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Left-handed and right-handed metamaterials composed of split ring resonators and strip wires
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The behavior of two structures composed of split ring resonda&RKRg and strip wiregSWs is examined
through full wave simulations. It is shown that both structures exhibit a transmission peak in the region where
the real parts of the electric permittivity and magnetic permeability are presumed to be negative, a property
which is usually assumed to imply a negative index of refraction. However, an analysis of the dispersion
characteristics and insertion phase of the two structures shows that the first structure, in which the SRRs and
SWs are printed on opposite sides of a dielectric substrate, is a left-handed medium in the passband, whereas
the second structure, in which SRRs and SWs are printed on the same side, is a right-handed medium in the
passband. Hence the transmission magnitude alone does not provide sufficient evidence of a negative index of
refraction. To determine the sign of the index correctly, the insertion phase for propagation through several
lengths of the structure or calculations of dispersion diagrams are necessary. The impact of the unit cell size on
the “handedness” of the structure is also examined.
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[. INTRODUCTION of the permittivity and permeability are expected to be nega-
tive, then the structure is assumed to exhibit LHM behavior
In 1967 Veselago stated that a medium with negative redl4,7,11. However, as will be discussed later, the emergence
parts of the electric permittivity and magnetic permeability of a passband and a transmission peak is not sufficient evi-
would have a negative real index of refractid. In such a  dence that the structure exhibits left handedness. In the case
medium the electric field, the magnetic field, and the propaef SRR and SW, each of these elements when isolated pro-
gation vectork form a left-handed triplet. Because of this duces the required negative behavior. However, when they
relationship, these media have been named left-handed mare combined into a single structure their individual field
dia(LHM). Unfortunately, at the time, Veselago’s predictions patterns will interfere with one another. It is usually assumed
could not be corroborated experimentally, as suitable medithat when these two elements are in close proximity their
with the required negative parameters were not available. ikombined behavior does not deviate significantly from their
was not until three decades later that such media were devebolated response, so that the correct “handedness” is still
oped. exhibited. As will be shown later, this interference can be
In 1996 an array of metallic wire€SW) was shown to significant enough to weaken or even destroy the LHM be-
have a plasma frequency in the microwave reg[2le Be-  havior, whereas still a passband and a transmission peak can
cause of its low plasma frequency this structure can producke observed. In these situations, in order to correctly predict
an effective negative permittivity at microwave frequenciesthe left or right handedness, one must rely on other “diag-
while suffering relatively small losses. Then, in 1999 an ar-nostic tools” such as calculating or measuring itgertion
ray of split ring resonatoré€SRR$ was developed that exhib- phase and/or dispersion diagrams
ited a negative magnetic permeability in the resonance re- This paper is organized as follows. In Sec. Il we introduce
gion [3]. The first negative index medium was developediwo composite structures composed of SWs and SRRs and
soon after when these two structures were combined and @onsider the transmission magnitude through these media. In
was shown that in the region where both the real parts of th&ec. Il we determine the left or right handedness of these
electric permittivity and magnetic permeability were ex- structures by considering the propagation phase through
pected to be simultaneously negative a transmission pasthem. The dispersion diagrams of these structures will then
band and hence a peak in the transmission response afpe investigated in Sec. IV. In Sec. V the effects of the unit
peared, implying the existence of the negative index ofcell size on the handedness of one of the structures will be
refraction[4]. The existence of a negative index in this me-further investigated. Finally, Sec. VI summarizes our
dium was later corroborated by a refraction experiment irthoughts and provides some concluding remarks.
which an incoming wave was shown to refract negatively at
the interface between this structure and[&if. Since then, Il TRANSMISSION MAGNITUDE
new LHM have been proposed and demonstrated experimen-
tally [6—10]. Typically, in a structure composed of SRRs and In this paper we will consider two structures constructed
strip wires (SW), in order to determine whether the given by using SRRs and SWs printed on the same and opposite
structure has a negative index of refraction or not, the transsides of a dielectric substrate. The dimensions of the rings in
mission through the structure is measured and if a transmisoth structures were the same and are given in Fig. 1. The
sion peak is observed in the region where both the real partSWs were also identical for both structures. Figure 2 shows
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FIG. 1. Schematic of the split ring resonator. The dimensions (b)
used in the simulations wer&=0.506 mm, c=0.124 mm, d
=0.15 mm, andy=0.114 mm.

the two structures under consideration. In the first case the I
rings and strips are printed on opposite sides of the substrate
[Fig. 2@)] and in the second case the rings and strips are

printed on the same side of the substi&ig. 2(b)]. We refer CHLEL
to these as the opposite sif@S) and same sid€SS struc- 7
tures, respectively. :

The transmission through configurations such as above
has been simulated and measured experimentally by many X y
researcher$7,12,13. In most cases where such structures
have been considered—at frequencies where a simultaneous L .
negative permittivity and permeability are expected to " 'C: 2 (@ Opposite sideOS structure.(b) Same side(SS
occur—a transmission peak has been observed, and henceStﬁECture' In each case the metallic strip was 0.5 mm wide and the

g . . Substrate was 0.5 mm thick with a dielectric constant of 3.02. The
has been concluded that a negative index of refraction existy, cions of the unit cell in the OS confi \
. . guration were>2255
But is the emerg'e'nce of ? passband and hence a.transmISS@}.S mm. In the SS configuration the dimensions were 245
peak alone sufficient evidence that LHM behavior has oc~ 5 &
curred?

The transmission through the two SRR and SW configuperfect magnetic conducto(PMC) boundary conditions
rations was simulated using Ansoft HFSS, a commercial fullwere used so that the rings negative permeability behavior
wave finite element simulation package. This package usesould be excited. In the direction the unit cells were re-
an iterative adaptive meshing technifuwehich divides the peated 4 times such that transmission thtoag4 unit cell
structure into a number of tetrahedra and then solves for thétructure was simulated. In the SS case the unit cell size was
fields in these tetrahedra. The number of tetrahedra is thehx 2.5X2.5 mm and in the OS case the unit cell size was
increased and the process is repeated in an iterative fashigmoX 2.5X2.5 mm. The reason for the difference in tke
until a desired convergence is achieved. The unit cells of thdimension will be discussed in the next section. The simu-
simulated structures are shown in Fig. 2. As an example of¢t€d transmission magnitude for the two structures is shown
the convergence achieved for the 1 unit cell OS structure” Fi9: 3. Solid(dashedvertical lines indicate the regions of
increasing the number of tetrahedra from 31 634 to 36 40‘??2222'%%2%' E:g/ils((lz_:'s'\sﬂe) dti?l #]Igl\ﬁlleilt??é\ilgdot;]ehavmr.
per unit cell resulted in a maximum change of 0.18% in the For both structures there is a peak in the tr.ansmission
S parameters. Further increasing the number of tetrahedraﬁ&@

. . . agnitude where both the real part of the electric permittiv-
41 901 resulted in a maximum change in the S parameters gnd the real part of the mapgnetic permeabilit;/) are ex-

0.12%. Since increasing the number of tetrahedra did n% cted to be negative. The peaks appear at 22.6 GHz and
introduce notable changes in the S parameters an average 8% 75 GHz in the OS and SS cases, respectively. Because of
37 000 tetrahedra per unit cell was used in the finite elemenhese peaks, it seems reasonable to conclude that both con-
simulations. . figurations correspond to negative index regions, and hence
In each case perfect electric conduct®EQ boundary | HMm behavior. However, before making such conclusions,
conditions were employed on tiefaces of the unit cell SO |et us perform more thorough investigations and consider

that the electric field would be polarized along the stripshoth the transmission phases and dispersion relations for
exciting their negative permittivity behavior. On tkdaces, these two cases.

At the beginning of each iteration the mesh is refined in such a IIl. TRANSMISSION PHASE

way that more tetrahedra are added to regions where the solved The sign of the effective index in a structure can be de-
fields varied most between the two previous iterations. termined by considering the difference in the transmission
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FIG. 3. Simulated transmission magnitude through 4 unit cell g5 4 (Color online Transmission phase for propagation
long (a) OS structure, anéb) the SS structure. Soligdashed ver- through 1, 2, 3, and 4 unit cells &) OS structure andb) SS
tical lines indicate the points at which the structures make tranSigycyre. Solid(dotted vertical lines indicate the points at which
tions from RHM(LHM) to LHM (RHM) behavior. the structures make transitions from RHMHM) to LHM (RHM)

behavior. Arrows mark the locations of the transmission peaks from
phase for propagation through various lengths of the structhe corresponding OS or SS plots in Fig. 3.
ture. For a medium with phase indexw) the transmission
phase for propagation through a lengttof the structure is
given by

are marked by solid vertical lines. Dashed vertical lines in-
dicate transitions from LHM to RHM behavior.
In Fig. 4(a) the phase differenc\ ¢) is positive between
® 20.7 GHz(marked by a solid vertical lineand 22.85 GHz
= ‘”(w)'-g! (1) (marked by a dashed vertical linéor the two, three, and
four unit cell structures, implying that the effective index is
where c is the speed of light in vacuum. For propagation negative in this region. For the one unit cell case the phase
through different length&, andL, of this medium the dif- difference is positive, and hence the index of refraction is

ference in the transmission phase is negative, between 20.7 GHz and 22.95 GHz. In each case
when the phase lines cro&a 22.85 GHz in the multiple unit
Adp=-n(w)(L,— Ll)ﬁ’_ (2)  cell case and at 22.95 GHz in the single unit cell ¢atee
c structures make a transition from LHM to RHM behavior. In

Fig. 4(b) the phase difference is negative from 21 GHz to
22.4 GHz, so that the effective index is positive in this re-
ion. At 22.4 GHz the phase lines for the two, three, and four

For L,>L, this difference will be negative in RHNIn(w)
>0], and positive in the LHM[n(w)<0] case. In other
words, in the case of RHM the insertion phase of the longe

behavior(marked by a vertical dashed linerhis difference
in the behavior of the single and multiple unit cell cases is
caused by the interactions between nearest neighbor SRRs.
Note that the transmission phase is invariant underphase [N the one unit cell case, the resonance region is due to an
shifts. Hence, all phases in Fig. 4, are plotted in such a way thaihdividual SRR which results in a single peak. On the other
their initial value (20 GHz in the OS case and 21 GHz in the SS hand, the resonance regions in the two, three, or four unit
case begins in the principle brandi+180°< §<180°). The phase cell cases are a result of both the individual SRR resonances
at higher frequencies is then unwrapped starting from this point. and the interactions between nearest neighbor SRRs. Thus,

the structures make a transition from RHM to LHM behavior
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for the multiple unit cell cases there is a second peak in the 24.5
phase plots which causes their LHM regions to differ from
the single unit cell cases.

In Fig. 4(a), the location of the OS transmission peak
from Fig. 3@ is marked by an arrow. Similarly the SS trans-
mission peak from Fig. ®) is marked by an arrow in Fig.
4(b). What is important to note is that in the OS case of Fig.
4(a) the LHM region contains the transmission peak,
whereas in the SS case the transmission peak lies outside the
LHM region. Hence, in the passband, the OS structure is

(@
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LHM and the SS structure is RHNHere, we have demon- 2255 } — } .

strated that the transmission phase can be used to determine -180 120 'Ggh 0 60 120 180
. . . ase (degrees)

the handedness of a structure. However, using this transmis-

sion phase difference analysis is not always practical since it ) | T

requires transmission data for several lengths of the struc- || —HFss

ture. Therefore, it will be instructive to study the band dia- 24.51 I — " Light Line

grams(the dispersion plojsto further verify the above con-

clusions. —\\ r/

The dispersion characteristics of the SS and OS structures i

were also simulated using finite element method with the Il !

help of commercially available Ansoft-HFSS. The results oo5t—r 4+ U . M

were further verified using a finite difference time domain -180 -120  -60 0 60 120 180

algorithm developed in-house. In the simulations, periodic Phase (degrees)

boundary conditions were used on all faces of the unit cells , , ,

shown in Fig. 2. On thex and z faces the phase was not |G- 5 (Color onling Dispersion plots fofa) OS structure and

varied, while in they direction the phase was swept between(b) SS structure. In the OS configuration the unit cell size was

0° and 180°. The simulated dispersion plots are shown i 'g)éifex 2.5 mm. The unit cell size was»42.5x2.5 mm in the
Fig. 5 (solid lineg. The light line in each structure was also '

simulated(dashed lines When the mode resulting from the ga4ing mode of the SS structure depicted by branch I of Fig.

SRRs and SWs intersect the light line there is a couplings ) has both positive group and phase velocities, indicating
Hence, for comparison, the dispersion plot was also calCue existence of a positive index of refraction or RHM

lated using an equivalent transmission line model for the O$)ehavio’ We also note that the concavitjhe second de-
qaseawhlch does not take thls.couplmlg into accdalotted _rivative) of the propagating mode of Fig(t9 at the origin
line).” It should be rjot_ed th:_:lt th|s.coupl|ng was not present iny g gn opposite sign as compared to the LHM bands, for
the above transmission simulations because the light linghich the curve is concave downward. These dispersion dia-
mode is polarized such that its propagation was not allowedams corroborate the results from Sec. Ill that, in the pass-

by the PEC and PMC boundaries. _ _ band, the OS structure is a LHM and the SS structure is a
Similar to any photonic crystal dispersion relation, the gy

band diagrams in Figs.(& and 3b) are symmetric with The LHM and RHM character of these structures can also
respect to the origilizero phase or equally zero propagation he seen by the manner in which they couple to the light line.
vector magnitude Since for the case of one dimensional |, ihe OS case when the band corresponding to the SRRs and
propagation considered here, the local derivative of thes\ys intersects the light line the coupling results in the emer-
curves depicted above is the group velocity or equally theyence of a stopband. This is characteristic of contradirec-
energy velocityin the passhandthen only branches marked jonal coupling in which case the two interacting modes have
(1) in Figs. 5a) and 3b) correctly predict the positive energy counterpropagating wave vectors. In the SS structure, on the
propagation within the two structur¢s2]. Note that in Fig.  gther hand, no stopband appears when the SRR and SW band
5(@) while the local derivativéthe group velocityis positive  jniersects the light line, a characteristic of codirectional cou-
within t_he branch I, the _slope of_the I_|ne_10|r_1|ng the origin to pling in which the interacting waves are copropagating.

any point on branch | is negative, indicative of a negative T4 fyrther understand why the two configurations behave
phase velocity. In other words, the mode described by brancgjitferently we must consider how the fields generated by the

| of Fig. 5(a) is a backward wave modgositive group but  SpRrs and SWis interact in each case. Figure 6 shows the
negative phase velocityand as such it indicates the exis-

tence of an effective negative index of refraction or LHM

4 .
behavior for this configuration. On the other hand, the propa- 't should be noted that a negative group velodiyanch 1),
although physical, is only expected to occur in the anomalous dis-

- persion region. Hence, in the passband, the propagating modes are
This was done using a technique similar to that presentgtbi described by the positive group velocity branches.

N
w
o

IV. DISPERSION DIAGRAMS

Frequency (GHz)
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FIG. 6. (Color onling Magnetic fields resulting from the cur-
rents in the SRR and SW fa@) OS configuration andb) SS
configuration.

23.51

Frequency (GHz)

simulated magnetic fields due to the currents in the rings and L \ ) L
strips for each configuration. The fields are shown in a plane 180 -120 -60 0 60 120 180
perpendicular to the axis and cut in the center of the cell. Phase (degrees)

When the SRR and SW are on opposite sides of the sub- , ) .

strate, as is the case for Figia there is little overlap be- FIG. 7. (Color online Dispersion curves for the SS structure. In

tween their magnetic fields, and the behavior of each Com(_aach case thg andz dimensions of the unit cell were 2.5 mm and

ponent is not significantly affected by the presence of théhex dimension was varied.
other. On the other hand, when the SRR and SW are on the ) ) ) o
same side of the Substra[gig_ &b)] there is Signiﬁcant tion of the unit cell size to 1.5 mm in thedirection, results
overlap between the fields. As a result, the original behaviol? @n LHM band with a 250 MHz bandwidth, with the cor-
of each component is not preserved and a new field patteri®Ct behavior described by branch Il of Fig(tiie solid ling.
emerges. A similar argument was presented by Smifti4h Thus reducing the unit cell size allows the behavior of the
At this point it is reasonable to ask the following question, Structure to make a transition from RHM to LHM behavior,
Since the SS configuration exhibits LHM behavior in theWith the transition unit cell size being approximately 2.5 mm

stopband, can it be also made to display LHM behaior (Where the passband was nearly)flat

the passband under certain conditiéhis the following sec- An examination of Fig. 7 also reveals an interesting point
tion, we will consider the effect of the unit cell size on the regarding the coupling of the SRR and SW band to the light
handedness of this configuration. line. In the 4 mm case, when the structure behaves as an
RHM, the coupling does not result in the opening of a band
V. EFFECTS OF UNIT CELL SIZE gap. However, when the& dimension is reduced and the

structure begins to exhibit LHM behavior, a band gap ap-

Consider an array of isolated SRRs. If theimension in  pears. In other words, we see a change from codirectional
Fig. 2@ is reduced the resonators will be brought closercoupling (RHM-RHM) behavior at 4 mm to contradirec-
together thus enhancing the strength of the total resonancgonal coupling(RHM-LHM) behavior at 1.5 mm.
This in effect will increase the negative value of the effective  This analysis shows that both the OS and SS configura-
permeability. Consider now an array of isolated strip wirestions of the SRRs and SWs can produce LHM behavior. But
Bringing the strip wires closer together in tkelirection will  that in the SS case, because of the interference between the
cause an increase in the plasma frequency. As a result theo components, the lattice spacing must be smaller than
negative value of the electric permittivity at a fixed fre- that of the OS case to obtain this behavior. Therefore the
guency also increases. If the two structures are then coninterference does not completely destroy the potential for
bined (in either the SS or OS configuratipthe same will  LHM behavior, it merely weakens it.
still be true. That is, even though the structures interfere with
one another differently, reducing the dimension will
strengthen their respective responses. From this argument we
may expect that even the SS structure could be made to The behavior of two SRR and SW configurations with the
exhibit LHM behavior, if the unit cell size was decreased.rings and wires on the same side and opposite side of the
Figure 7 shows several band diagrams for the SS structursubstrate was examined. It was shown that the existence of
obtained by varying the dimension of the unit cell. transmission peaks in the regions where the real parts of the

Similar to Fig. 8b), in Fig. 7, when the unit cell is 4 mm electric permittivity and magnetic permeability are expected
long in the x direction (dotted the slope of the dispersion to be simultaneously negative is not sufficient evidence of
curve is positive everywhere for the branch marked I, indicalL.HM behavior. In order to properly determine the sign of the
tive of positive group and energy velocities. For this case, théndex, the insertion phase for propagation through several
RHM passband has a bandwidth of approximately 730 MHzlengths of the structure is necessary. Alternately, the disper-
When thex dimension is decreased from 4 mm to 2.5 mmsion diagrams can be used to determine the sign of the index.
(dashed lingthe passband is nearly flat with a bandwidth of In addition, it was shown that the unit cell size has a pro-
130 MHz. The slope of this band is negative for low phasefound impact on the “handedness” of the structure and that
values and slightly positive at higher phase values so that the same side structure requires a smaller unit cell than the
is not clearly either LHM or RHM. However, further reduc- opposite side structure in order to exhibit the LHM behavior.

VI. SUMMARY AND CONCLUDING REMARKS
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