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ABSTRACT
Extraordinary wave transmission is demonstrated through a double-negative composite comprised of a negative-permeability array of double
split ring resonators and a negative-permittivity array of plasma discharge tubes at microwave frequencies. A transmission peak emerges in a
double-negative band and controlling the electron density inside the plasma tubes dynamically regulates the transmission properties. By performing experiments and theoretical calculations, we verify that the composite permits wave propagation with negative permeability and
controllable permittivity, which indicates that a tunable negative-refractive-index device is achieved.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5112077

Metamaterials are artiﬁcially manufactured structures fabricated
with small unit cells that behave much like atoms do in bulk materials
in their response to electromagnetic (EM) ﬁelds. However, unlike naturally occurring materials, metamaterials have the potential to be engineered to have a negative-refractive-index (N). The engineering of a
negative-refractive-index metamaterial was ﬁrst demonstrated in the
microwave range of the EM spectrum by Smith et al.1 That study used
a combination of a metal wire array nested within an array of metallic
double-split-ring resonators (DSRRs)—a structure ﬁrst proposed by
Pendry et al.2 A DSRR consists of two concentric C-shape metal rings
oriented relative to the EM ﬁelds to achieve a negative magnetic permeability (l) over a small range of frequency spanning a magnetic dipole
resonance.2 Novel negative-index metamaterials were designed for
optical frequencies3,4 after this ﬁrst demonstration with microwaves.
In many metamaterial designs, a metal wire array is used to make
the effective bulk permittivity negative.1 In regard to its EM response,
such an array mimics that of a non-magnetized gaseous plasma5
because both the wire array and gaseous plasma conform to the
same EM ﬁeld dispersion that results in a relative permittivity
ep ðxÞ ¼ 1  x2p =xðx þ jÞ. Here, x is the EM angular frequency,
is the effectiveﬃ plasma frequency for the wire array, calculated as
xpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p
2pc2 =a2 lnða=rÞ by Pendry et al.,6 c is the speed of EM waves in a
vacuum, a is the spacing between the wires, r is the radius of the wires,
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and  is the EM wave damping frequency due to the wire’s ﬁnite resistivity. For gaseous plasmas,
xp is determined by the electron number
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
density, ne , with xp ¼ ne e2 =me e0 , and  is the electron-neutral
momentum transfer collision frequency. Here, e and me represent the
electron charge and mass, respectively, and e0 is the vacuum permittivity. When ne is sufﬁciently high (x < xp ) and damping is sufﬁciently
weak, the plasma has similar EM properties to those of a metal. An
incident EM wave experiences imaginary refraction (evanescent ﬁeld
penetration). As a result, plasmas have been used as substitutes for
metal in applications such as wave reﬂectors.7 The reﬂection of shortwave radio signals off of the ionosphere is a classic example of the
imaginary refractive index properties of naturally occurring plasmas.
The demonstration of photonic crystal behavior in ordered arrays
of plasma columns is relatively new. In 2004, Hojo and Mase predicted
the existence of a bandgap in a one-dimensional periodic structure
consisting of plasmas and dielectric materials.8 The following year,
Sakai et al.9 carried out the ﬁrst experimental demonstration of the
existence of bandgaps in a plasma photonic crystal comprised of a
two-dimensional array of plasma discharge columns. Conventional
photonic crystals have band gaps deﬁned by the array geometry (lattice
constant and column diameters) and the material’s constant relative
permittivity. However, the plasma photonic crystal can be tuned simply by changing ep (through control of ne ). Wang and Cappelli veriﬁed
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the tunability of the bandgap in a two-dimensional plasma photonic
crystal in the microwave range.10
Since an array of metal wires can have a similar ep as that of a
plasma, we proposed experiments to study the EM response of composites consisting of arrays of DSRRs and an overdense plasma.11
Recently, we carried out experiments in which the plasma itself is generated by driving the DSRR array to breakdown using high-power microwaves.12 The interaction between the incident ﬁeld and composite
metamaterial gave rise to second harmonic wave generation which we
attributed to the nonlinear coupling between the plasma and the
DSRR.13 Few experiments have been carried out demonstrating compelling evidence of a negative N in such plasma metamaterial composites
despite indications from numerical simulations,14,15 even though plasma
metamaterials have attracted particular interest not only for the control
of EM waves in the microwave regime, but also at optical frequencies.16
Kim and Hopwood recently reported wave propagation through composites consisting of electric ﬁeld-resonant negative-l split-ring resonators (SRRs) embedded in an inductively coupled plasma.17 Recent
advances have been made on the possibilities of forming left-handed
materials that consist of dielectric resonators, which afford a much lower
loss than the metallic split ring counterparts.18 Navarro et al. recently
studied microwave propagation through an overdense plasma in which
a new type of metallic resonator, a so-called sparce SRR contributing a
negative permeability, is immersed.19 Both of these recent studies used
experimental conﬁgurations in which the plasma is in close proximity
to the SRRs. Below, we report on an experimental demonstration of the
negative-N behavior of EM wave propagation in composites consisting
of an array of DSRRs and an array of overdense plasma columns. The
former serves as a metamaterial with a negative-l response, while the
latter serves as a metamaterial with a negative-e.
The DSRRs for this experiment are conﬁgured as 35 lm thick
copper (Cu) patterns of concentric split rings [see Fig. 2(a)] on supporting FR4 (er  4:2) substrate plates (150 mm  200 mm) to obtain
a magnetic resonant frequency of approximately 2 GHz. The magnetic
resonant frequency can be calculated from the effective capacitance
and inductance of the DSRR. The former is estimated from the capacitance between two wires,20 and the latter is determined using the
Neumann method.25 The DSRRs were fabricated using a wet etching
process. The patterns are printed on one side of the FR4 plates and the
spacing of the rings in the array as well as the spacing of the plates are
20 mm. A total of 70 DSRRs are patterned on any one plate (10 along
the vertical side  7 along the horizontal side). The surface of the Cu
DSSRs is coated with a 40-lm polyimide ﬁlm (er  3:2) to prevent a
direct contact between the plasma discharge tubes and Cu patterns of
the DSRRs. When these DSRR arrays are combined with a plasma
array that contributes a negative effective e, a double-negative metamaterial composite can be achieved with a response over a narrow
region of the microwave spectrum.
The overdense plasma is achieved through the use of an array of
gas discharge tubes used previously to construct a reconﬁgurable
plasma photonic crystal.10 This plasma photonic crystal can simulate a
 eff , than the averplasma medium of slightly lower effective density, n
 e of the plasma in any single discharge tube by arranging
age density, n
them to have a sufﬁciently small lattice spacing in comparison to the
incident EM wavelength. The plasma metamaterial composite was
achieved by inserting the discharge tubes in the gaps between the
DSRRs’ plates as illustrated in Fig. 1. The discharge tubes, which are
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FIG. 1. (a) Top view schematic of a composite consisting of a nested array of
plasma discharge tubes and DSRRs’. This illustrates a case with plasma tubes on
three lines (lines 3, 4, and 5). The electric ﬁeld radiated from the transmitting
antenna is parallel to the tubes. (b) Photograph of the system before plasma generation. Here, 5 lines (lines 2, 3, 4, 5, and 6) are shown occupied with plasma discharge tubes.

290 mm long, 15 mm in outer diameter, and have a 1-mm quartz wall
thickness (er  3:8), are arranged in as large as a 7  7 square array
with a 20-mm spacing in the center and are supported on an acrylic
frame. The plasma is formed within the 13 mm inner diameter
between an anode and cathode at the top and the bottom of the tube,
respectively, and serviced by two Teﬂon-coated thin copper wires that
run parallel to the tubes. The inside of the tube is ﬁlled with 250-Pa of
argon and a small amount of mercury. We use a variable AC voltage
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source that consists of a ballast and a voltage slider to control the peak
discharge current, Ip , from 25 mA to 111 mA. The gas temperature of
the generated plasma inside the tube is approximately 330 K,21 and is
used to estimate the gas density, and, from the discharge voltage, the
reduced ﬁeld strength. As discussed in our previous studies,10 the
reduced ﬁeld strength is used together with the estimated swarm
parameters and the measured discharge currents to obtain estimates of
the electron collision frequency and the plasma density.
Two broadband horn antennas (A-Info LB-20180-SF; for
2.0 GHz to 18.0 GHz) are placed in front of (transmitter—port 1)
and behind (receiver—port 2) the metamaterial composite to
record the transmission (scattering parameter S21) with a vector
network analyzer (HP 8722D). The polarization is such that the
electric and magnetic ﬁelds are parallel to the plasma tubes and
normal to the plane of the DSRRs, respectively, to obtain the electric response of the plasma array and the magnetic resonance of the
DSRRs. Copper walls surround the composite to suppress wave
divergence and undesired scattering from the surroundings. We
refer to the row of plasma discharges closest to the transmitter as
the “1st line” of plasmas, and the line number increases further
from the transmitting horn, as shown in Fig. 1. A total of as many
as 7 lines can be inserted, and the example illustration in Fig. 1(a)
shows plasma tubes inserted on the 3rd, 4th, and 5th lines, which
we refer to as the “3-lines” case. In the photograph of 1(b), ﬁve lines
(2nd -6th lines) are occupied by discharge tubes.
The measured S21 spectrum shown in Fig. 2(a) of just the DSRR
array (solid black line) is consistent with a medium that experiences a
Lorentz-type dispersion with an effective relative permeability
lSReff ¼ 1 þ Fx2m =ðx2m  jcx  x2 Þ:

(1)

Here, F is a constant, xm is the magnetic resonance frequency, and c
is the magnetic resonance damping constant.2 The attenuation arises
from the EM impedance mismatch and energy dissipation presented
by the array of split rings. The dispersion introduced by the magnetic
resonance is seen to result in a peak attenuation of approximately
45 dB centered at 2:0 GHz. We determine the parameters in the

FIG. 2. (a) Measured jS21 j of the DSRRs’ array (no plasma) and theoretical curve
calculated by Eq. (1). The square area (2.0 GHz <x=2p < 2.47 GHz) indicates
the estimated negative-l region. The DSSR geometry is explained in the inset. (b)
Estimated effective relative permittivity of the plasma array tuned by the average
density n e of the plasma.
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expression for lSReff in Eq. (1) as those which best ﬁt the theoretical
curve with the experimental jS21 j for the metamaterial [Fig. 2(a)],
and obtain the parameters xm; ¼ 2p  2:0 GHz, F ¼ 0.5, and
c ¼ 0:03xm . With these parameters, the range of negative-l is estimated to be 2.0 GHz <x=2p < 2.47 GHz; this frequency range is
highlighted in ﬁgures discussing the frequency dependence of wave
transmission [e.g., square area in Fig. 2(a)].
The “effective” relative permittivity of the plasma discharge array,
epeff , is estimated using the effective medium theory,22 which is appropriate when the diameters of the plasma discharges (13 mm) and the
plasma spacing (20 mm) are smaller than the incident EM wavelength
(130 mm). In this regards, the plasma photonic crystal acts as a uniform metamaterial of lower overall plasma density. For this analysis, the
plasma within the discharge tube is treated as uniform in plasma density
 e , even though the actual plasma denwith a radius-averaged value of n
sity is expected to vary across the tube radius. Figure 2(b) shows the var e as determined using the effective
iation in epeff for different values of n
medium theory. The value of epeff becomes negative in the negative-l
 e > 2:0  1017 m3 . We see that epeff is
range of the DSSRs when n
 e < 0:5  1017 m3 . Our previpositive for average plasma densities n
23
 e varies from about 0:3  1017 m3 to
ous studies indicate that n
17 3
4:0  10 m over the range in the discharge current, 25 mA <Ip
< 111 mA. We see then, that epeff is readily varied from positive to negative in this experimental system by changing Ip (applied AC voltage).
Figure 3 shows jS21 j for a case in which there are two lines of active
(Id ¼ 111 mA) discharge tubes [lines 4 and 5 in Fig. 1(a)] without the
presence of any DSRR plates. For comparison, we also show the transmission when the discharge tubes are turned off (black broken line). We
see that with the plasma on, there is a cut-off at approximately 6 GHz
with the attenuation at about 40 dB in regions where we expect the
DSRRs to be active. With the discharge off, the transmission in this
range is signiﬁcantly higher, with an attenuation of at most 10 dB attributed to scattering from the quartz envelopes and lead wires.

FIG. 3. Measured jS21 j for 2-lines’ of plasma discharge tubes [lines 4 and 5 in Fig.
1(a)] in the absence of DSSR plates without (black broken line) and with an active
discharge (red solid line). The discharge current Id is 111 mA, which is the
maximum value used with our discharges.
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Here, we focus primarily on the EM response in the vicinity of
the double-negative state which satisﬁes negative-l and negative-e
simultaneously, i.e., the transmission properties of the plasma metamaterial composite from 2.0 GHz to 4.0 GHz. The measured jS21 j of
the composite for two values of discharge current (Ip ¼ 25 mA and
111 mA, corresponding to low- and high-
n e cases) and for as many as
5-lines (lines 2–6) of plasma tubes inserted, is shown in Fig. 4. The
dashed lines indicate the measured jS21 j of just the DSRRs, e.g., Fig.
 e increases, causing
2(a). According to Fig. 2(b), epeff decreases as n
reﬂection from, and absorption in, the plasma array. Where lSReff is
almost unity (x=2p > 2:6 GHz), the jS21 j diminishes with increasing
 e and with increasing number of lines of plasma disIp (i.e., higher n
charge tubes). When we activate just a single line (line 5) of the plasma
 e case is
tubes, jS21 j in the region x=2p > 2:4 GHz for the high n
 e case. However, in the frequency range
lower than that for the low n
2.2 GHz <x=2p < 2.4 GHz (within the negative-l band), we see the
opposite response.
Increasing the number of plasma discharge tube lines inserted for
 e case increases the recovery of jS21 j within the negative-l
the high n
range, and a single transmission peak (jS21 j > 30 dB) is observed as
seen in the 5-lines case in Fig. 4. For this case, where x=2p > 2:6 GHz
(positive-l), jS21 j is strongly suppressed because the length of the neg e cases, jS21 j
ative-e region is greatly extended. For both low and high n
decreases rapidly under 3.0 GHz also due to the scattering from the
small lead wires that run along the length of the tubes. In fact, as we
saw in Fig. 3, the jS21 j begins to decrease near 3.0 GHz for the case
with two inactive lines of plasma tubes indicating that the composite
consisting of the DSRRs and plasma discharge tubes actively permits
wave transmission when both l and e are simultaneously negative.
This result suggests that this composite achieves a negative-N as demonstrated in previous reports.1
Figure 5 depicts the jS21 j for the 5-lines case for a range of Ip .
Again, in the spectral region, x=2p > 3 GHz, decreasing Ip from
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FIG. 5. Variation in jS21 j by controlling Ip for the 5-lines case in Fig. 4. The square
area (2.0 GHz <x=2p < 2.47 GHz) indicates the estimated negative-l region.

 e ) drastically increases jS21 j
111 mA to 25 mA (therefore decreasing n
(by more than 40 dB). This increase is due to the change in epeff from
strongly negative to positive values in regions where lSReff  1.
However, the behavior is quite different in the negative-l range
(2.0 GHz <x=2p < 2.47 GHz), where we see that jS21 j increases with
increasing Ip . For Ip ¼ 111 mA, jS21 j increases by more than 15 dB
beyond that for Ip ¼ 25 mA at 2.4 GHz. These results indicate that
one can control transmission over a wide frequency range by simply
 e , demonstrating that such a plasma metamaterial composite
varying n
can be a dynamically tunable device with regions of both positive and
negative values of N. When Ip ¼ 0 mA, jS21 j in the negative-l range is
signiﬁcantly larger than that for the Ip ¼ 25 mA case even though the
real part of epeff is close to unity because of the electron neutral collisional damping of the EM wave within the plasma tubes.
We have modeled the transmission peak that was observed in the
double-negative frequency band for the 5-lines case in Figs. 4 and 5.
The S21 parameter is determined from the impedance of the plasma
metamaterial composite, predicated on the assumption that the ep of
the plasma columns and lSReff of the DSSRs can be represented with
Drude- and Lorentz-type dispersion, respectively. The normalized
impedance of the effective medium representing the plasma metamaqﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
terial composite, Zeff ¼ lSReff =epeff , is converted to S21 using the
relationship between the impedance matrix and the scattering matrix,
as described by Pozer.24 The analysis requires specifying the dispersion
parameters that enter into ep and lSReff in order to obtain an S21 that
well represents the one measured. The parameters for ep are guided by
our past experiments.10 In order to reasonably reproduce the S21 measured in the negative-l band for the composite consisting of the 5lines of plasma tubes at a discharge current Ip ¼ 111 mA, we use the
following:
ep ðxÞ ¼ 1  x2pe =ðx2 þ jxÞ:

FIG. 4. Measured jS21 j as a function of frequency for Ip ¼ 111 mA and 25 mA and
for various plasma lines of tubes inserted into the DSRR array. The values in parentheses indicate the line numbers in Fig. 1. The square area (2.0 GHz <x=2p
< 2.47 GHz) indicates the estimated negative-l region.
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(2)

Equation (2) is only an approximate expression for the dielectric contribution to the metamaterial composite because the actual composite
consists, in addition to the plasma columns, the surrounding quartz
envelope and thin metal wires that run along the tube to service the
discharge. Furthermore, the plasma has spatial variations in electron
density that are not known. As such, these factors may contribute to
the collisional damping and plasma density that appear in the equation
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plasma metamaterial composite (red solid line, Zeff ¼

FIG. 6. Frequency dependence of jS21 j for a 40-mm of dielectric material obeying
Eq. (2) and with xpe =2p ¼ 5.5 GHz. The loss parameter  varies from 0.03 xpe to
0.53 xpe .

in using this dielectric constant to model the extraordinary propagation in the double-negative frequency band, particularly the
frequency-dependence of the amplitude and phase of jS21 j.
We establish the parameters that enter Eq. (2) by adjusting xpe
and  to obtain reasonable agreement between the modeled and measured jS21 j for the 2-line array of plasma tubes (Fig. 3). In particular,
we try to capture the high frequency threshold (6.5 GHz) and the location and steepness of the rise of the attenuation feature toward this
threshold. We ﬁnd that values of xpe =2p ¼ 5.5 GHz and  ¼ 0:3xpe
provide reasonable agreement between the predicted and measured
jS21 j for the 2-line case. The value found for xpe is well within the
range determined for the same discharge tubes in Ref. 10. The value
found for  is about a factor of 50% higher, however, it is worth noting
that the modeled jS21 j is only weakly dependent on the assumed
damping rate (see Fig. 6).
Figure 7(a) shows the calculated jS21 j for the metamaterial consistpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ing of just the DSRRs (black dashed line, Zeff ¼ lSReff ) and for the

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
lSReff =epeff ).

The assumed length of the effective medium is 80 mm. We ﬁnd a transmission peak that rises to about 10 dB for the composite in the
double-negative region. For x=2p > 2.5 GHz, jS21 j decreases to levels of
20 dB. Overall, we see good qualitative and reasonable quantitative
agreement with the experiments. Figures 7(b) and 7(c) plot the corresponding lSReff ; epeff , propagation wavenumber, k for the case without
[Fig. 7(b)] and with [Fig. 7(c)] the plasma tubes. In Fig. 7(b), the real
part of k, ReðkÞ, rapidly approaches zero maintaining positive values in
the negative-l range, and the imaginary part of k, ImðkÞ, originates
from the losses of the metamaterial, c in Eq. (1). In the case of the
plasma-metamaterial composite, ReðkÞ has negative values in the negative-l range due to negative ep , which indicates a negative-index state.
In the negative-l range, 2.0 GHz <x=2p < 2.47 GHz, jS21 j is similar
for the two cases, but jS21 j for the composite case never exceeds that of
just the metamaterial because of the electric damping of the EM
wave modeled by  in Eq. (2), which is reﬂected in ImðkÞ in Fig. 7(c).
Figures 8(a) and 8(b) show the modeled phase of S21, represented as
hS21 , for the metamaterial and the composite. It is worth noting that
there are stark differences in the phase, hS21 when comparing the composite to the metamaterial alone. In Fig. 8(a), we see that hS21 increases
only gently with frequency as k approaches a pure imaginary value at
around 2.4 GHz [Fig. 7(b)] and an evanescent wave exists in the negative-l range. In Fig. 8(b), hS21 is seen to increase strongly with frequency,
passing through zero several times, indicating the presence of a propagating mode in the negative-l range as k crosses over from a positive to
a negative real value.
According to Fig. 4, the 5-lines case with Ip ¼ 111 mA, jS21 j for
the plasma-metamaterial composite almost matches that for the
DSRRs’ array in the range 2.2 GHz <x=2p < 2.4 GHz as reproduced
by the model in Fig. 7(a). In Figs. 8(c) and 8(d), we examine the relative behavior of jS21 j and hS21 seen experimentally. For the DSRRs’
array only [Fig. 8(c)], hS21 decreases with increased frequency over the
range 2.2 GHz <x=2p < 2.4 GHz, and then increases for x=2p >
2.4 GHz. The same behavior is seen in the model [Fig. 8(a)]. In contrast, the plasma-metamaterial composite case [Fig. 8(d)] shows that
hS21 increases over the range 2.2 GHz <x=2p < 2.4 GHz, consistent
with that of [Fig. 8(b)], even though jS21 j reaches a maximum. We see
that the experimental measurements of both jS21 j and hS21 are in

FIG. 7. (a) Modeled jS21 j for a metamaterial and a plasma-metamaterial composite. Values of lr ; er , k, and hS21 for (b) a metamaterial and (c) a plasma-metamaterial composite. The square area (2.0 GHz <x=2p < 2.47 GHz) indicates the estimated negative-l region.
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