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We present free-space microwave measurements on composite metaméfdvills) consisting of split
ring resonatorsSRR9 and wires either on the same dielectric board or on alternating boards. Our experimental
results disprove the widely held belief that the occurrence of a CMM transmission peak within the stop bands
of the SRRs alone and wires alone constitutes a clear demonstration of left-iahtidakehavior. This belief
is based on the assumption that the stop bands of SRRs alone and wires alone are not affected by the
simultaneous presence of both. We show here that this assumption is wrong: The effective plasma frequency,
“’r;' of the CMM is actually substantially lower than the wires-only plasma frequengyfurthermore, the
in-plane wires, as opposed to the off-plane case, push the magnetic resonance frequency of thg,SRRS,
a higher valuegwy,, for the CMM. We conclude that the criterion for deciding whether a peak in the transmis-
sion spectrum through a CMM is really left-handed is for the peak to be located atjpaad beloww). Our
results provide a definite way for experimentally identifyimg
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Left-handed metamaterialLHMs) have attracted re- sible for the negative.® They were also able to fabricate a
cently great attention due to their fascinating electromagnetitwo-dimensional LHM based on a standard printed circuit
properties. It was Veselago who introduced the term “left-board lithographic procedsSince the original microwave
handed substances” in his seminal work published in 968 experiment by Smitret al.® several CMMs, composed of
He suggested that in a medium with simultaneously negativ&éRRs and wires, were fabricated that exhibited a passband in
permittivity, &, and permeabilityu, the index of refraction which it was thought that both and u were negativé:® This
would be negative and the phase of the electromagnetigssumption was based on transmission measurements of the
(EM) waves would propagate in a direction opposite to thawires alone, the SRRs alone and the CMM. The occurrence
of the EM energy flow. In this case, the vectérsE, andH of a CMM transmissioniT) peak within the stop bands of the
form a left-handed set and therefore Veselago referred t8RRs-only and wires-only structures was taken as evidence
such materials as “left-handed.” LHMs would exhibit pecu-for LH behavior. Besides the experiments, there is also a
liar electromagnetic properties such as the reversal of Snelllarge amount of numerical work in which transmission and
law, Doppler effect, anderenkov radiation. Nevertheless, reflection data are calculated for a finite length of a
Veselago’s prediction did not attract much attention in theCMM.”1° Using these data a retrieval procedure can be ap-
scientific community until very recently, since there was noplied to obtain the metamaterial parameteend «, with the
experimental realization of materials with bothand u  assumption that the CMM can be treated as a homogeneous
negative over a certain frequency range. medium. This procedure confirmédthat a medium com-

The interest in Veselago’s work was renewed since Penposed of SRRs and wires can indeed be characterized by
dry et al. proposed a structure consisting of nonmagneticeffectivee and u whose real parts are both negative over a
conducting elements embedded in a dielectric medithis  finite frequency band.
structure, which was called a split ring resonat®RR), ex- However, it was recently found that the SRRs, in addition
hibited a resonant magnetic response resulting in a negativte their resonant magnetic responsevgf exhibit a resonant
effective permeability,uqs;, over a finite frequency range. electric response abg,'? which is similar to the electric re-
Based on the proposal of Pendey al. and targeting the sponse of a system of cut wirésires of finite length. This
original idea by Veselago, Smittt al. demonstrated in 2000 electric response, added to the electric response of the con-
the realization of the first LHM consisting of alternating lay- tinuous wires of the CMM, results in a new effective plasma
ers of SRRs and continuous wires, the latter being resporﬂfequency,wg,, of the CMM, which is considerably lower
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FIG. 1. Schematic drawing of ain-plane CMM composed of

SRRs and continuous wires on the same side of the dielectric board. FIG. 2. () Measured transmission spectra forplane CMMs
composed of SRRs and continuous wiieslid line), SRR-only

than the plasma frequency of the wires, This effect can structuregdotted ling, and wires-only structurgslashed ling The
be demonstrated by closing the SRRemoving the gaps latter two identifyw,,, andw,. The width of the continuous wires is
y 9 g gap P
inside the rings thus switching off the magnetic resonant 0.5 mm. The inset shows the unit cell of timeplane CMM (SRRs
response of the system and preserving only its total electriplus wireg as well as the electric field orientation and polarization;
response. Based on the above findings, an easy to apply cfP) in-plane CMM solid curve redrawn to show that the same
terion was proposéd to identify if an experimental trans- threshold is exhibitedat wF’,) as in the nonmagnetic structure con-
mission peak is LH or right-hande@®H): If the closing of sisting 'of_closed-S_RRs and Wire{elotte_d-dashed line Thus the
the gaps of the SRRs in a given CMM removes only a singldransmission peak in the CMM curve is actually RH and not LH;
peak from theT data(in the low-frequency regimethis is thg dip in the CMM spectrum corres_ponds to the SRR stop band,
strong evidence that thi§ peak is indeed LH3 This crite-  Shifted due to the presence of the wires.

rion could become valuable in experimental studies, whergqia| system consisted of 2525x 25 u.c. Furthermore,
one cannot easily obtain the effectiveand . variations of the above CMMs were fabricated, containing

In this work we present free-space microwave measureclosed SRR$SRRs without the gapsn the place of SRR,
ments on CMMs consisting of SRR and wire structures, eias well as only SRRs and only wires.
ther on the same dielectric board or on alternating boards. It The transmission of EM waves through in-plane CMMs,
is demonstrated that the occurrence of a CMM transmissioSRRs-only and wires-only structures, and finally CMMs
peak within the stop bands of the individual SRR and wirecontaining SRRs with no gaps was measured. The transmis-
structures cannot be taken as evidence for LH behavior as $ion measurements were performed in free space, using a
was thought before. We show that the electric response of thdewlett-Packard 8722 ES network analyzer and microwave
SRRs!? added to the electric response of the continuoustandard-gain horn antennas. For all measurements the wave
wires, results in a new effective plasma frequengy,of the  propagation was parallel to the boards with tepolariza-
CMM, which is considerably lower than the plasma fre-tion parallel to the wires and the continuous sides of the
quency of the wires aloney,. Moreover, our data show that SRRs(see the inset of Fig.)2
the in-plane wires push the magnetic resonance frequency of Figure 2a) shows the measuret spectra of SRRs-only
the SRRsw,, to a higher valuew)/,, for the CMM. Thus, we  structure(dotted ling, wires-only structurgdashed ling and
show that if a peak in the transmission spectrum is locatedf the in-plane CMM (solid line), for a,y;=5.6 mm. The
betweenw,, and w[') (0 < w{)), then it is really left-handed. SRRs-only structure shows the expected dip at

The CMMs studied here, consisting of SRRs and continu~8.5—-10 GHz, corresponding to the magnetic resonance of
ous wires, were fabricated using a conventional printed cirthe SRR, while the wires-only structure shows a cutoff fre-
cuit board process, with copper patterns on 1.6 mm thiclquency at~10.5 GHz that corresponds to its plasma fre-
FR-4 dielectric substrates. The FR-4 board has a dielectriquency,w,. The CMM (solid line) shows aT peak between
constant of~4.8 and a dissipation factor 0f0.017 at 8.5 and 9.5 GHzas in Ref. 5, i.e., within the frequency
1.5 GHz. region of the SRRs dip. The occurrence of a CMM transmis-

First, CMMs with SRRs and wire structures on the samesion peak within the stop bands of the SRR-only and wires-
side of the boards were fabricatéd-plane CMMs, see Fig. only structures was originally taken as clear evidence for the
1). The geometry of the unit cefli.c) is shown in the inset appearance of LH behavi6f. The fault with this reasoning
of Fig. 2. The u.c. dimensions atg =5 mm, «g=3.63 mm, is that it ignores the effects of the SRRs on the electric re-
and ¢y=5.6 mm and 6.3 mm, and it contains one coppersponse of the wires. We demonstrate here experimentally
wire per SRR. The width of the copper wire is 0.5 mm while these effects by closing the gaps of the SRRs, as suggested in
its thickness is 0.03 mm. The SRR geometry is the same dief. 12. Indeed, by closing the gaps of the SRRs in the
in Ref. 5 and is described in Ref. 14. The periodicity alongCMM we expect the magnetic resonance of the SRRs to be
the H direction was obtained by stacking the boards. Theswitched off and thus to really monitor only the electric re-
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sponse of the CMM. The changes in the electric response o 3(a) . 3M)
the CMM from the closing of the gaps are expected to be R i o
weak, since only a small amount of metal is addedthe -10¢ . -10f
gaps of the SRRswhile the symmetry is preserved. 2 sl sl
As can be clearly seen from Fig(l8}, the T spectrum for &
the metamaterial with closed SRRdotted-dashed lineis g -20p -20
almost the same with that of the ordinary CM®Dlid line), 2 sl 25
with the main difference being the absence of the dip at’g
~10 GHz, which indicates that this dip is due to the SRR & 3°[ -30
magnetic response. Moreover, it is observed that, as it wag= -3s} -35Q
suggested in Ref. 12, the combination of the wires with the 1 ol
SRRs shifts the effective plasma frequenef, of the CMM A 1.l‘i
to ~8.5 GHz, which is lower than the plasma frequency of 45 8 L ™% ";," '1'0 TEETEECREY
the wires-only arrayw,~ 10.5 GH2. Hence, we must con- o)mt L, wp'T
clude that in the CMMe >0 for f >8.5 GHz; consequently, Fr;quency (GHz)

there should be no LH peak fér>8.5 GHz. Therefore, the
peak observed at-9 GHz ought to be RH. On the other g 3. (a) Measured transmission spectra forplane CMMs
hand, based on the same arguments one should expect a @ig)iq ine), SRRs-only structureslotted ling and wires-only struc-
and not a peak at-9 GHz, since in this regiom>0 and  (res (dashed ling The width of the continuous wires has been
u<0 (due to the SRR resonancédo explain this apparent jncreased to 1 mmb) the coincidence of the CMM solid curve
discrepancy we examined the influence of the wires on thgith the closed SRRs plus wirgdotted-dashedcurve determines
magnetic resonance frequenay,, of the SRRs. We revealed ¢ effective plasma frequency, which is now well above the

numerically, using finite difference time domain cpm transmission peak, identified as left-handed.
calculations'® that the currents in the wires tend, on the av-

erage, to diminish the magnetic flux on the SRRs and thus t
decrease their effective inductandey); the net result is an observed peak is LH.

increase of the m?/gzjnetic.resonance_frequency, since it IS 1 conclusion, we have shown experimentally that the ef-
given by 1ALenCer) ™ (Cer is the effective capacitankdn  foive plasma frequencyy), of the CMM composed of
our case, this led to a shift of the resonance frequency froldRRrs and continuous wires is lower than the wires-only

wp ~85 GHz t0 wy, ~9.5 GHz, explaining the peak at piagma frequencyw,. We have also demonstrated how to
~9 GHz as RH and accounting for the dip in the CMM  ,0in experimentally an accurate value égy Furthermore,

spectrum at-10 GHz(ass >0 andu. <0). To further check o showed that the in-plane wires, as opposed to the off-

this interpretation we placed the wires off-plane and symyane configuration, push the magnetic resonance frequency,
metrically with respect to the SRRsee the inset of Fig.)4 | , 10 a slightly higher valuew,,. Hence a peak in the EM

. . . m
In this case thc_a currents in the wires have no net effect on thg o\« transmission through a CMM is LH only ‘i'ﬁr,'n<w;,3
magnetic flux in the SRRs, and consequently we expggt

not to be influenced by the wires. Our microwave measure- ' Y

%RRs-onIyT dip is at 8.5—-10 GHz, it is apparent that the

madty

ments for off-plane CMM structures confirmed this expecta- -10p /]
tion. — ;

For obtaining a real LH peak it is necessany to be % -15p 1
larger thanw/,. To achieve this we doubled the width of the ~ 0l i
copper wires to 1 mm. Th& data for the newly developed 5 :
in-plane CMM are shown in Figs.(8 and 3b). It is shown g -25 . 4
that wr’) is now at ~10.4 GHz[dotted-dashed line in Fig. E .

3(b)]. In this casew, is clearly higher than/, and thus the = -30 4 '
observed CMM peaksee solid line in Figs. &) and 3b)], 8 s 4 ]
centered at-9.5 GHz, is really LH. [ .

We finally tried to improve the transmittance of the LH 40 1 M- M T
peak by considering off-plane CMMgheoretical results in- 81, = - 10 fw n 12 13 14
dicate higher transmittance for off-plane than for in-plane mom P

cases In this case, the wires are printed on the back side of
the boards opposite to the gaps of the SRRs. The unit cell for
this case is shown in the inset of Fig. 4; its dimensions areé £ 4. Measured transmission spectra fiff-plane CMMs

a=5 mm, a¢=3.63 mm, anday=5.6 mm, 3.1 mm, and composed of SRR and continuous wiremlid line), SRRs-only
2.6 mm. The total system consists again 0#<2Z6X 25 unit  gtrycturegdotted ling and structures consisting of closed SRRs and
cells. wires (dotted-dashed line The width of the continuous wires is

The T spectrum for the off-plane CMM withay 1 mm. The inset shows the unit cell of té-planeCMM (SRRs
=3.1 mm is shown in Fig. 4. A well-defined peak can beplus wireg as well as the electric field orientation and polarization.
clearly observed at-9.5 GHz. The closing of the gaps of the The frequenciess,,=w/, and w, are well separated and the CMM
SRRs demonstrates thatp’, is at ~10.5 GHz. Since the peak is clearly LH.

Frequency (GHz)
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and if it lies betweenw,, and wy, In contrast, the condition the observed peak was RH, as well as measurements where
wm < wp, Which is widely used as a criterion for LH behav- w;, <, and the observed peak was LH.

ior, does not guarantee that an observed peak is LH, since the

mutual interactions of wires and SRRs decrease the positive This work was supported by Ames Laboratappntract
difference w,~ wy, and possibly eliminate it altogether. To No. W-7405-Eng-8p Financial support of DARPAcontract
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