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Abstract—Practical design parameters of resonant metamate-
rials, such as loss tangent, are derived in terms of the quality factor
Q of the resonant effective medium permeability or permittivity.
Through electromagnetic simulations of loop-based resonant par-
ticles, it is first shown that the Q) of the effective medium response
is essentially equal to the  of an individual resonant particle. This
implies that by measuring the Q of a single fabricated metamate-
rial particle, the effective permeability or permittivity of a meta-
material can be estimated simply and accurately without complex
simulations, fabrication, or measurements. Experimental valida-
tion shows that the frequency-dependent complex permeability an-
alytically estimated from the measured Q of a single fabricated
self-resonant loop agrees with the complex permeability extracted
from S parameter measurements of a metamaterial slab to better
than 20%. This @ equivalence reduces the design of a metamaterial
to meet a given loss constraint to the simpler problem of the design
of a resonant particle to meet a specific Q constraint. The QQ-based
analysis also yields simple analytical expressions for estimating the
loss tangent of a planar loop magnetic metamaterial due to ohmic
losses. It is shown that tan § =~ 0.001 is a strong lower bound
for magnetic loss tangents for frequencies not too far from 1 GHz.
The ohmic loss of the metamaterial varies inversely with the elec-
trical size of the metamaterial particle, indicating that there is a
loss penalty for reducing the particle size at a fixed frequency.

Index Terms—Complex media, metamaterials, Q factor.

I. INTRODUCTION

NALYTICAL calculations have provided important in-

sight into how the effective electromagnetic parameters
of engineered electromagnetic metamaterial structures behave
[1], [2]. But accurate, quantitative determination of those
parameters has been demonstrated primarily through complex
simulations or experimental measurements. Electromagnetic
simulations ([3] and many others) and experimental measure-
ments [4] of the reflection and transmission coefficients of a
metamaterial slab have been used to extract the effective per-
mittivity and permeability through a well-established approach
[5], [6]. Different experimental measurements, including prism
refraction experiments [7], [8] and measurements of spatial
field distributions inside the metamaterial [9], [10], have also
been used to infer the effective electromagnetic parameters of
metamaterials. These experimental procedures usually require
samples of a specific size and shape, either to fill the entire
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cross sectional area of a waveguide or to be large enough in
a free space measurement that edge effects are not important.
A procedure through which metamaterial parameters could be
accurately estimated either analytically or from measurements
of small material samples would enable simpler metamaterial
design.

Many metamaterials are based on magnetically or electrically
self-resonant particles so that a wide range of effective parame-
ters can be obtained in a controlled manner. There are also uni-
versal relationships between resonance parameters that apply
to almost all resonant phenomena. Motivated by this, we show
how, by experimentally measuring or analytically estimating the
quality factor () of the underlying resonant particle, the fre-
quency dependent effective parameters of a resonant metamate-
rial can be accurately estimated. Experimental validation shows
that the frequency-dependent complex permeability analytically
estimated from the measured () of a single fabricated self-reso-
nant loop agrees with the complex permeability extracted from
S parameter measurements of a metamaterial slab to better than
20%. There are some significant advantages to this ()-based
approach. Although effective metamaterial parameters can be
written in terms of equivalent circuit parameters [1], [11], in
practice it can be difficult to compute the effective resistance
of a structure because of spatially nonuniform current flow in
the conductors. Losses in any dielectric substrate are a func-
tion of the complicated field distribution of the particle near
resonance and are difficult to predict without detailed simula-
tions. () measurements or simulations, in contrast, encompass
all loss mechanisms automatically. The overall approach is val-
idated through experimental measurements. We specifically an-
alyze loop-based resonators for magnetic metamaterials, but the
basic approach is applicable to any resonant-type metamaterial.

From the ()-based expressions for the effective metamaterial
parameters, we also derive simple analytical forms for impor-
tant specific parameters for planar magnetic metamaterials, such
as the effective loss tangent and numerical lower bounds on the
ohmic losses, in terms of () and the geometry of the unit cell. It is
shown that the effective magnetic loss tangent of the such a ma-
terial depends on the resistance of the loop, the linear size of the
loop relative to wavelength, and the number of loops per cubic
volume in the metamaterial. Because the ohmic loss of the meta-
material varies inversely with the electrical size of the metama-
terial particle, there is an unavoidable loss penalty for reducing
the particle size at a fixed frequency. Quantitatively, the min-
imum achievable loss tangents are around 10~2 at frequencies
between roughly 100 MHz and 10 GHz, and that achieving this
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Fig. 1. Comparison of normalized resonant responses of the analytically com-
puted series impedance of an individual loop particle (geometry in inset) and of
the numerically computed effective magnetic susceptibility of an assembly of
these loop particles.

bound requires thick copper traces and a relatively large meta-
material particle that is only a few times smaller than a wave-
length.

II. QUALITY FACTOR EQUIVALENCE

Two distinct resonant responses are involved in a metama-
terial, each with its own quality factor ). An individual res-
onant particle has a ), which we call Qpart. The bulk mag-
netic (i.e., permeability) or electric (i.e., permittivity) material
response of a metamaterial composed of these resonant parti-
cles also has a resonant frequency dependence [1], which we
call Qpas. We show below through simulations that these two
quality factors are very close to equal. This is qualitatively ex-
pected for the following reasons. A metamaterial typically in-
volves individual resonators placed sufficiently closely together
that their coupling is significant but not dominant. Although res-
onator coupling in general alters the () of individual resonances,
very strong coupling is required to produce a dramatic change
in Q. Moreover, metamaterials are typically designed so that
the coupled resonant particles all collectively resonate at a fre-
quency close to the resonance of an individual particle. Losses
are not shifted from one resonance to another, nor are additional
loss mechanisms created in an assembly of these particles.

We first demonstrate this ) equivalence in realistic meta-
materials through electromagnetic simulations using the well-
known loop resonator [1]. We designed a capacitively loaded
loop with a lumped resistor in series with otherwise lossless
metal. The inset in Fig. 1 shows the specific element values
(R = 3.58 Qand C = 1.18 pF) and geometry of the 30
mm loop. The circuit parameter extraction code Ansoft Q3D
was used to extract an inductance of 95.7 nH for this loop. As-
suming the particle is sufficiently small, it is an RLC circuit with
Qpart = (VL/C)/R = 79.6 and a self-resonant frequency of
1/ vV LC = 474 MHz. The loop is consequently 21 times smaller
than a wavelength at resonance and the circuit approximation is
justified.

The effective magnetic material response (i.e., the perme-
ability) of a collection of these individual resonators also ex-

hibits resonant behavior defined by (the exp(+jwt) sign con-
vention is assumed throughout)

Fuw?
(wg - w2 + jwwO/Qmat)

p=1+xm =1+ M

where p is the relative permeability of the medium and wy is the
resonant frequency of the effective magnetic response. The loss
term is written in terms of Q,,¢, Which is the quality factor of
the resonant-form magnetic susceptibility x,, = p — 1. Ana-
Iytical theory [1], [11] and simulations [3] have all shown that
the magnetic response of such a material follows this functional
form. Although this form is not exactly a constant-numerator
Lorentzian, the difference is not critical because the frequency
range of interest is generally in a narrow band around the reso-
nant frequency and thus w ~ wq. Nevertheless, the Lorentzian
form is useful in a number of ways—for example, one can com-
pute @) graphically from a Lorentzian response from the max-
imum magnitude divided by the full-width half power band-
width. To obtain a pure Lorentzian, we can simply normalize
the susceptibility to ., /w?.

We used Ansoft HFSS to compute the S parameters of this
loop structure placed in a cubic unit cell 40 mm on a side, and
the effective permeability was extracted using the standard ap-
proach [6]. Fig. 1 overlays the resonant |x,,|/w? and the se-
ries RLC admittance of a single particle based on circuit theory
(both are amplitude normalized to unity). The frequency depen-
dence of these two frequency responses are in close agreement,
with Qpare = 79.6 and Qma¢ = 71. Other simulations with
higher and lower (s also revealed the same basic () equivalence
with 10% or better agreement. This functional form for ;s breaks
down when the particles are not sufficiently small compared to
wavelength, at which point spatial dispersion becomes impor-
tant [12] and loop radiation resistance cannot be completely ne-
glected. However, under most practically useful metamaterial
conditions, Qpart & Qmat-

The value of this equivalence is that Qpar¢ can be measured
from a single fabricated element or from a small material sample
that may not be suitable for a full reflection/transmission mea-
surement. ()par¢ can also be analytically estimated under many
conditions. This () equivalence thus enables rapid design anal-
ysis without complex simulations and experiments.

The other parameter in (1), F', also plays a role in the achiev-
able values of p. It can be shown analytically that, for planar
loop resonator configurations, ' = qulzoop /(VeenL) [11],
where Aj,op is the area enclosed by a single loop resonator,
Veen 18 the volume of a unit cell, and L is the inductance of a
single loop resonator. For planar loop resonator configurations,
F' typically falls in the range 0.16-0.50, depending on how
densely packed the individual resonators are [11]. We use this
numerical range in the analysis below.

III. Q-BASED METAMATERIAL DESIGN EQUATIONS

With F' numerically bounded, @),y dominates the achiev-
able effective properties of a metamaterial. The () equivalence
demonstrated above shows in turn that these properties are com-
pletely dictated by Qp.r¢. Consequently designing a metamate-
rial to achieve a specific objective (loss tangent, minimum neg-
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ative permeability or permittivity, etc) is reduced to the simpler
problem of designing and fabricating a resonant particle with a
given Q).

We now rearrange (1) to provide explicit equations for key
metamaterial properties in terms of () (no subscript since Qpart
and Q¢ are essentially equal) and F'. Defining x,- = Re(xm)
and x; = Im(x,,), it is straightforward to show that

Fuw? |w§ —w2|

ol = e .
Fuwow?/Q
il = 3
= Rt w ®
F2 4
Xom|? = u )

(W — w?)” + wiw?/Q*
The ratio |x;|/|xm|? reduces to the simple form of

_ wo/w

=50

|Xi|
X |

(&)

The susceptibility loss tangent |x; /x| can thus be written as

 (wo/@)lxe] Pl
STFRQ ol ©

Xi
Xr

Note that this susceptibility loss tangent is different from the
permeability loss tangent |; /|- They are closely related and
will be linked below.

Equation (6) is exact, but a few approximations lead to simple
and useful form. Under most circumstances, the desired strong
magnetic material response is achieved at frequencies around
5-10% above or below the resonant frequency, and wy/w = 1.
Moreover, if losses are not too severe (which is usually desired),
then |x.m|* & |x.|?. The susceptibility loss tangent is thus ap-
proximated by

Ixel

Xi
FQ'

Xr

)

Provided that |x;| < |x»|, this neglected factor wo|Xm|*/
w|x»|? is not far from unity and the approximation is accurate.
Equation (7) explicitly gives the susceptibility loss tangent
(from which any loss-related parameter can easily be calcu-
lated) in terms of three simple parameters: the desired real part
of the susceptibility, the geometry-dependent factor F', and the
quality factor () of an individual resonant particle.

The maximum imaginary part of the magnetic susceptibility
occurs at w = wp and from (3) is given by max(x;) = FQ.
The maximum real part of the magnetic susceptibility for
a Lorentzian occurs very close to the frequency where
Ixr] = |xi|- Setting (3) equal to (2) and substituting the
resulting relation back into (3), we find that

FQu _FQ

2wo 2 ®

max(x,) =

Note that this maximum Y, is always achieved with high
losses since | x| = |x:| at that point.

IV. PRACTICAL IMPLICATIONS

As noted above, it can be shown analytically [11] that for a
planar loop resonant particle in a cubic unit cell, /' = 0.16.
This factor can be increased somewhat by narrowing the unit
cell in the loop-axial direction, but a practical limit appears to
be reached around F' ~ 0.5 because the strong inter-loop in-
teraction increases the effective inductance of a single loop and
thus inhibits further increase in F'. This range of I’ combines
with (7) to give an approximate range of practically achievable
susceptibility loss tangents of

2r 1
|x|<‘x_ X

Xr

Q

The implications of this are significant. If, for example, one
wishes to design a magnetic metamaterial with a cubic unit cell
which has a permeability real part of —2 (thus x,, = —3) at some
frequency, then |x;| = |u;| &~ 54/Q at this frequency, and the
imaginary part of the susceptibility depends only on the resonant
particle ) factor. A maximum |u;| thus immediately imposes
a minimum () required of the individual resonators needed to
realize this material. If a permeability loss tangent of 0.01 is
required (equivalent to |x;| = 0.02 for p, = —2), then Qpart
must be at least 2700. This could be reduced by roughly a factor
of 3 by increasing F' through tighter spacing of the resonant
particles. But it is unavoidable that low loss tangents require
high @ particles.

This analysis can be carried slightly farther to give a simple
equation for permeability loss tangent. It is straightforward to
show that
bal ., bel?

tan 6| = R . (10)

= T Pl )
The minimum value of |tané| occurs at x,, = —2 (or
W = —1) when the above expression is valid. Thus, pro-

vided @ is not too small, the minimum achievable loss
tangent is min(|tané|) ~ 4/FQ. For a cubic unit cell,
min(|tan d|) =~ 24/Q), while for a more tightly packed lattice
(F = 0.5),min(|tané|) =~ 8/Q. Q of the individual res-
onators thus directly constrains the minimum loss tangent of
the effective medium.

The above equations are formed in terms of () because this
parameter is often relatively straightforward to measure or ana-
lytically estimate. The above analysis is also sufficiently general
to apply to all resonator based metamaterials and is not limited
to circuit-based elements. For example, [13] reported the the-
oretical design of a plasmon-based magnetic resonator for in-
frared metamaterials. Provided @@ and F’' can be estimated, the
above equations apply equally well to such a material.

V. EXPERIMENTAL VALIDATION

We validate this analysis and demonstrate the design equa-
tions by comparing the permeability measured from the S pa-
rameters of a fabricated magnetic metamaterial and estimated
from the above design equations using the measured ) of a
single resonator. A split ring structure with dimensions shown
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Fig. 2. Comparison of complex permeability of the inset loop structure mea-
sured experimentally and computed analytically from (1).

on the inset of Fig. 2 was designed with a self resonant fre-
quency of 685 MHz. This copper structure was photolithograph-
ically fabricated on FR4 substrate. The ) of a single capaci-
tively loaded loop particle was measured experimentally using
an HP 8720A network analyzer by measuring S1; of an 18 AWG
wire loop placed around the particle, which exhibits a resonant
response due to strong coupling of the loops when one loop is
resonant. Qpary = 68 was measured by fitting a Lorentzian
to the difference between S;; measured with and without the
resonant particle. F' for a magnetic metamaterial composed of
these loops was estimated by first extracting the inductance of
a single, isolated loop using Ansoft Q3D, which was found to
be 101 nH. The loop area is Ajoop = 409 mm? and the unit cell
dimensions of 15 mm by 30 mm by 16 mm (V.;; = 7200 mm?)
combine to give F' = 0.29. This 101 nH isolated loop induc-
tance is smaller than the effective inductance of a loop in the
metamaterial array because of the mutual inductance from par-
ticle coupling. The measured resonant frequency of the array
of particles is 640 MHz, which corresponds to an increase in
total inductance to 116 nH assuming the particle capacitance
is constant. This inductance correction lowers F' to 0.25. This
F = 0.25 and Q = 68 are sufficient to compute p(f) from (1)
or to easily estimate loss tangents from (7).

A 1D array of 10 of these particles arranged in unit cells
as described above was placed in the interior of a 15 cm
wide microstrip waveguide designed for 50 €2 impedance. The
normal incidence S parameters of the metamaterial-loaded and
unloaded waveguide were measured with the same analyzer,
and from these the effective permittivity and permeability of
the loops were extracted [6]. Fig. 2 shows the experimentally
measured complex permeability as a function of frequency.
Overlaid on the measurements is the estimated p(f) computed
using @ = 68 and F' = 0.25 from (1). The agreement in both
real and imaginary parts is good through the entire region of
significant magnetic response, with discrepancies typically
smaller than 20%. The measurement and estimate begin to
deviate somewhat above 670 MHz, which we attribute to a
combination of measurement uncertainty and weak secondary
resonances due to nonuniformities in the assembly of the
individual particles into the metamaterial array.

Fig. 3 compares the measured and estimated permeability loss
tangent |; /|, which are also in good quantitative agreement.

estimate from (1)
e estimate from (10)
X measured

permeability loss tangent

660

640
frequency (MHz)
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Fig.3. Comparison of permeability loss tangent of the fabricated loop structure
measured experimentally, computed analytically from (1), and computed from
the simple analytical approximation (10).

To demonstrate the validity of the simplified approximations
above, we also computed the loss tangent for several values of
- from (10), again using @ = 68 and F' = 0.25, and overlaid
them on the continuous curves. At discrete values from pi,, = —2
to —5, this very simple estimate is within 25% of the measured
values. We emphasize that this accurate estimate was obtained
from a simple experimental measurement of a single metama-
terial particle and from a straightforward calculation of the in-
ductance of a single particle. The quantitative agreement is suf-
ficiently good to enable simple and accurate estimates of the
achievable loss tangent at a given value of y, from a measure-
ment or simulation of Qpar¢ and an estimate of F' based on the
unit cell geometry.

VI. LiMITS ON OHMIC LOSSES IN PLANAR LooOP
MAGNETIC METAMATERIALS

Useful limits on ohmic losses for planar loop-based mag-
netic metamaterials can be obtained through further analysis. As
shown above, effective material loss tangents are linearly pro-
portional to (F'Q)~*. Since F' = uOAIQOOP/(VCCHL) for a planar
loop material [11], and Q@ = woL/R, this loss tangent param-
eter (FQ)™" = (VeenR)/(powoAf,,,)- The loop inductance
does not play a role in the effective loss tangent of the material.
Only the unit cell size, the loop area, the loop resistance, and the
resonant frequency contribute to losses.

This dependence is entirely expected because |x;| is propor-
tional to the magnetostatic energy loss per unit volume per unit
time. Equation (5), and the above, show that this loss is pro-
portional to |x,,|?R. But |x,,| is proportional to the magnetic
dipole moment per unit volume, which for a current I in a loop
is T Aioop/Veen. Thus |x;| o I’R/V,an, as expected because
resistive losses in the loop are the only losses in this type of
magnetic loop structure.

This simple expression for the loss tangent parameter
(FQ)~1 also gives important insight into how magnetic meta-
material losses scale with particle size and resonant frequency.
For a loop that comes close to spanning the side of a unit cell,
the ratio Afoop /Veenn = mlcon, where Iy is the length of a unit
cell in the propagation direction and m is the number of loops
per cubic volume. For example, m = 2 applies to a unit cell
that is half as wide as it is long so that there are two loops in
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a cubic volume. Using the above expression for (F'Q)~!, the
susceptibility loss tangent is closely approximated by

|X7’|R — |X7’| Eﬁ
mlcenwopto 2w Zo leen’

‘ﬁ (1)

Xr

where Zy = 377 Q) is the impedance of free space and )\ is

the free space wavelength at the particle resonant frequency wy.

From (10) and the analysis immediately following, we can also

write the minimum permeability loss tangent as
2 R X

™m ZO lccll

min(| tan 8]) = (12)

The size of the unit cell relative to wavelength plays a role as
important as R in the metamaterial losses—the larger the unit
cell compared to wavelength, the lower the loss. This indicates
that simply scaling down the size of a loop particle in order to
better approximate a continuous medium will increase the losses
if R remains constant. And simple scaling that decreases the
loop length and loop width by the same factor will keep R per
particle close to constant. This suggests controlling losses may
be a challenge in magnetic metamaterials in which the resonant
particles are very small compared to wavelength. Increasing m
reduces the losses, but there is a practical limit to how many
loops can be packed into a cubic volume.

We can go even further by noting that the resistance of planar
loops is constrained based on their geometry. We assume that
the metal used for the loops is room temperature copper. If we
further assume that the thickness of the loop copper is large com-
pared to the skin depth, which will minimize the loop resistance,
then R is simply a function of the number of individual geo-
metric squares that compose the loop. The surface resistance of a
thick (compared to skin depth) conducting sheet is (06) ~! ohms
per square, where o is the conductivity of the metal and ¢ is the
skin depth. For copper, 6(f) = 2.1/+/f(GHz)um and thus the
surface resistance of the trace is Ry = 0.0082+/ f(GHz) ohms
per square. Thus, a loop that is thick compared to skin depth and
composed of ngq squares of copper results in

Ao

cell

min|tan 6| ~ 1.4 x 10754 F(GHz).  (13)

This estimate should be considered as an approximate lower
bound as many favorable assumptions were made in its deriva-
tion. For example, the metal traces are assumed to be at least
several skin depths thick, and thinner traces will increase losses.
The current was also assumed to flow uniformly across the width
of the trace, and proximity effects can break this uniformity and
increase losses. We also emphasize that this loss accounts only
for ohmic losses in the copper. Dielectric losses in the necessary
capacitance will increase the total loss. The weak frequency de-
pendence of this loss bound originates in the frequency depen-
dence of skin depth.

This expression enables the easy computation of a realistic
lower bound on the effective loss of a magnetic metamaterial
due to ohmic losses. For example, let us consider a square loop
composed of 12 squares at 1.5 GHz. Twelve squares is a small
but practical number that results in a copper width of 25% of the
size of the loop from outer edge to outer edge. At 1.5 GHz, the
resistance of this loop is no less than 0.10 x \/E = (0.123 ohms.

For a cubic unit cell (m = 1) and Ag/l.en = 5 (essentially the
minimum for which the loops can still be have like an effective
material), the minimum achievable permeability loss tangent for
planar loops of room temperature copper is min| tan §| &~ 0.001
according to (13). This can be reduced by packing more loops
into a cubic cell volume, but practical considerations like sub-
strate thickness may make it difficult to achieve an m greater
than 4 or 5.

This expression can also be applied to the fabricated and mea-
sured particle as described in Section V. This is a thin loop
with ngq ~ 285 according to the dimensions in Fig. 2. The
dimensions also give A7 /Veen = mlcen = 23.2 mm, or
Ao/mleen = 20.2 at the 640 MHz resonant frequency. These
numbers and (13) yield min| tan §| = 0.065. This is approxi-
mately three times smaller than the measured minimum perme-
ability loss tangent (consistent with it being a lower bound). The
dielectric losses from the FR4 substrate in between the capac-
itor traces are not included in this analysis and account for most
of the difference. Nevertheless, this simple analytical estimate
produces a lower bound not too much lower than what is mea-
sured, confirming that (13) represents a strong lower bound that
is simple to calculate analytically. We emphasize that the esti-
mate based on the measured @ of a single particle automatically
include both conductive and dielectric losses, and thus result in
a much more accurate loss tangent estimate.

VII. CONCLUSION

In summary, we have shown through full wave numerical
simulations that (,,,.; of the overall effective material resonant
response is essentially equal to Qpart of the individual reso-
nant particles that make up the metamaterial. We derived simple
equations for the effective properties of resonant metamaterials
in terms of this quality factor ) of an individual resonator. These
relations enable simple calculations of the () required to achieve
desired resonant metamaterial effective parameters, thereby en-
abling realistic and accurate analytical predictions of material
properties simply from Qpart, Which often can analytically es-
timated or measured from small material samples or even indi-
vidual particles. We experimentally demonstrated this approach
by measuring Q.. of a single fabricated metamaterial particle.
This single particle measurement was used to semi-analytically
predict the effective permeability of a metamaterial slab which
was was within 20% and better agreement with the permeability
extracted from a much more complicated, full S parameter mea-
surement of the slab. Although derived and validated specif-
ically for loop-based magnetic metamaterials, the general de-
sign equations apply equally well to any metamaterial, electric
or magnetic, that is based on resonant particles.

These design equations were analyzed further to derive
simple, numerical lower bounds on the ohmic losses in planar
magnetic metamaterials. It is shown that the effective magnetic
loss tangent of the such a material depends on the resistance of
the loop, the linear size of the loop relative to wavelength, and
the number of loops per cubic volume in the metamaterial. The
resulting expression is a lower bound on losses in magnetic
metamaterials that is simple to calculate analytically and shows
that minimum achievable loss tangents are close to 1073 at
frequencies between roughly 100 MHz and 10 GHz, and that
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achieving this bound requires thick copper traces for a loop only
a few times smaller than a wavelength. Because losses vary
inversely with the size of the particle relative to a wavelength
for a planar loop magnetic metamaterial, realizing low losses
in such a material with electrically very small particles may not
be possible.

REFERENCES

[1] J. B. Pendry, A. J. Holden, D. J. Robbins, and W. J. Stewart, “Mag-
netism from conductors and enhanced nonlinear phenomena,” IEEE
Trans. Microw. Theory Tech., vol. 47, no. 11, pp. 2075-2084, 1999.

[2] R. Marques, F. Medina, and R. Rafii-El-Idrissi, “Role of bianisotropy
in negative permeability and left-handed metamaterials,” Phys. Rev. B,
vol. 65, no. 144440, 2002.

[3] D.R. Smith, S. Schultz, P. Markos, and C. M. Soukoulis, “Determina-

tion of effective permittivity and permeability of meteamaterials from

reflection and transmission coefficients,” Phys. Rev. B, vol. 65, no.

195104, 2002.

A.F. Starr, P. M. Rye, D. R. Smith, and S. Nemat-Nasser, “Fabrication

and characterization of a negative-refractive-index composite metama-

terial,” Phys. Rev. B, vol. 70, no. 113102, 2004.

[5] X. Chen, T. M. Grzegorczyk, B.-I. Wu, J. Pacheco, and J. A. Kong,
“Robust method to retrieve the constitutive effective parameters of
metamaterials,” Phys. Rev. E, vol. 70, no. 016608, 2004.

[6] D. R. Smith, D. C. Vier, T. Koschny, and C. M. Soukoulis, “Elec-
tromagnetic parameter retrieval from inhomogeneous metamaterials,”
Phys. Rev. E, vol. 71, no. 036617, 2005.

[7]1 C. G. Parazzoli, R. B. Greegor, K. Li, B. E. Koltenbah, and M.

Tanielian, “Experimental verification and simulation of negative index

of refraction using Snell’s law,” Phys. Rev. Lett., vol. 90, no. 107401,

2003.

J. Huangfu, L. Ran, H. Chen, X.-M. Zhang, K. Chen, T. M. Grze-

gorczyk, and J. A. Kong, “Experimental confirmation of negative re-

fractive index of a metamaterial composed of fi-like metallic patterns,”

Appl. Phys. Lett., vol. 84, pp. 1537-1539, 2004.

[9] S. A. Cummer and B.-I. Popa, “Wave fields measured inside a negative
refractive index metamaterial,” Appl. Phys. Lett., vol. 85, p. 4564, 2004.

[10] B.-I. Popa and S. A. Cummer, “Determining the effective electro-
magnetic properties of negative-refractive-index metamaterials from
internal fields,” Phys. Rev. B, vol. 72, no. 165102, 2005.

[11] B.-I. Popa and S. A. Cummer, “SRR theory” arXiv:physics/0609241,
2006.

[12] T. Koschny, P. Markos, D. R. Smith, and C. M. Soukoulis, “Resonant
and antiresonant frequency dependence of the effective parameters of
metamaterials,” Phys. Rev. E, vol. 68, no. 065602, 2003.

[13] A. K. Sarychev, G. Shvets, and V. M. Shalaev, “Magnetic plasmon
resonance,” Phys. Rev. E, vol. 73, no. 036609, 2006.

[4

=

[8

—

Steven A. Cummer (M’97-SM’02) received the
Ph.D. degree in electrical engineering from Stanford
University, Stanford, CA, in 1997.

Previously, he spent two years at NASA God-
dard Space Flight Center as an NRC Postdoctoral
Research Associate. He is currently the Jeffrey
N. Vinik Associate Professor of Electrical and
Computer Engineering at Duke University, Durham,
NC. His current work is in a variety of theoretical
and experimental electromagnetic problems related
to geophysical remote sensing and engineered elec-
tromagnetic materials. He has developed and implemented novel techniques
for upper atmospheric remote sensing using natural electromagnetic sources,
lightning remote sensing, and space plasma tomography using multi-satellite
radio propagation measurements. He has written or coauthored more than 70
papers in refereed journals.

Dr. Cummer received a National Science Foundation CAREER Award and
a Presidential Early Career Award for Scientists and Engineers (PECASE) in
2001.

Bogdan-Ioan Popa received the B.S. degree in elec-
trical engineering from the “Politehnica” University
of Bucharest, Romania, in 2002, and the M.S. and
Ph.D. degrees in electrical and computer engineering
from Duke University, Durham, NC, in 2004 and
2007, respectively.

He is currently a Postdoctoral Research Associate
at Duke University. His main research interests are in
the areas of applied electromagnetics with a focus on
artificial electromagnetic materials.

Thomas H. Hand (S’06) received the B.S. degree
in electrical engineering and applied mathematics
from the Florida Institute of Technology, Melbourne,
and the M.S. degree in electrical engineering from
Duke University, Durham, NC, where he is currently
working toward the Ph.D. degree.

His research focus is on the design and realiza-
tion of artificially engineered electromagnetic mate-
rials (metamaterials).

Mr. Hand was a recipient of a National Collegiate
Inventors and Innovators Alliance Grant to fund his
undergraduate senior design project in 2004, as well as the Charles R. Vail Out-
standing Graduate Student Teaching Assistant Award in 2006.



