spectral derivatives remain positive duew@ves must be described by the second case, for which it may

the negative inverse-square dependence on frequency so Bi§agrgued that power is refracted through an effectively negative

the total stored time-averaged energy [5], expressed by the fangle, which, indeed, implies a negative index of refraction.

lowing: According to [1] and [7], electromagnetic waves from a point
source located inside an RHM can be focused by a planar LHM

I(psw) slab, as depicted in Fig. 3. Geometrical optics indicates that,

Ow for a planar interface, the focal point is generally dependent on

. » o . the incident angle. For the case of negative-index optics, some
remains positive, and causality is not violated. elementary manipulations of Snell's Law at the first interface

The results indicated by (15) are familiar because they segflicted in Fig. 3 show that the distance of the internal focal
to describe the well-known phenomenon of the backwa[g)int from the interface is given by the following:

wave, in which the Poynting and wave vectors are oppositely
directed [6]. Indeed, Veselago has alluded to the presence

of backward waves in his definition of left handedness [1]. Fi (Bine, Oretr) = 1 -
Thus, the above development seems to suggest that there exists

a multitude of materials capable of demonstrating negativwehere s; is the distance of the source from the interface, as
refraction phenomena solely as a consequence of the fact tthepicted in Fig. 3, and;,. andé,.. are the absolute values of
they support backward waves. the angles of incidence and refraction, respectively. From the

B2 4 2559 g2 (18)

W =
ow

oS (Hrefr)
08 (Binc)

nNLuM

(19)

NRAM



ELEFTHERIADESet al: PLANAR NEGATIVE REFRACTIVE INDEX MEDIA 2705

RHM, ngaw>0 LHM, nim<0 RHM, ngam>0 Z/2 Zy, kdi2 Zo, kd/2 Z/2
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Fig. 4. Unit cell for the 1-D periodicL—C' network featuring the host
transmission-line mediumz, k).

Fig. 3. Internal and external focusing using an LHM slab of thickmkss
sing the standard procedure for 1-D periodic analysis of

second interface, the distance of the external focal point can B rowave networks [9], [10]. The resulting dispersion relation

given by the following: is

ZY .0 j(Z Y\ .
d _ 2Y o2l (4 Y
fo (Bines Orese) = 81+ | ————c — 1 (20) cos fid = cos f+—= cos 2+2< + )Sme (1)

Zo Yo
fl (ainc-/ erefr) X
where we have useti= kd. Itis clear from (21) that when the

whered is the slab thickness. Consequently, both the intern@riod of the structure is infinitesimally small, i.eas 6 — 1

and external focal points generally depend on the angle of in@dsin# — 0, the effects of the transmission lines disappear
dence, suggesting inherent spherical aberration. However, i the medium becomes continuous. This corresponds to the
clear that they may be made angle independent in the spe€$e of a high-pass filter, when operating well within the filter
case for which the relative refractive index4d. In this case, Passband. Retaining only the firsttwo terms in the Taylor expan-
fine andb,.;, become equal, and the internal and external focgion of the resulting expression, we may determine a first-order
points become unique. This observation seems to corrobor@iProximation for the phase shift per unit cell according to

the findings of [8], which state that, unless the relative refrac- 3 d)2 77
tive index is—1, only a paraxial focus can be defined. 1-— . >21+ - = fd=—-V-2ZY (22)
B. L—C Loaded Transmission-Line Network Approach yielding the previously obtained result for the distribufee”

network, as given by (14). This result describes the phase shift

The previous discussion has confirmed that distributed” . %urred by propagation through the periadic structure over a
twork i high- topol t back
NEWOrks possessing a high-pass topolagy Support bac Wé}bségncai. Making the high-pass substitutions

waves; a property that enables these media to demonstrate n
tive refraction and focusing phenomena and, therefore, permits 1 1
us to refer to them as left handed (in Veselago’s terminology). Z= jwCy’ - jwLg
RFimiorowave fequencies must be & periodi one and mUih Zo andCh being he discretefoading elements, (22) gves
therefore, possess a nonvanishing cell dimensionality. Herein, Bd= "7V = — 1

we consider a practical planar design that periodically loads a - T wVLoCy
host transmission-line network with discrete reactive elements. . . ,
The finite-length transmission lines provide the needed dimen-1he reader will recall that, while (14) regards and ¢
sionality, but at the same time, perturb the homogeneity of tffe P€ distributed parameters (with units henry-meter and
distributed system to the extent that the previously describifad—meter, respectively), the equivalence between (14) and
treatment requires modification. (24) is gstabhshed if the cell dimensionalitlyin (24) is ab- .

A rigorous understanding of the behavior of the proposect?rbed intalo andCy. It should also be noted that, once again,
LHM structures can be gained through their dispersion chard@® negative square root is taken in (24) to ensure a positive
teristics. Only the one-dimensional (1-D) case is treated here f§PUP Velocity as given by (15). The corresponding effective
simplicity, but the results can be easily extended to two dimeffdex of refraction is given by
sions. The desired dispersion relation can be obtained through Bd  ——ZY 1
standard periodic analysis based upon the 1-D symmetricunit "= 7— = —F—> = — T
cell of Fig. 4. HereZ andY represent discrete loading elements Fod — wy/Hocod w?VLoCoy/iood
since the cell dimensiadhis explicitly provided for by the trans- where, again, the equivalence between (16) and (25) is estab-
mission-line segments7, k). lished through the cell dimensiah

In the previous discussion on distributédC networks, the  The above development has assumed a unit cell with small
frequency response permitted propagation at all frequencidsnensions so that the loading elements can still be treated as
However, when these finite-dimension cells are periodicalljistributed parameters. However, in general, the effect of the
cascaded, the corresponding dispersion diagram developdisztrete periodic loading of the host transmission-line medium
band structure. The propagation constdrdan be determined cannot be neglected. In the full dispersion relation given by (21),

(23)

(24)

(25)
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Dispersion Relation for Periodic LH Media vious distributed structure also supports backward waves. Fur-

thermore, as was explained earlier, the bandwidth of this re-
gion can be controlled and substantially widened by selecting
a sufficiently small periodicityl. The reader will also recog-

e J nize from Fig. 5 that successive passbands alternately exhibit
left or right handedness (using Veselago's terminology) since
the concavity of the dispersion surface changes with frequency.
Although all periodic structures support an infinite number of
forward- and backward-wave spatial harmonics [6], [9], the dis-
persion diagram of Fig. 5 shows that the periodic dual’ net-

Al 1 work supports a backward-waftendamental spatial harmonic

f (extending over the regiorr < d < 0).

L =13.2nH
C, = 0.5pF

| |0 =0.25rad
at 1.5GHz

RH Passband

1~ .

Frequency (GHz)
w S

LH Passband

N
T

' L
-x -x2 0 x/2 x
Phase Shift per Unit Cell, pd (radians,

I1l. DESIGN

Fig. 5. Dispersion relation for periodicallfy—C' loaded LHM usingL, =
13.2 nH, Cy = 0.5 pF, andd = 0.25 rad at 1.5 GHz, indicating Bragg
frequencyf, and stopband limit§o ;, andfc .

In[11], a procedure was described for the design of high-pass
L—C networks to demonstrate negative refraction. This proce-
dure will be presented in detail here.

it is evident that3 can become periodically complex, forbid- The demonstratiqn Qf negative refractio_n reguires Fh_e realiza-
ding propagation at these frequencies. Chooing: 13.2 nH, tion ofan m_terface similarto thatdeplcf[ed in F_lg. 2soitisneces-
Co = 0.5 pF, andf = 0.25 rad at 1.5 GHz, the full disper- sary t_o de5|g_n both LHM and RH.M using periodieC arrays.
sion relation of (21) is depicted in Fig. 5. As shown, passbangf'e final design, therefore, consists of two large periodic arrays
are observed, separated by a finite stopband. The lowest cu D L—C un!t ceIIs., each as s.hown in Fig. 1. One array is
(Bragg) frequency associated with this dispersion curve (in(ﬁgn§tructed using unit cells 99nﬁgured in a low-pass topo_logy
cated in Fig. 5 by a dashed line) is approximately determiniQy simulate free-space conditions, and the second array is de-

from the condition3d = = to be

1

= eVTaCo

(26)

signed according to the proposed diialC' topology. To pre-
vent reflections at the interface, the characteristic impedances
of both media are designed to be equal.

As a starting point to the design, the dimensionless periodic
L—C unit cell described by (22) may be employed. However,

Employing a higher level of precision in the approximation of s clear from (24) and (25) that, since the reactive elements
(21) than (22) permits the analytic determination of the stopbapl|,ded in the unit cells are discrete elements, the propagation

limits
2 i
cos[?d%1—0—+g+i<£+z>9. (27)
Zo Yo

2 2 2
Making the substitutions of (23), with = kd = wd/v (where
v is the phase velocity in the host medium), and setting 0 in
(27), the solution of the resulting quadratic equatiow ipields

constant and, therefore, the refractive index, is dependent on the
periodicityd. Consequently, itis not possible to specify an index
of refraction unless the manner of distribution of the discrete
elements ovetl is specified. However, this constraint may be
alleviated by specifying a relative index of refraction between
the two media or, equivalently, the ratio of the phase incurred
in each medium through the periddfSyavd/Srumd. The ar-

rays may, therefore, be designed by means of circuit simulations

the desired cutoff frequencies (see Fig. 5) as follows:
using discrete elements since all dependence on dimension is re-
moved in the ratio.

1 v 1 v
fc. =5\~ 7 fc. = o . . . . . .
P72\ CoZod T T 20\ LoYod Choosing a relative refractive index using the ratio

L o Lamd/Bruamd and a suitable operating frequency, the LHM
Note that .bOth (_:utoff_ frequencies in (28) tend to '”f'f“ty .agnd RHM capacitors and inductors are specified according to
the cell dimensionalityd approaches zero, thus arbitrarily

increasing the bandwidth of the first LHM passband (s (24) and (17), respectively, and will heremafter_ be referred

Fig. 5). Furthermore, closing this stopband by equating theggaS Crmv, L) and Criv, Lriw), respectively. The

two cutoff frequencies yields the matching condition r_rc_espondmg cutoff frequencies are then determined and
verified to enclose the chosen operating frequency.

Once this starting point is established, it is necessary to ac-
count for the effect of the finite-length transmission lines com-
prising the host medium. The lengths must be chosen to be small
which suggests that the width of the stopband may be controlledough that the distributed parameters of the lines do not super-
by adjusting the mismatch between the characteristic impexkde the effects of the loading elements. The process of compen-
ances of the host medium and the loading. It is clear from tkation for the presence of lines will now be described in detail.
lowest passband of this dispersion diagram (the left-hand-sideThe presence of the discrete periodic loading renders the re-
branch in Fig. 5) that the phase and group velocities are opsoHts of (24) and (25) ineffective in predicting the behavior of the
sitely directed, implying that this periodic version of the pre£.—C' loaded transmission-line medium. It is, therefore, neces-

(28)

(29)
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CuLrm
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Fig. 7. Top view of transmission-line grid, showing open circuits formed in
the medium transverse to the direction of propagation for the case of normal

<

[o R
A

incidence.

Fig. 6. 1-D unit cell with host transmission-line medium embedded as an
equivalent series inductor and shunt capacitor. Ciim

. . L,d Co
sary to develop a procedure to modify the values of the discrete S
loading elements such that the valuegia$ restored, particularly ’_'NW\_'_H—ZT—T—___“_'
at the frequency of operation, to that obtained in the dimension-
less case. That is, the key design idea is to explicitly account C.d Lo % IE(;I Linm
for the contribution of the transmission-line parameters in the T ]

total inductance and capacitance per unit cell. Specifically, the
per-unit-length transmission-line parameters of the lineand
C, can be incorporated into the unit cell by modifying the cell < d

as depicted for the 1-D case in Fig. 6. , _ , _
g. 8. 1-D unit cell of Fig. 6 with the effect of the transverse host medium

Here,Cy and L are the new loading elements, and the totg(!p'resented as a shunt capacitalige.

impedance in the series and shunt branches give the designed
equivalent series capacitan@ gy and shunt inductance yhroygh the use of the small angle approximation. That is, for

v

Ly, respectively, at the design frequency. kd < 2, the third term on the left-hand side of (32) becomes
The required new series loading capacitafigean be deter- jjentical to the first term. It is, therefore, apparent that the ca-
mined using the following equation: pacitive contribution of the two open-circuited stubs in shunt is
. 1 1 limited to the effect of their transmission-line parameters. More-

jwLyd+ 700~ jaCima (30)  over, sinceC, can be given by, e, the transverse stubs serve,

effectively, to double the relative permittivity of the unloaded
which simplifies, through some manipulation, to the desired rgredium if they are not compensated for.

sult The equivalent material parameters of (12) and (13) may now
Chr v, be given by
Cp= — A (31)
1 + (UQCLHMLmd _ B 1 N 1 (34)
Hs =Hr,LHMHO = 20md " w2Cod

Before specifyingly, it is important to note that, in the 2-D
version of the medium, itis necessary to further compensate for ¢ =<, ; yyeg= ——————— =20, — ———
the effect of the host medium transverse to the direction of prop- ' w?Lramd w?Lod
agation. This is most clearly illustrated for the case of normal ifrom which it can be seen that each of these parameters consists
cidence, for which each of the two transverse transmission-ligea positive contribution due to the unloaded medium, and a
segments become open circuited at their centers and, therefaegjative contribution due to the loading (corresponding to an
contribute capacitively to the unit cell. This is shown from theffective negative susceptibility).
top view in Fig. 7. Consequently, the loading shunt inductanceA similar procedure is followed to compensate for transmis-
Lo must be appropriately enhanced, and Fig. 6 can be modifiggbn lines in the unloaded medium. In fact, the complete spatial
as shown in Fig. 8. dispersion characteristics of these 2-D LHM (and RHM) have

Here,Yoc = (—jZo cot(kd/2))~", andk is the propagation been derived, but their presentation is beyond the scope of this
constant in the unloaded medium. The required igwan then paper. Instead, it suffices to state that, for the following exam-
be determined by the following equation: ples, the spatial dispersion is negligible and the media can be

9 1 regarded as homogeneous and isotropic (under TM-wave exci-
= - (32) tation conditions).
. <ﬁ) JwLynwm
97 cot 5

! (35)

1
JwCpd + —
jwCed + < +

IV. SIMULATION
which can be reduced to the following simpler relationship: A= Microwave-Circuit Simulations

LHM and RHM arrays were designed as described in the
previous section, terminated at their boundaries using resis-

Liam
Lo = 33
0 1+ w?Liam (20.@) d ( )
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Voitage Phase Distribution (rad) Voltage Magnitude Distribution (V)

10 20 30 40 50 60 70 80 10 20 20 40 50 60 70 80

Fig. 9. Plane wave illuminating an RHM/LHM interface at 2 GHz (relative /Vtage Phase Dim?" ad) i

refractive index—2) at an incident angle of 29 Refraction observed at14°. 40
The horizontal axis is labeled according to cell number, and the right-hand-side
vertical scale designates radians. 3

tors matched to 3772 and simulated with the commercial
microwave circuit simulator Agilent-ADS. To verify negative |
refraction, as illustrated in the phase-matching argument
of Fig. 2, an RHM/LHM interface was constructed using
42 x 42 cell RHM and LHM arrays withBgrunvd = +0.25
and Gramd = —0.5, yielding a relative refractive index of Fig. 10. Point source illuminating an RHM1/RHM2 interface at 2 GHz
—2. The unit cells comprising the arrays were designed to elative refractive index-2, finite air-filled transmission lines with = 5 mm
5 d isted of ission-li inclyded in each unit cell). No focusing was observed in either phase or

-mm S_quare’ an _COHSlSte of transmission- 'ne_ segme_nts fHafnitude. The horizontal axis is labeled according to cell number.
the designed loading elements. The corresponding equivalent,
absolute index of refraction of the LHM could, therefore, ) ) o
be determined by (25) to be2.4. To maintain the relative focusing was not expected since Snell’s Law for positive-index
refractive index of-2, the absolute index of refraction of themedia predicts a continued divergence into the second RHM.
RHM was made to be+-1.2. The required loading elementdig. 10 presents magnitude and phase plots of these results, and
were specified to be(fy 1 = 297.7 fF, Lo L = 32.6 nH)  confirms that the cylindrical wave excitation diverges into the
and Coruv = —35.7 fF, Lorun = 1.2 nH) using (31) Second medium. _ , _
and (33), and their right-handed counterparts, respectively.The second case consisted of an RHM/LHM interface with
The RHM shunt-loading capacitance is negative (inductive) forélative refractive index of-2, using the array dimensions
provide sufficient compensation for the relatively large shu@d source location specified above. This arrangement was ex-
capacitance of the transverse stubs so that the overall shifgted to show focusing inside the LHM. However, the rela-
reactance is capacitive. tive refractive index was not designed tobé&, which implies

The plane-wave excitatioky, shown in Fig. 2, was createdthat the focal point must vary with the angle of incidence. In

using a series of voltage sources placed along the left-hand-sidg “25€: geqmetric optics predicts spherical aberation, as il
boundary of the array, sequentially phase shifted to synthes ygtrated in Fig. 1_1' '_A‘S.a referen_c €, one can m_ake use of the
the desired tangential wave-vector compon&ats= ks, thus agt that thg paraxial limit of (19) dictates a_focus inthe LHM at
specifying the wave vectors in both media. One such excitatid} °® the d'StanC? of the source from the mte_rfage, or near cel
is shown in Fig. 9 for an incident angle &\ = 29°. Since 43 of thg composf[e array. Indeed, as shown in Fig. 12.’ th? cor
the relative refractive index was designed tos Snell's Law respondmg _magmtl_Jd_e and phase results Sh.OW focusing in this
dictates the angle of refraction to bel4°. Indeed, the steepestreg'on' mamfested_m increased voltage amp litudes (nearly 65%
phase descent in the LHM is observedain — —14° from of the source amplitude). Equally dramatic is the reversal of the
the normal, verifying Snell's Law for the given design param(_:oncawty of the wavefron'Fs at both the RHM./L.HM boundr_:lry
eters. This circuit arrangement has, therefore, unambiguougp the expected focal point. Furthermore, minimal reflections

demonstrated the phenomenon of negative refractioh-e are observed near the upper and lower edges of the array, indi-

loaded transmission lines in a dual (high-pass) configuration?ating that the direction of power flow has truly been reversed.

The conditions for focusing were modeled by exciting _ . .
single node inside the RHM and observing the magnitum%e Full-Wave Field Simulations
and phase of the voltages to ground at all points in the LHM. The planar left-handed medium can be practically imple-
It was expected that a focusing effect would manifest itsatfiented using a network of microstrip lines to serve as the host
as a “spot” distribution of voltage at a predictable locatiomedium. The corresponding full-wave simulations were per-
in the LHM. In the interest of completeness, cases of botormed using the multiradius bridge current (MBC) thin-wire
positive and negative refraction were examined. In the firsitoment-method simulator [12]. The MBC simulator represents
case, a 4% 21 cell RHM array was interfaced with anothemicrostrip lines and surface patches using long cylindrical
42 x 63 cell RHM array with a relative refractive index ofwires of thin radii, and permits dimensionally infinitesimal
+2. The source was placed 11 cells into the first RHM. Herkymped elements to be embedded in the wire mesh.

10 20 30 40 50 60 70 80
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Field Magnitude Distribution (V/m)
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Fig. 11. Spherical aberration of the focal region at an RHM/LHM interface, . L o
with a relative refractive index.2. Fig. 13. Vertical electric-field distribution due to a voltage source

illuminating the interface between an unloaded transmission-line grid (RHM
with n = 4+2.25) and a dual.—C' loaded grid (LHM designed for = —5.5)
with periodicityd = 5 mm and relative permittivity of space. = 2.53; The

Voltage Magnitude Distribution (V)
' horizontal axis is labeled according to cell number.

Rexolite substrate so that the effective relative permittivity of
all space was 2.53. The equivalent radigsn (36) was chosen
to be 0.533 mm to synthesize a characteristic impedance equal
to that of a 400zm-wide microstrip line over the same sub-
strate, for which standard quasi-static formulas exist [10]. To
e 20 30 4 50 6 70 & be consistent with the arrangement depicted in Fig. 12 for mi-
crowave circuit simulation, an RHM is required to supply a
cylindrical wave excitation. For this purpose, the MBC simu-
lator used an unloaded wire grid to represent a parallel-plate
waveguide. The refractive indexes of the parallel-plate medium
(nearly frequency independent) and LHM at 1.5 GHz were spec-
ified to be +2.25 (corresponding to a grid with period 5-mm
square embedded in Rexolite) an8.5, respectively, yielding a
relative refractive index of approximateh?.45. Using (31) and
.3 (33), the required loading elements for the 2-D LHM were ap-
16 20 30 40 5 e 70 £ proximatelyLo r.um = 13.2 nH andCo 1.um = 0.5 pF. These
Fig. 12. Point source illuminating an RHM/LHM interface at 2 GHz (relativeequIvalerIt values suggest an appr_oxmate (.:UtOff frgquenf:y of
refractive index—2, finite air-filled transmission lines withk = 5 mm 900 MHz. Conductor losses were included in the simulations
included in each unit cell), focusing observed in both phase and magnitulls; reducing the nominal bulk copper conductivity by an order
The horizontal axis is labeled according to cell number. of magnitude, i.e., from 57.010° S/mto 5.7x10° S/m. The
final arrangement provided to the simulator consisted of a par-

With forethought to the physical implementation of the LHMyjje|-plate waveguide, represented by ax2B0 cell unloaded
structure, the design was specified for a substrate of heigite grid interfaced with a 2& 40 cell L—C loaded LHM grid.
1.524 mm (60 mil) with a Rexolite dielectrie,( = 2.53). The A yoltage generator was vertically placed at the center of the
equivalent characteristic impedance of the lines comprisinga|lel-plate waveguide, and the approximate relative refrac-
the host medium may, therefore, be approximated by that gfe index of—2.45 suggested that the focal point would become
a two-wire line with radius:, and axis-to-axis distance equabpparent near cell 45 of the composite array. The magnitude and
to twice the substrate heightt (using image theory). This is phase of the resulting vertical electric fields are shown in Fig. 13

Voltage Phase Distribution {rad)

described by the following relation [6]: at 1.5 GHz. These results demonstrate that, indeed, focusing oc-
N L[ d o curs in this practical structure as well. The vertical field magni-
Zy = - cosh™ <—> d = NG (36) tudes experience a collective peak (once again, nearly 65% of

the source amplitude) and the evolution of the concavity of the
whereny is indicated to be the wave impedance in the sulwvavefronts is consistent with that of the circuit simulations (see
strate dielectricyyq is the free-space wave impedance, apd Fig. 12). Moreover, by examining the phase incurred in each re-
is the effective permittivity of space surrounding the unloadegion per unit distance, the inferred indexes of refraction in the
medium. On this point, it is necessary to note that the MBRHM and LHM were found to be-2 and—4.44, respectively,
simulator is limited in that it makes no provisions for inhomowhich are close to the designed values. On the other hand, the
geneously filled media. Consequently, it was necessary to &seal region, determined using the location of inflection of the
sume that the proposed LHM structure was embedded in thavefront concavities, occurs closer to the interface than ex-
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pected, corresponding to a relative refractive index of approx- 0
imately —1.4 instead of the designed relative index—2.45. MEIAN
It can be speculated that this discrepancy is related to edge ef-
fects as well as the limitations imposed by geometrical optics
as applied to the electrically small structure under considera-
tion. Unfortunately, it was not possible to perform simulations
on larger grids due to CPU and memory resource limitations. -80 “
However, the important conclusion to be drawn from the results 0 12 24
of Fig. 13 is that this realistic planar structure unambiguously Frequency (GHz)
demonstrates focusing, attesting to its left handedness.

The analysis of Section Il was based on the assumption tfak 14. Experimentally obtained frequency response of a 1-D LHM structure;
TM waves would be excited in the structures. This has be&f cells of size 5 mm each.
verified by the presented full-wave simulations, which showed
strong verticalE'-fields. An examination of the corresponding
vertical H-fields in the same simulation showed that they were
indeed weak and localized compared to the transvér§ields,
and there was no indication of systematic phase progressior
These results suggest that a TM mode is predominant in th
proposed LHM structure.

-40

S,;(dB)

V. EXPERIMENT

A. Experiment Design and Fabrication

The proposed 2-0.—C loaded transmission-line structures 2 : / 3 e N A
are ideally suited to implementation using standard printedg; ' 3 \ ; -
circuit board (PCB) fabrication techniques. However, the con-
struction of a proof-of-concept prototype had to rely on manual
implementation. Consequently, the prototype designed for the
present investigation sought to demonstrate focusing withF@. 15. Focusing device: LHM prototype interfaced with a parallel-plate
minimum number of unit cells. By scaling the results of Fig. 1gaveguide (60 mnx 95 mm). The inset magnifies the surface of the LHM
(and, further, by verifying through full-wave simulations), itunlt cell
was determined that an LHM array consisting ofxd@ unit _ _
cells (of 5-mm-square cell dimension) is sufficiently large tBrototype measures approximately 60 mr8S mm and is
demonstrate a reasonable focal spot. shown in Fig. 15. The inset magnifies the unit cells.

As in the simulations, the fabricated LHM consisted of )
400-um-wide microstrip lines on a 60-mil Rexolite dielectricB: EXperimental Results
(e, = 2.53) substrate. The designed inductance of 13.2 nH A near-field probing apparatus was employed to measure the
was effectively realized with chip inductors embedded inteertical electric fields over the surface of the structure through
1-mm holes drilled into the substrate at the appropriate celloximity coupling. The excitation SMA connector was placed
sites. Chip capacitors of 0.5 pF were surface-mounted betweethe parallel-plate waveguide at the position of the central hole
gaps etched into the grid lines, and 1-pF capacitors were pladegicted in Fig. 15. The detecting probe, essentially a short ver-
at the array edges to maintain cell uniformity throughout. Tical dipole, was scanned across thexi@ cell LHM by the
verify the 1-D behavior of the proposed structure on which th@robing apparatus in increments of 5 mm (calibrated at the in-
transmission-line theory was based, a single row of six celsictor sites, approximately 1 mm above the device plane) by
was implemented and characterized using a network analyzeeans of a stepper motor. Transmission scattering parameter
The frequency responsé&;), shown in Fig. 14, reveals thereadings were taken from 0-3 GHz at each cell site using an
high-pass characteristic of the LHM topology, with a cutofHP8753D network analyzer.
(Bragg) frequency near 800 MHz. A loss of approximately The dispersion characteristic of the LHM was obtained
—2.5 dB, consisting of both mismatch and conductor lossdspm the experimental data using the average phase shift
is apparent in the passband. Also note in Fig. 14, the cutafturred per unit cell §d) and is presented in Fig. 16. This
region below 800 MHz and the stopband, which starts formirdispersion relation reveals a lower cutoff frequency (Bragg
beyond 2 GHz. frequency) near 750 MHz (modified from that of Fig. 14 due

The 2-D LHM consisted of 1k 6 unit cells and was etchedto the transition from one to two dimensions) and a region of
alongside a 55 mm 50 mm parallel-plate waveguide, servingpropagation extending from approximately 1 to 2 GHz that
as the RHM. The parallel-plate waveguide was excited wigupports a backward wave. The region from 2 to 3 GHz cor-
a shorted vertical probe connected to an SMA connectoesponds to a stopband, but is not depicted in Fig. 16 because
Matching chip resistors were used to terminate the cells the data is obscured due to strong mismatch losses at these
the LHM and parallel-plate waveguide boundaries. The finfdlequencies. A comparison with the LHM dispersion relation
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Experi Ily Obtained LHM Dispersion Relati Field Transmission (dB) Field Transmission (dB) Fleld Transmission (dB)
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Fig. 16. Experimentally obtained LHM dispersion relation for the 2-D
focusing device showing a cutoff frequency near 750 MHz and a left-handed
passband from approximately 1-2 GHz.

Fig. 17. Experimental data showing focal regions observed in the @ tell
of Fig. 5 shows a qualitative correspondence and suggests gﬁ%‘f'(g:tﬁae) éfkiﬁg?eg);'giggﬁ(zbg;hs;g’gh;”sttgzt';:n“é')f’assmnd of Fig. 16)
this passbhand indeed supports a propagating backward spatial
harmonic. Furthermore, this dispersion relation proportion-
ally represents the index of refraction of the LHM structure Normalized Field Transmission (dB) at 1.5GHz
through the propagation constaft In the most well-defined , with Respect to Maximum Focal Amplitude
region (approximately 1.3-1.9 GHz), the absolute refractive -»\jc
indexes range from approximately5.5 to —1.2. Since the
parallel-plate waveguide possesses an absolute refractive index
of 1.59, the corresponding relative refractive indexes vary from
approximately—3.5 to—0.8. It is also clear from the results of Al
Fig. 15 that the proposed LHM structure exhibits an inherently . }
wide-band left handedness, which is conservatively placed at e e
60;1/?. 17 sh le of th d vertigdield RHM LHM
ig. shows a sample of the measured vertigdie . .

distributions over the 1% 6 cell LHM at 1.55, 1.65, and Full-Wave ::;ld Simulation EXP::;nem
2.55 GHz. From Fig. 16, it is clear that the first two frequencies
lie in the passband, whereas the last frequency occurs bey?l@d 18. Correspondence of: (a) full-wave field simulation results and
this passband, inside the stopband. In accordance with thedsygxperimental results at 1.5 GHz (normalized to the maximum respective
the field distributions at 1.55 and 1.65 GHz indeed exhibfgcal amplitudes in each case).
focusing, manifested by a localized region of increased trans-
mission through the structure. Furthermore, the concavities g dB show agreement between the simulated and measured
of the wavefronts of Fig. 17 also indicate the convergef§cal regions.
progression of phase associated with focusing. As expectedytjs very interesting to point out that focusing of the RF power
neither phenomenon is evident at 2.55 GHz. in the LHM is observed despite the electrically small extent

The maximum focal amplitude obtained in the experimegf the LHM medium (one-sixth of a free-space wavelength at

was observed at a frequency of 1.65 GHz (the central plot 965 GHz). This fact is suggestive of near-field focusing.
Fig. 17), where the distinction between the peak and two edges

of the spot was noted to be approximately 15 dB. However, it
should be noted that the transmission amplitudes, when taken
absolutely, are arbitrary since there are mismatch losses in couA technigue has been presented for implementing planar
pling the input signal to the parallel-plate waveguide. Moreovanedia with an effective negative refractive index. The un-
the method of proximity coupling measures fields that decaerlying concept is based on appropriately loading a printed
with distance in air above the device plane. Instead, the relativetwork of transmission lines periodically with inductors and
amplitudes of the peak and each of the two edges of the spapacitors. This technique results in effective permittivity and
are more significant as a measure of merit since they are indipgrmeability material parameters that are both inherently and
tive of the spot width. Fig. 18 makes a relative comparison sfmultaneously negative, obviating the need to synthesize these
the full-wave field simulation results and experimental resulfgrameters separately or by separate means.

at 1.5 GHz, with the fields normalized to their maximum re- The proposed media possess several other desirable features
spective focal amplitudes in the LHM. The contours-& and including very wide bandwidth over which the refractive index

VI. CONCLUSION
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remains negative, the ability to guide 2-D TM waves, scal;
bility from RF to millimeter-wave frequencies, low transmis:
sion losses, as well as the potential for tunability by insertir
varactors and/or switches in the unit cell. The proposed conci
has been verified with circuit and full-wave simulations. More
over, a prototype focusing device has been implemented cg4
tested experimentally. The experimental results demonstra
focusing of an incident cylindrical wave within an octave band where he was engaged in the design of millimeter and
sub-millimeter-wave receivers and in the creation of

V_‘”dth and ngr an elect.rlcally shortarea; a phenomenon Sljggﬁ§t'computer-aided design (CAD) tools for planar packaged microwave cir-
tive of near-field focusing. cuits. He is currently an Associate Professor with the Department of Electrical

We expect that new enabling RF/microwave devices can # Computer Engineering, University of Toronto, Toronto, ON, Canada. He has

. | db d h d ol . fauthored or coauthored over 70 papers in refereed journals and conference pro-
implemented based on these proposed planar negative reffatgings. His current research interests include negative refractive index meta-

tive index media for applications in wireless communicationsyaterials, integrated circuit (IC) antennas and components for broad-band wire-
surveillance, and radars. less communications, novel beam-steering techniques, low-loss silicon micro-
machined components, millimeter-wave radiometric receivers, and electromag-
netic design for high-speed digital circuits.
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